
Ninth International Symposium on
Space Terahertz Technology

17 - 19 March 1998
Pasadena Hilton

Pasadena, California, USA

JI3L

CSMT

PROCEEDINGS

Broadband 1.5 - 2.5 THz HEB Mixer

Sponsored and organized by the Center for Space Microelectronics Technology;
Jet Propulsion Laboratory, California Institute of Technology;

and National Aeronautics Space Administration Office of Space Science



PROCEEDINGS

of the

NINTH INTERNATIONAL SYMPOSIUM ON

SPACE TERAHERTZ TECHNOLOGY

Tuesday - Thursday, March 17 - 19, 1998

Pasadena Hilton Hotel
Pasadena, California, USA

Sponsored by: NASA Office of Space Science.

Organized by: The Jet Propulsion Laboratory,
California Institute of Technology

Organizing Committee: Rob McGrath (JF•L)



PREFACE

The Ninth International Symposium On Space Terahertz Technology was held at the Pasadena
Hilton Hotel , Pasadena, California , on March 17 - 19, 1998. The Symposium was attended by
150 scientists, engineers, and program managers from around the world. The theme of the
Symposium was similar to previous years and centered on the detection, generation, and
manipulation of radiation in the terahertz spectral region for ground-based, aircraft, balloon, and
spaced-based applications including astronomy, planetary science, and remote-sensing of Earth's
atmosphere. The Abstract Booklet contained 68 abstracts, and the program was divided into 11
oral sessions, plus, for the first time, a poster session covering a wide variety of topics including
HEB mixers; Schottky diode mixers and fabrication; SIS mixers, receivers and devices; multiplier
and fundamental sources; and detectors and backends. In addition, there were invited
presentations that outlined the status of programs for the NASA Stratospheric Observatory for
Infrared Astronomy (SOFIA) and that discussed the heterodyne instrument for the ESA Far
Infrared and Submillimeter Space Telescope (FIRST).

In an attempt to design the Symposium in future years to meet the needs and desires of the
participants, a survey was conducted to determine the preferred format for accommodating an
increasing number of papers submitted to the Symposium. Of the four options--(a) increase the
symposium to 4 days, with no parallel sessions; (b) keep the symposium at 3 days, but add
parallel sessions; (c) keep the symposium at 3 days, but add more poster sessions; and (d) reject
enough papers (using tighter reviewing criteria) to keep the symposium at its current size--by far
the most popular option was (c) keep the symposium at 3 days, but add more poster sessions.
This year we added one poster session for the first time, and it was very well received. It provided
a great opportunity for increased interaction between the presenters and the audience.

The Symposium was sponsored by the NASA Office of Space Science, and the Center for Space
Microelectronics Technology at the Jet Propulsion Laboratory which also organized the event. I
would like to thank these organizations for their support. I would also like to thank everyone who
helped to make the Symposium a success: Anders Skalare, Boris Karasik, and Imran Mehdi for
setting up the technical program and organizing the lab tours; Wenonah Green and Pat McLane and
her staff for handling the local arrangements and making small miracles happen; the session chairs
for keeping us on schedule; and everyone who attended or contributed a presentation. Also an
additional thanks to Wenonah for putting this Proceedings together, and to Tim Brice for assisting
with the graphics on the Abstract Booklet.

Rob McGrath

The Tenth International Symposium On Space Terahertz Technology will be held in
Charlottesville, Virginia, on March 16 - 19, 1999, and will be hosted by the University of
Virginia. For more information on the next Symposium, please contact:

Dr. Thomas W. Crowe
University of Virginia

Department of Electrical Engineering
Charlottesville, VA 22903

Tel: 804-924-7693
Fax: 804-924-8818

E-mail: twc8u@virginia.edu
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SOFIA — A Versatile Facility for Infrared and Submillimeter
Astronomy in the New Millenium

Mark Morris

Department of Physics and Astronomy
University of California, Los Angeles, CA

SOFIA, The Stratospheric Observatory for Infrared Astronomy, is a joint US and German
project to develop and operate a 2.5-meter infrared telescope in an airborne platform, a
Boeing 747-SP. NASA has contracted with the Universities Space Research Association
(USRA), teamed with Raytheon E-Systems and United Airlines, to build and operate the
observatory. The telescope assembly is being provided by a consortium of German
companies led by MAN-GHH. Work has been under way for over a year on both the
telescope and the aircraft, and first science flights are expected to begin in 2001.
Observations and instrument development will proceed through the 20-year lifetime of the
observatory, with 20% of the observing time (and a similar fraction of the instrument
development) being assigned to German investigators.  SOFIA will be used for
observations from the UV to submillimeter wavelengths (0.3 microns to 1.6mm), with
particular emphasis on mid and far-infrared, and submillimeter. The initial complement of
instruments has been selected, and will be discussed, as will the broad scientific themes
which SOFIA will be used to address. The prospects for THz astronomy are particularly
exciting, and will be featured. Unlike its predecessor, the Kuiper Airborne Observatory,
SOFIA will have facility instrumentation in addition to more specialized instruments built
by selected principal investigator teams.
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Noise performance of diffusion cooled hot-electron bolometers:
theory: vs. experiment

P.J. Burke, R.J. Schoelkopf, I. Siddiqi, and D.E. Prober
Departments of Applied Physics and Physics, Yale University, 15 Prospect St., New Haven, CT

06520-8284

A. Skalare, B.S. Karasik, M.C. Gaidis, W.R. McGrath, B.Bumble, and H.G. LeDuc
Center for Space Microelectronics Technology, Jet Propulsion Laboratory, Caltech, Pasadena, CA

91109

We have measured the spectrum of the output noise and the conver-
sion gain from 0.1-7.5 GHz under identical conditions for both diffusion
and phonon-cooled Nb bolometers, using a 20 GHz LO on a variety of de-
vices varying in length from 0.08 izm to 3 Ara, where the gain-bandwidth
varies between 100 MHz and > 6 GHz. In this paper, we will present
systematic comparison between theory and experiment for the devices
measured. We find the frequency dependence of the device conversion
efficiency and noise is well described by a simple thermal model. We
have used two methods of inferring dR/dT, and describe the predictions
for the magnitude of the efficiency and noise based on these. Neither
method provides consistent quantitative predictions of the magnitude
of device performance for a variety of operating conditions. Thus the
device performance, while excellent, must continue to be investigated
experimentally. We have therefore begun a series of experiments on
lower Tc devices made of Al, which may have improved performance.

I. INTRODUCTION

Recent research on hot-electron bolometer mixers has enhanced the prospect of acheiving
quantum-noise-limited performance (TQ = hulk) in heterodyne receivers at THz frequen-
cies. Hot-electron bolometer mixers of both the phonon cooled [1] and diffusion cooled [2-4]
type have already shown excellent noise performance. We have recently predicted [5] and
shown [2,6] that for Nb devices diffusion cooling provides much larger intermediate frequency
(IF) gain bandwidth than can be obtained with phonon cooling, due to faster thermal re-
sponse. We have also recently shown [7-9] that the spectrum of the device output noise
obeys a simple thermal model, consisting of frequency-dependent thermal flucuation noise
plus a white background (Johnson noise). There, it was shown that there is a frequency
scale associated with the dominant part of the output noise that scales with device length
as it does for the gain bandwidth. In this paper, we present detailed comparisons of the zero
IF magnitude of the conversion efficiency and output noise with theoretical predictions.

II. THEORY

For a lumped thermal element, theoretical calculations have already been performed which
relate the device conversion efficiency and output noise to the dc current, LO power, device
resistance, thermal conductance, temperature, and change of resistance with temperature
(dR/dT) [10-121. In this section, these lumped-element calculations are summarized in order
to allow comparison with theory. A diffusion cooled device should properly be modeled as
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a distributed thermal system. The results of our calculations for the distributed system are
given later in this section and related to the lumped element approach calculations already
available in the literature. A more microscopic approach which treats the spatial distribution
of the superconducting energy gap in the presence of strong ac and dc self-heating, such as
that being developed in [13}, is desirable. We use the normal state heating results as a guide
until a more complete theory can be developed.

A. Lumped Element Predictions

1. Conversion efficiency

The coupled conversion efficiency, defined as the power out at the IF over the power in
at the rf, can be predicted in terms of the dc current / dc , the LO power PLO, the thermal
conductance to the bath G, the resistance R Vd,lick , and the change in resistance with
temperature dRldT as [10-12]

PLO (Idc(dRI dT)) 
2 

1 7
7(

w
) = n/F-2 R Geff ) 1 + Pre f f)2

1 = 77(0)
1
 
+ (Chn

-
ef f)2

where ca is the IF. This is the single-sideband (SSB) efficiency. We define the "gain band-
width" as the IF at which the conversion efficiency drops be 3 dB relative to its low IF
value. Thus, from Eq. 1, the gain bandwidth is given by f3dB,gain = 

1
/(

27rr
eff)

. 
Here

T
ell is the effective thermal time constant and Geff the effective thermal conductance to

the bath. The effective thermal conductance and time constant are related to the "bare"
thermal conductance G and time constant 7- th by

Tell E 
Tth/(1 — a),

rth
Geff G (1 — a),

a— 4
21c

dR/dT (RL — R)
G RL + R
RL — R)

= a()
+ R)

13cdRIdT 
ao G

where C is the (electronic) heat capacity, and R L the load resistance at the IF, i.e., the
input resistance of the IF amplifier, which is typically 50 a The effect of the electro-
thermal feedback between the electron temperature and the dc bias supply is described
quantitatively by the parameter a. If a is small (due to small current or small dR/dT),
then the effect of electro-thermal feedback is small, and the effective time constant -ref f
is equal to the "bare" thermal time constant 7th, and the effective thermal conductance
Gel f is equal to the bare thermal conductance G. The IF load resistance tends to suppress
electro-thermal feedback if the device resistance R is comparable to the load resistance RL.
This is the case for the devices studied in this work.

(1)

(2)

(3)
(4)

(5)

(6)

(7)

(8)
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The factor rtrF is defined as

4RRL 
771F (R RL)2'

where RL is the IF load resistance. This factor is not a standard mismatch factor in the
usual sense, since the device impedance depends on frequency, whereas Eq. 9 is independent
of frequency. The factor results from a more rigorous calculation of the effect of a finite
load impedance at the IF on the electron dynamics {10,14 The parameter varies between
zero and one, and is one when the device resistance is equal to the input impedance of the
IF amplifier.

2. Output Noise

In hot-electron bolometers, the important noise sources are expected to be thermal fluc-
tuation noise and Johnson noise. The prediction for the output noise due to thermal fluc-
tuations TTF is given by [10-14

2 1 1 
TTF (W) = (rd,Te (dR 1 dT)) RG ef f (1 a 1 + (uref f )2 

711F (10)

1 
TTF (0) (11)

1 + (Wren )2

where 771F is the IF mismatch factor in Eq. 9, and Te the electron temperature.
In addition to affecting the thermal fluctuation noise, electro-thermal feedback also affects

the Johnson noise. The resultant expression for the Johnson output noise is given by [14,14

1 (  1 + (Wirth )2 
TJohn Te (12)

(1 — ) 1 + Preff)
2 ) 71/F -

This should be added to TTF to get the total output noise, i.e.

TTF (0) = Tjohn 1 + (Wref f )2

3. Mixer noise

The single-sideband (SSB) mixer noise Tmix E Tot/ 77 is the noise referred to the input.
(The double-sideband mixer noise is one half of the SSB mixer noise.) The mixer noise can
now be calculated on the basis of the above calculations. The result is [12]:

Tinix(w)(S SIB) = 
22? G 2RT,G2

P

(1 + (wref f ). (14)
LO 4- PLOIL(dRI dT)2

The first term is due to the thermal fluctuation noise, while the second term is due to the
Johnson noise. The second term is dependent on the IF This is simply due to that fact that
Johnson noise is white, whereas the conversion efficiency decreases as the IF is increased.
As a result of this, the gain bandwidth (i.e., the IF at which the conversion efficiency drops

(9)

To (13)



1 7
X
 (1 — PR

L T2 L.
Te(X) Tb (16)

by 3 dB) is not necessarily equal to the noise bandwidth, f3dB,noise, which we define as the
frequency at which the mixer noise increases by a factor of two. In fact, using Eq. 14, it is
simple to show that [15]:

f3dB,noise 

f3dB,g ain

Tjohn TTF (0) 

2:70h
(15)

B. Distributed system predictions

For a distributed non-superconducting system, the output noise temperature due to John-
son noise is predicted to be the average temperature along the length of the bridge. However,
a quantitative theory for the conversion efficiency and thermal fluctuation noise which treats
the device as a distributed system has not yet been developed'. Therefore, in this section
we will take the average temperature to determine the Johnson noise. We calculate the
temperature profile under conditions of uniform dissipation of dc and ac power and attempt
to relate the distributed system approach to the lumped element approach by deriving an
effective time constant and thermal conductance between the electrons and the bath. These
quantities can then be used in the theory of section II A as an approximation to expected
device performance.

The impedance of the device at frequencies above the energy gap frequency (,:id 700 GHz in
bulk Nb) is constant and equal to the normal state impedance. Therefore, if a high frequency
signal is applied above the energy gap frequency, then the dissipation of power is uniform.
However, if the frequency of the applied signal is less than the energy gap frequency, then
it is possible that the dissipation of power varies spatially, since the temperature and hence
resistance vary spatially. At Tc the energy gap vanishes, suggesting that the dissipation of
power may still be uniform at all frequencies.

1. DC heating, no electron-phonon interaction

In the steady state, the flow of heat and the electron temperature are governed by the time-
independent heat-diffusion equation. It can be shown [16,17] that the electron temperature
along the length of the device is given by

Here P is the power dissipated, Tb the bath temperature, and the Lorenz number. The
temperature profile is not directly measured in this work. To relate the above calculation
more directly to measurements, we need to calculate the average temperature rise as a
function of input power. The result is [18,17]:

'The case of a lumped element connected to a bath through a distributed system was considered
in [14] and [12].
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2. AC heating, no electron-phonon interaction

When the source of heating is time-dependent, as in most of the experiments in this work,
the equation that governs the temperature profile is the time-dependent generalization of
the heat diffusion equation. We have solved for the electron temperature 7;(x, t) and find
for a time dependent input power given by P(t) Po+ Pwe' t that the electron temperature
averaged along the length of the device is given by:

(17)

< Te(x,t) >x= Tb P0-12042-

eiwt p 8 1 1 
,<; r2 C L-,n=0 772.77 1-1-iu./rn 7

(18)

where C is the heat capacity (the specific heat c times the volume), and Tn is defined as

7r2 D(2n + 1)
L2

(19)

the diffusion constant D is equal to the thermal conductivity K divided by the specific heat
C. The second term in Eq. 18 simply gives the dc rise in the average temperature. This
allows a dc thermal conductance to be calculated from

P
o P0 

< Te >z= L2 = R (20)
Ci 12D 1.4!)/

Thus, the resultant "effective" dc thermal conductance is given by

rTb 
G = 

R/12
. (21)

(This results in an effective resistance of R/12 derived by one of us in [5].) The third term
in Eq. 18 is the ac component of the average temperature rise. To a good approximation, a
lumped element approach can still be used, provided an effective thermal time constant of

L2rth 

r

2

D
(22)

is used. This time constant is not equal to the heat capacity C divided by the dc thermal
conductance G, defined in Eq. 21. (Ref. [5] had used Tth = GIG; we now see that choice
was in error by 20%. We choose to express the results in this work in terms of R/12,
since that quantity was defined as "Reffective " in ref [5].) The diffusion time constant is
equal to Te—ph when the bridge length is equal to rLe_p h . Therefore, the crossover from
phonon-cooled to diffusion-cooled behavior occurs at L = 7Le—ph-
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3. Spatially distributed temperature fluctuations, no electron-phonon interaction

In section II A 2, the fluctuations in the temperature of a single thermal element connected.
through a thermal conductance to the thermal bath were considered. In a distributed sys-
tern, fluctuations in the flow between nearest neighbors are postulated, and the magnitude of
forcing function must be calculated. A generalized Lan.gevin equation can be derived [19-21]
for this process. In this work, we consider the solution to that equation with boundary con-
ditions that the temperature at the ends is fixed. We find the following for the resultant
spectral density of the temperature fluctuations:

+cx) 1 1 
(< STe(x,w) >x)

2 4k T2
 = 

B e (23)
n=o (2n + 1) 4 1 + (w-rn,)2

This equation was derived when no external power is applied, so that Te is well defined, and
equal to the bath temperature. The first term in Eq. 23 is the dominant term, and so the
lumped element approximation can still be used to a very good approximation, provided an
effective thermal time constant given by Eq. 22 is used. Finally, the low-frequency limit of
Eq. 23 is.

\ 2 4kB T,2 4kB27 
(< (5Te(x w) > x = = rco-40 &D'

Thus, the lumped element prediction for the thermal fluctuation noise (eq. 10) can be used,
provided the dc effective thermal conductance of LTb i1-1 (eq. 21) is used.

4. DC heating with electron-phonon interaction

In the presence of electron-phonon interaction, the diffusion equation contains a "sink"
term for the heat flow: power can flow from the electron system directly to the phonon
system. The power flow density depends on the electron temperature and the phonon
temperature, as well as the electron mean-free-path. There is no theoretical prediction that
accounts for the strength of the electron-phonon coupling in Nb, so empirical results must
be used. Experimentally [22], the electron-phonon coupling is given by:

Pout = —Tp4h), (25)

where pout is the electron-phonon power flow per unit volume, and A 1 -
2x101° W m—

5. AC heating in the presence of electron phonon interaction; strong AC heating

Based on the above results, we can come to the following conclusions regarding the tem-
perature profile: For very long devices, in the presence of weak or strong dc or ac heating,
the behavior should be that of a lumped element with a single time constant, l ph. For
devices much shorter than irLe_ph in the presence of weak ac heating, a lumped element
is a good approximation, with a single time constant of L 2 /7r2D. A similar conclusion is
expected to hold in the case of strong ac heating, without electron-phonon interactions;
this has not yet been calculated. A numerical calculation of the time-dependent diffusion

(24)

3 IC-4 for D = 1 cm2/s.
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equation in the presence of electron-phonon interactions would be required to quantitatively
evaluate the behavior between the two regimes. However, we expect that the cooling rates
should approximately add, and this approximation will be used in the remainder of this
paper.

C. Voltage dependence of conversion efficiency and noise; a from I-V curve

When dc and ac power are applied to the device, the electron temperature is heated
above the bath temperature to somewhere near the critical temperature. However, the
temperature of the electron system is difficult to predict accurately. This makes predictions
of the conversion efficiency and output noise difficult, since dR/dT depends sensitively on the
electron temperature near T. There is, however, a way to determine the value of a from the
measured I-V curve which allows predictions of the output noise and efficiency. An increase
in bias voltage increases the power dissipated, which raises the electron temperature. This
in turn causes an increase in resistance. Based on this physical principle, a derivation is
given in [11] for the following formula:

_
IdR/dP = IL(dRI dT)I G = 

(dV di) R
(26)

(dill di) + R a°.

Therefore, the measured dc I-V curve can provide a measurement of co. (It is straightfor-
ward to calculate a from the dc I-V curve once ao is known.) The predictions of Eqs. 1
and 10 can be rewritten in terms of a and ao as

PLO a8 1 
n(wIF) = 

2 Pd, (1 — a)
2
 1 + (wirref f)

(27)

Pe dc (1 — a)2 1 + PiFTeff)22
Tout T2 G ag

1 

The values of Pdc3 PLO, C, and Te can be estimated with reasonable accuracy, so a prediction
of device performance from the measured I-V curve is possible.

III. EXPERIMENTAL TECHNIQUE

A. Device Fabrication

The devices studied were all fabricated from the same thin (100 A) Nb film, deposited on
a quartz substrate. The patterned film has a transition temperature of 2",  5 K, transition
width AT, — 0.5K, and sheet resistance P.1 33 Q. The length of the bridge was defined
by the normal metal (1000 A thick Au) contacts using direct write e-beam lithography in a
self-aligned process [23]. The length and width of the devices measured in this work were
determined by inspecting the SEM image of different devices with the same design length
in the same fabrication run. The estimated error using this technique is approximately
±0.05 pm. The devices measured in this work were not measured in an SEM, in order to
avoid electrical damage. The device dc properties are summarized in Table I. The measured
resistance vs. temperature curves are plotted in Fig. 1.

(28)
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TABLE I. Device geometries and dc resistances.
Device: Length

(A
m

)
Width
(Am)

RN
( Q)

dR/d'r
(n/K)

Al 0.08 0.08 56 140
A2 0.08 0.08 56 -
B 0.16 0.08 80 200
C 0.24 0.08 96 250
D 0.6 0.2 93
E 3 1 86

aFor this table, dR/dT is evaluated at the steepest point on the R vs. T curve.

4.0 4.5 5.0 5.5 6.0 6.5 7.0

Temperature (K)

FIG. 1. Resistance vs. temperature curves for diffusion-cooled devices.
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FIG. 2. Schematic of experimental setup.

B. Measurement technique and calibrations

Each device was mounted at the end of a section of 50 S) microstrip, using a "ffip-chip"
configuration to assure a broadband match. A cooled directional coupler was used to weakly
couple in the rf and LO. The through port was connected to a cooled, low noise  25 K),
broadband amplifier. The cable losses, amplifier gain, and coupler performance were each
measured at 2 K. The mixer conversion efficiency as a function of intermediate frequency
was thus measured to ± 2 dB. The amplifier chain noise and gain were calibrated in-situ to
the plane of the device by heating the device above Tc and using it as a variable temperature
load. This calibration applies for a source impedance given by R.  Some measurements were
performed with an isolator to confirm that impedance mismatch effects were not significantly
affecting the calibration. Additional measurements of the return loss of the devices were
performed in order to determine the impedance mismatch in the intermediate state. The
coupling was 90% or better over the frequency range measured for all the devices, except
device E. Therefore, the lack of an isolator should not significantly modify the calibration
constants of the amplifier gain and noise which were determined when the device was in the
normal state. A schematic of the experimental setup is shown in Fig. 2.

IV. EXPERIMENTAL RESULTS

A. Conversion efficiency and Noise

The measured conversion efficiency, output noise, and mixer noise all depend on several
parameters under experimental control for a given device. We first discuss the dependence
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FIG. 3. Efficiency, output noise, and mixer noise vs. LO power for device Al.

on LO power, then on dc power, then on the IF. The measurements of the conversion
efficiency and noise were all performed at a bath temperature of 2 K.

1. Conversion efficiency and noise vs. LO power

The (relative) conversion efficiency, output noise, and mixer noise are plotted as a func-
tion of LO power for fixed dc voltage in Fig. 3 for device Al. There are two cases of LO
power which are of interest. We refer to the LO power required to maximize the (coupled)
conversion efficiency as the "optimum efficiency" case. Note that the conversion efficiency
and output noise peak at different LO powers, for a fixed bias voltage. However, the mixer
noise is relatively constant near its minimum, even though the efficiency and output noise
are changing very rapidly with LO power there. The second qualitative case is the "over-
pumped" case, where the critical current is suppressed. In that case, the output noise
is drastically suppressed relative to its maximum value. The conversion efficiency is also
somewhat lower than its maximum value. However, the mixer noise does not change much
between the "optimum efficiency" case and the "overpumped" case. The overpumped case
is of practical interest because the output noise and efficiency are less sensitive to the dc
bias voltage, which will be discussed next. The general behavior indicated in Fig. 3 was
observed in all the devices measured. For all the devices measured, the mixer noise in the
overpumped case at the dc bias that minimized the mixer noise was lower than the mixer
noise in the optimum efficiency case at the dc bias that minimized the mixer noise.
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FIG. 4. Efficiency, output noise, and mixer noise vs. voltage for device B in overpumped case.

IF=125-215 MHz.

2. Conversion efficiency and noise vs. dc power

In order to investigate the dependence of the conversion efficiency and noise on dc bias,
the output noise- and conversion efficiency were measured as a function of dc bias for two
different LO powers (optimum efficiency, and overpumped) for each device. The resultant
mixer noise was calculated by taking the ratio of the output noise to the conversion efficiency.
The measurements were done at an IF that is low enough to be representative of the zero
IF limit of the device performance. The results for a typical device (device B) are plotted
in Figs. 4 and 5. The immediate conclusion in these graphs is that the mixer noise is very
/ow, 200 to 300 K (DSB). In the overpumped case, the conversion efficiency, output noise,
and mixer noise are seen to depend smoothly on the dc bias.

The results of the measurements of the frequency dependence and magnitude of the
conversion efficiency and output noise are summarized in Table II. The relative spectrum
of the output noise behaves similarly with frequency as the conversion efficiency, as can be
seen by comparing the fitted time constant for the conversion efficiency and output noise.
This implies that the 3 dB noise bandwidth is larger than the 3 dB gain bandwidth, which
is also indicated by comparing the two quantities in Table II.

B. Comparison with theory

In this section, we compare the measured results of the coupled output noise and coupled
conversion efficiency with the theoretical predictions presented in section II. The predicted



Voltage (mV)

FIG. 5. Efficiency, output noise, and mixer noise vs. voltage for device B in optimum efficiency
case. IF=125-215 MHz.

TABLE II. Device parameters and output noise; top half: optimum efficiency case; bottom half:
overpumped case.

Dev. L

(gm)

n(o)

(dB)

(27rrth)-1 (GHz)
from fit of from fit of

77(f) to Eq. 2 Tout (f) to Eq. 13

TTF(0) (K) Tj (K)
from fit of

T0(f) to Eq. 13

Noise BW

(GHz)

Tmi.(0)::"."-: Tou t (0)/2n(0)

(K,DSB)
Al 0.08 -5.6 >6 2.3 ' 49 25 >6 120
A2 0.08 - >6 - - - - -
B 0.16 -11 2.4 1.4 34 23 3.9 320
Ca 0.24 -8 1.5 - - - - 200
D 0.6 -4.1 0.3 0.13 262 19 0.73 120
E 3 -2b 0.08 0.13 223 8 0.75 530
Al 0.08 -7 >6 >6 - - >6 <100
B 0.16 -13.5 2.25 2.3 6 10 3.1 170
C 0.24 -12.7 1.5 - - - - 160
D 0.6 -10.4 0.38 0.11 33 16 0.53 120
E 3 -11.7 0.064 0.045 62 7 0.16 310

&Device C was electrically damaged before the noise spectrum could be measured.
bThe lowest efficiency measured was only -4 dB, but the fit returned a value of -2 dB because the
lowest IF measured for this particular experiment was only 100 MHz.
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FIG. 6. Theoretical and experimental conversion efficiency and output noise for dev. B. optimum
efficiency case. The predicted Johnson noise is not plotted, but is of order Tc ^4 5.5 K.

conversion efficiency and output noise based on Eqs. 1 and 10 was calculated for each
device by using the maximum value of dRldT measured with small bias current and no LO
power. This method is expected to predict an upper limit for n and TTF since the electron
temperature may not be at a point where dRldT is maximized under operating conditions.
A "local" value of dRldT can be estimated by inferring the electron temperature from
R E- Vdc//dc, and evaluating dRldT at the inferred electron temperature from the measured
R vs. T curve. This method was carried out for the dc bias voltages which minimized
the mixer noise in both the overpumped and optimum efficiency cases. The parameters
for the theoretical calculations are shown in the Appendix A, Table IV. The results of the
calculated conversion efficiency based on this method are presented in Table III.

The method to determine dR/dP (which we call method 2) and hence 77 and Tout directly
from the measured I-V curve was described in section II C. This procedure has also been
carried out, and the resulting theoretical predictions for the conversion efficiency and noise
are compared to the experimental results for a typical device (B) measured in the optimum
efficiency and overpumped cases in Figs. 6- 7. Since the predictions depend on the calculated
values of a and ao, these are also plotted with the I-V curve for device B in Appendix B,
Fig. 8. The results of the calculated conversion efficiency based on this second method are
also in Table III for all the devices.

For devices B and C the second method gives reasonable agreement between theory and
experiment. Since the length of device A is comparable to the electron-electron length
( N/F-7--„, with 7; 3- the electron-electron scattering rate), a local equilibrium temperature
cannot be well defined and the simple thermal model may not apply quantitatively to this
device. We have also calculated the predicted output noise and conversion efficiency as a
function of de bias using method 2 (Eq. 26) for all the devices studied in both the optimum
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FIG. 7. Theoretical and experimental conversion efficiency and output noise for dev. 8, over-
pumped case. The predicted Johnson noise is not plotted, but is of order Tc 5.5 K.

efficiency and overpum.ped cases [8]. We find qualitative agreement between the theoretical
and experimental dc bias dependence of the output noise and efficiency for all devices
except device A. However, neither method provides consistent quantitative predictions of
device performance for a variety of operating conditions. Thus, device performance cannot
yet be quantitatively predicted from first principles and must continue to be investigated
experimentally. We find it to be excellent. Lower Te devices made of Al may have improved
performance.
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APPENDIX B: DYNAMIC AND ABSOLUTE RESISTANCE, a, AND ao
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expt.
T.., (0) = TT F(0) ± (K)

calc. from calc. from
eq. 10 eq. 28

max./local
dR/dT used

a
expt.

-5.6 237.5/60.5 9 37
-11 389.5/180.5 78.5 51
-9.9 671.5/223.5 20.5 44
-5.4 365.51- 179.5 118
-8.6 695.51- 409.5 105
-7 165.5/91.5 5.6 14

-13.5 115.5/78.5 9 14
-12.7 330.5/145.5 7.8 17
-10.4 92.5/- 17.5 26
-20 42.5/- 83.5 10

Dev. n(o) (dB)
calc. from calc. from

eq. 1 eq. 27
max./local

dR/dT used
b +1.0/-5.3 -17.5

+0.2/-3.2 -7
+0.7/+0.2 -9.4

DC +0.3/- -0.5
+0.3/- 0.0

-31
-17.2
-13.8
-8.8
-3.7

TABLE III. Predicted and experimental conversion efficiency and output noise: top half: opti-
mum efficiency case: bottom half: overpumped case.

aA value of 5.5 K was assumed for Tj in the theoretical prediction.
bThe output noise for device A quoted in this table was measured under slightly different operating
conditions than that plotted in Fig. 1.
'The low frequency limit of the noise and efficiency- is not well-determined for devices D and E. so
the experimental value at 125-175 MHz is quoted in this table.

TABLE W. Device parameters; top half: optimum efficiency case; bottom half: overpumped case
Dev. Vdc

(mV)
Pd c

(nW)
PLO
(nW)

Al 0.45 9 13
B 0.35 5.5 5
C 0.46 6.4 8
D 0.38 5.6 15
E 0.65 39 85
Al 0.5 9 26
B 0.25 2.3 10
C 0.4 4.3 16
D 0.23 1.9 30
E 0.2 2.9 170

dR/ dT
(n/K)

loc./max.
68/140
135/200
144/250
4250 b
4250

103/140
163/200
164/250
-/250
4250

Ga
(n'W/K)

Exp.(thy.)

ao a InF

40 (29) 0.16 0.06 0.86
30(20) 0.56 0.22 0.85
-(17) 0.41 0.086 0.95
44(-) 0.66 0.24 0.87
520(-) 0.71 0.46 0.58

40 (29) -0.025 -0.007 0.92
30(20) 0.095 0.028 0.92
-(17) 0.15 0.021 0.98
48(-) 0.13 0.037 0.92
5200 0.13 0.076 0.68

Al
b
	+2.3/0.0

aMeasured value at 6 K or 6.5 K extrapolated to 5.5 K. (Theoretical value calculated using
LT/(RN/12).) G was determined experimentally using noise thermometry measurements in the
normal state.
bNot actually measured. Estimated based on device C, which has the same normal state resistance
as devices D,E.
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FIG. 8. IV curve, dynamic and absolute resistance for device B, optimum efficiency case.
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Abstract
Phonon-cooled superconductive hot-electron bolometric (HEB) mixers are incorporated in a
waveguide receiver designed to operate near 800 Gliz. The mixer elements are thin-film nio-
bium nitride microbridges with dimensions of 4 nm thickness, 0.2 to 0.3 p.m in length and 2 jun
in width. At 780 GHz the best receiver noise temperature is 840 K (DSB). The mixer IF
bandwidth is 2.0 GHz, the absorbed LO power is —0.1 1.1W. A fixed-tuned version of the re-
ceiver was installed at the Submillimeter Telescope Observatory on Mt. Graham, Arizona, to
conduct astronomical observations. These observations represent the first time that a receiver
incorporating any superconducting HEB mixer has been used to detect a spectral line of celes-
tial origin.

Introduction
Superconducting HEB mixers look to become the technology of choice for heterodyne

detection above 1 THz. This technology has thus far fulfilled, in the laboratory at least, all
the basic requirements for efficient astronomical observing at subraillimeter wavelengths:
low-noise performance, low local oscillator power requirement and large intermediate fre-
quency bandwidth. However, performance in the laboratory is often a poor substitute for
performance in the field. Even with the detection of molecular lines in the laboratory with
this type of receiver, many people, in particular potential users, remain cautiously skeptical
about whether or not this new technology will be useful in practice. In order to address
this final concern directly, we have aimed our efforts in the past six months to build a
complete receiver system employing a superconducting HEB mixer to take to a submilli-
meter telescope facility and test its performance definitively.

Our receiver employs a phonon-cooled HEB mixer [1] fabricated from niobium ni-
tride [2]. The mixer elements are thin-film microbridges with typical thickness of 4 nm
fabricated on crystalline quartz substrates. The critical temperature, T„ is —9 K. with a
transition width of —1 K. The sheet resistance ranges from 1000 to 2000

Over the course of our experiments [3], we have learned that all of our mixers fabri-
cated using conventional optical photolithography require more local-oscillator power
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than can be conveniently provided by frequency multiplied solid-state sources, especially
at the highest frequencies. For example, we were able to pump an 800 GHz mixer at only
two frequency points. Furthermore, with optical lithography it is difficult to make a mixer
that has simultaneously a low impedance and low LO power requirement. Since our goal
was to build a receiver for a telescope, we absolutely needed to be able to pump the mixer
continuously across the operating band of the receiver. Also, we desired to lower the
mixer impedance from about 400 or so, which was typical of optically fabricated mix-
ers, to about 100 S2. For a phonon-cooled mixer the optimal LO power simply scales with
the volume of the microbridge. With the thickness fixed, the area of the mixer can be
flexibly adjusted in order to give a wide range in impedance and in the level of local-
oscillator power. We have therefore fabricated NbN microbridges defined by electron
beam lithography that have in-plane areas —10 times smaller than those manufactured for
our previous studies. Such mixers have LO power requirement reduced by 10 dB com-
pared to that of larger mixers. The mixers also have favorably lower impedance. In this
paper we state the performance of our HEB receiver, and show results of its operation on
a telescope.

Receiver Performance
A current-voltage curve of a mixer is shown in Figure 1. This mixer is 2 gm wide and

0.3 puri long, with a normal room-temperature resistance of 90 Q. The general shape of
the IV curve is similar to the larger mixers. One major difference, however, is that the
voltage scale is compressed in the voltage-total IF power curve, which is also plotted in
the figure. This difference is a clue that the new mixer will require less local-oscillator
power and dc power to reach the optimal operating point. Incidentally, this difference also
has interesting consequences for the mixer saturation level, which is discussed below.

The mixer is incorporated in a waveguide block with a mechanically driven backshort.
The block was designed to accommodate an SIS mixer, the details of which can be found
in [4]. The corrugated feed illuminates a cold off-axis paraboloid and an optical flat before
exiting the cryostat. Several layers of porous Teflon provides near-infrared filtering, and a
0.5 mm Teflon window seals the cryostat. The local-oscillator is a multiplied solid-state
source, and a Martin-Puplett diplexer is used to combine the local-oscillator and signal
beams.

Receiver noise temperature

The sensitivity of the receiver was measured using the standard Y-factor technique of
alternatively placing a room temperature load and a cold load at the temperature of liquid
nitrogen at the input of the receiver. No corrections were made. We were able to make a
continuous measurement of the receiver noise temperature across the operating band of
the local-oscillator source. The noise performance across the 800 GHz band is plotted in
Figure 2, and across the band, the noise temperature is always less than 2 K GHz -1 . The
best noise temperature at 780 GHz is 850 K, where we estimate that the conversion loss is
14 dB and that Lax= 750 K. The receiver will actually work all the way down to the cut-
off frequency of the waveguide, which is near 600 GHz.
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IF bandwidth
We have measured the intermediate frequency bandwidth of a representative mixer

from the same batch of mixers at a signal frequency of 20 GHz. The measurement is
shown in Figure 3, which shows that the —3 dB roll-off in the gain occurs at 2.0 GHz. This
is very similar to the bandwidth we have measured in a number of previous batches. Un-
fortunately, this value falls considerably short of the 10 GHz predicted for N1N-based
mixers, and we attribute this to the quality of the film that can be grown on the chosen
substrate [2]. For our present purposes, 2.0 GHz is sufficient; but, for such applications as
extragalactic observations and interferometry, it will be necessary to have more band-
width.

Gain compression and LO power
The LO power level and the linearity of the 800 GHz mixers were measured using a

technique described in [5]. In this method, a second local-oscillator is coupled to the re-
ceiver at the signal port. The input power from the second source is calibrated against the
receiver's response to the hot and cold loads. The technique assumes equivalence between
the receiver's response to broad-band noise and monochromatic radiation. Using this
technique, we determined that the LO incident at the receiver is 1 j.tW. The 1 dB com-
pression point occurs about —25 dB below the LO power, which corresponds to an input
power of 3 nW. This result is quite different from our result with the larger mixer, in
which the 1 dB compression point was —6 dB below the LO power. We conclude that the
saturation is occurring at the IF output of the receiver rather than at the RF input. That
this might be the case can be simply argued: from Figure 1, we estimate that the maximum
IF voltage swing in which there is constant conversion gain is about 0.1 mV. If the IF load
resistance is 50 S2, then the IF output power with maximum swing voltage is 0.1 nW.
From the our estimate of the conversion loss for this mixer, about 16 a, we see that the
power at the input of the mixer is 4 nW, in good agreement with the actual measured
value. Thus, the mixer saturates when there is 3 flW of power incident on the receiver
within a bandwidth given the IF bandwidth. In terms of load temperature, this represents
—5 x 104 K. Thus, our Y-factor measurements were made well within the linear regime of
the mixer.

From the constant temperature assumption, we measure that the absorbed LO power
is about —0.11.1W. Thus, there is a 10 dB loss in the LO path. From FTS measurements we
know that we are losing about 3 dB in gain from the peak response near 600 GHz. Also,
the losses in the diplexer and filters is maximally about 4 dB. Thus there appears to be
about 3 dB of power that is lost. This may simply be the power being absorbed to heat the
lattice. Further investigation is necessary to understand these losses.

Astronomical observations
The receiver was installed at the 10 m Submillimeter Telescope Observatory (SMTO)

on Mt. Graham, Arizona in March, 1998. The primary task of the nm was to use the HEB
mixer receiver to detect known submillimeter lines of astronomical importance in order to
prove that it works as a practical instrument. The mixer was mounted in a fixed-tuned
block of the type developed for the SMA receivers [4], and is fixed so that over the op-
erating band the mixer sees a real impedance of about 110 CI The receiver IF bandpass is



centered at 1.5 GHz, and useable bandwidth of the receiver, measured after the facility
spectrometer, is 600 MHz. The noise temperature at an LO frequency of 810 GHz is
1300 K, which is actually 15% noisier than the receiver's performance in the laboratory at
sea level. We attribute this degradation to the cooler bath temperature at high altitude.
The noise temperature at an LO frequency of 690 GHz was 650 K. The receiver noise
temperature as a function of IF is shown in Figure 4. The LO was a conventional fre-
quency multiplied solid-state Gunn oscillator. The LO was coupled to the signal beam
with a Martin-Puplett diplexer employing free-standing wire grids. The stability of the re-
ceiver system was primarily determined by the changes in the LO power level. The re-
ceiver setup is identical an SIS-based system, with the exception that it is not necessary to
provide a magnetic field to the mixer. Our brief experience with the HEB receiver on a
telescope shows that it is easier to use than an SIS receiver.

We observed several bright sources to test the receiver under reasonably favorable sky
opacities. For example, we made a five-point map of IRC+10216 in CO (J=7-->6) at 805
GHz, shown in Figure 5, which beautifully illustrates that the beam of the telescope is, as
expected, about 10 asec. With the same receiver, we were also able to observe the CO
(J=6—>5) at 690 GHz and the fine-structure transition of neutral carbon at 809 GHz.

Conclusion
We have developed a waveguide receiver employing a phonon-cooled superconductive

HEB mixer, and have conducted astronomical observations with it. The receiver has suf-
ficient bandwidth, reasonable noise performance, and is generally a very useable, practical
system. We anticipate that in the coming year that we will optimize the receiver design,
and make its performance competitive to SIS receivers now in operation.
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Figure 4. The receiver noise temperature measured as a function of IF for the mixer
used at the telescope. This is computed after the AOS. The useful bandwidth is
roughly 600 MHz, and there apparently is no degradation in the noise at the highest
IF. The slight rise at 1.7 GHz is due to the response of the isolator following the
mixer.
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Abstract

The noise performance of a receiver incorporating spiral antenna coupled NbN

phonon-cooled superconducting hot electron bolometric mixer is measured from 450 GHz to

1200 GHz. The mixer element is thin (thickness  nm) NbN 1.5 pm wide and 0.2 i.um long

film fabricated by lift-off e-beam lithography on high-resistive silicon substrate. The noise of

the receiver temperature is 1000 K at 800-900 GHz, 1200 K at 950 GHz, and 1600 K at

1.08 THz. The required (absorbed) local-oscillator power is —20 nW.

Introduction

Over the last few years, hot electron bolometric (HEB) mixers have become a rapidly

developing field of terahertz technology. Two types of HEB mixers are currently developed:

so-called phonon-cooled HEB mixers [1-6] and diffusion-cooled HEB mixers [7-11]. Both

mixer types have produced impressive results during the last year. For the former, the

following values of receiver noise temperature were obtained: 410 K (430 GHz) [2,3], 480 K

(636 GHz) [3], 600 K (700-800 GHz), 850 K (910 GHz), and 1200 K (1.1 THz) [4]. The

conversion bandwidth was 4 GHz [5], and the noise bandwidth reached 8 GHz [6]. The

optimal local oscillator power was of the order of P L0 4 JAW. The latter type of BEB mixers

showed a noise temperature of 650 K (533 GHz) [8], 1880 K (1267 GHz) [9], 2700 K

(2.5 Tliz) [10], and a noise bandwidth of about 2 GHz [9,10], and a conversion bandwidth of

up to 6 GHz was achieved for the shortest bridges at 20-40 GHz frequency, as reported in

[11]. The optimal local oscillator power for the diffusion-cooled HEB mixers was 10-100 nW

[9-11]. One of the differences between the performances of the two kin.ds of mixers was the

order of magnitude of their local oscillator power. A lower PLO may prove necessary at

terahertz frequencies, where the absence of solid-state sources of a considerable power is an

important factor contributing to a wider scope of application.

At the same time, the optimal PLO for the phonon-cooled HEB mixers may show a

considerable variance, since it is proportional to the volume of the superconducting film. The

dimensions of the film are not a critical parameter for this kind of HEB mixers, unlike the

diffusion-cooled HEB mixers, where the small length of the superconducting film located

between normally conducting contacts determines the size of the mixer bandwidth. Typical

PLO values so far obtained for the phonon-cooled HEB mixers are of an order of few
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microwatts, as determined by the facilities of photolithography: the characteristic film size in

plane is 1 gm. A decrease in the optimal PL0 value means a shift to electron-beam lithography

and to submicron dimensions, although they need not be so small as those required for the

diffusion cooled HEB mixers. The results of the present work show that the Puo for a NBN

film of 1.5x0.2x0.003p.m3 is about 20 nW. It is important that the noise temperature and

conversion losses drop with a decrease in size. For one of the spiral antenna coupled REB

mixers presented in this paper, the noise temperature of the receiver is about 1000K at 800-

900 GHz, 1200K at 950 GHz, and 1600K at 1.08 THz. A decrease in the superconducting film

volume may result in a decrease of the optimal local oscillator power and a notable drop of the

noise temperature but may bring about certain negative effects. One of these is a narrowing of

the dynamic range. Another effect, which may be not so self-evident, is a possible increase of

the direct detection contribution into the response manifested in Y-factor measurements.

Indeed, the responsivity of a REB is inversely proportional to the volume of the film [1],

whereas the heterodyne response shows a much weaker growth with the decrease in the

volume. As a result, the direct detection response to black body radiation from hot and cold

loads may become comparable with the heterodyne response. In this paper, we have made an

attempt at an assessment of this contribution.

Devices and fabrication

To manufacture spiral antenna coupled HEB mixers, a layer of thin (30-35 A) NbN

film was deposited onto a Si high-resistive (with a resistivity of 5 kOhm cm) 350 gm thick

substrate using reactive magnetron sputtering. The process of sputtering the NbN film is

described in detail in {5}.

The central part of the spiral antenna was formed using lift-off electron lithography

based on metallization of 800 A thick Cr-Au layer. The dimensions of the gap that opened the

active NbN film in the antenna were 0,2-0,4 mm by 1,0-2,0 gm. To remove the NbN layer

from the chip field, a repeated lift-off electron lithography with alignment was used, in the

course of which the whole central spiral was covered by an Al mask, which duplicated the

topology of the Cr-Au spiral antenna, but overlapped the gap. The NbN which was not

protected by the Al mask was then removed using ion milling in an Ar atmosphere, and after

that Al was chemically removed in a selective etchant, not affecting Au and NbN.

The fmal operations included deposition of a relatively thick (the thickness of the Au

layer was 0.5 pm) Ti-Au metallization of the peripheral part of the antenna; direct lithography

over this metallization using alignment marks, which provided alignment of the external and

the internal spirals; ion milling of Au; chemical etching of Ti; and, finally, partitioning the

wafer by scribing it into separate chips. Fig. 1 shows a SEM photo of a completed device.

Experiment and discussion
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The substrate on which the device and antenna are integrated, is glued to an extended

hyperhemispherical silicon lens with a diameter of 4.2 mm. The mixer is mounted in a liquid

He-cooled vacuum cryostat equipped with a 1-mm-thick Teflon window and a 380 gm

Zitex G 115 IR radiation filter. We use three backward wave oscillators (BWO) as local

oscillator sources with a common frequency range 450+1250 GHz. The radiation from the LO

is focused by a Teflon lens and combined with the signal by a 20-pm-thick Mylar

beamsplitter. For dc bias and IF signal output the device is attached to a coplanar 50 line

soldered to a SMA connector, and connected to a bias-T. The receiver sensitivity is measured

using the Y-factor method of alternately placing a hot load at 295 K and a cold load at 77 K at

the input of the receiver. The receiver noise temperatures Tr reported are not corrected to

account for losses. The sensitivity refers to the double-sideband receiver noise temperature.

Fig.2 shows three IV curves: an unpumped one, one pumped by optimal LO power,

and another one pumped by optimal LO power reduced by a factor of cc=0.8 dB. To calculate

the optimal LO power absorbed by NbN film, we use a conventional technique common for

the bolometers. Supposing that the resistance of the film in the resistive state only depends on

electron temperature, we can draw the isotherm as a straight line that crosses the last two IV-

curves in the points 1 and 2 (fig.2) and calculate the absorbed LO power:

Pabs 1
2(1 V2 —

a —

a
(1)

The precision of this procedure appears to be better if the isothermal line corresponds to a

resistance much higher than that observed at the working point of the mixer. In this case, the

resistive state is more uniform, which validates the assumption of the crucial role played in

the resistance by the electron temperature. This assumption is accurate in a normally

conducting state, but in such a case the resistance hardly shows any dependence on the

temperature, and the precision of I 1 V 1 and 12V2 products prove to be utterly insufficient.

Calculations by (1) yield an absorbed optimal Piz of 20nW, and for the given working point

of the mixer Pcic = 10V0 = 15 nW (fig.2). It should be emphasized that the dependence of the

noise temperature of the receiver on Pin and Pd, over quite a wide range is very weak. This

can be seen from the same figure, which also shows the dependence of Tr on bias voltage. The

bias voltage may vary from V0
=0.3 mV to V0

=1.5 mV, while Tr only shows a 20% change.

The same figure shows the bias current range where the noise temperature varies within the

same limits with the change of Pw. Here, Piz shows a 4dB change, i.e., it changes from 15

nW to 32 nW.

It is interesting to make a theoretical estimation of the required local oscillator power.

The simplest way to do this is to ignore the heating of the lattice and to perform the

calculations for a pure hot electron bolometer [1, 121 In this case, for NbN

Pdc-FPL0=Av(0 3 6-T36), (2)



where A=Ce(1)/3.6-c,ph(T)T16,--z3-104 W .cm-31C4 for NbN, V is the NBN film volume, 0 is the

electron temperature. Assuming that Te=8 K, we will obtain Pdc+PL0
=36nW, while

experimentally assessed values of Pdc+PL0 may vary from 25 to 55 nW without any significant

increase of Tr.

Fig. 3 shows the dependence of the noise temperature of the receiver on the frequency

for a HEB mixer studied at T=4.5K. In the 800-900 GHz range, Tr does not vary and is equal

to 1000 K, but at frequencies F<750 GHz and F>950 GHz it shows a smooth growth. The

atmospheric absorption makes a considerable contribution to the measured Tr(F) dependence

at high frequencies. A rather significant line of water absorption can be observed around the

1.18 THz mark and a much smaller line can be seen near the 730 GHz mark.

There are a great variety of factors that contribute to the frequency dependence of the

noise temperature, which are still difficult to distinguish. They include the frequency

dependence of the NbN film impedance (hv<26, for NbN in the used frequency range), and

hence its mismatch with the antenna, the frequency dependence of the silicon lens reflection,

etc. One of the principle ways to increase the noise performance of NbN HEB mixers made by

e-beam lithography is the advancement of manufacturing processes. The purpose of this is to

achieve in the fmal product a high critical current density, high critical temperature, and a

small width of the superconducting transition, which has been attained for thin NbN films

(and for NbN HEB mixers made by photolithography).

Another important aspect of the measurements deserves special attention. As was

noted above, if for a HEB mixer Tr is measured using the Y-factor technique, an additional

error may appear due to the contribution of direct detection. When the input of the receiver is

switched from hot to cold load, one can observe that the 1V-curve shifts a little into the region

of higher currents (see Fig.2). At an optimal local oscillator power and bias voltage, the

current shift is —0.3 IAA (points 3 and 4 in Fig.2). To assess a possible contribution of direct

detection to the measured Y-factor, we have measured, in addition to the output noise power

Pout for hot and cold loads (after amplification they were 102 jAW and 851.1W, respectively),

another two values of Pm for two different local oscillator powers, one being optimal for

conversion gain (P0ut=102 I.LW) and another one, reduced by a factor a=0.8 dB (1) 88 [tW).

These two states of the FMB mixer are marked with points 3 and 5 in IV-curves of Fig.2 In

these measurements, bias voltage remained the same, and a hot load was located at the input

of the receiver. Since the P.,0 varies only a little from point 3 to point 5 (the change is 0.8dB),

we can approximate the dependence of the output noise power from the bias current in this

area by a linear function. This will permit us to estimate the P.u t value at point 4 in Fig.2 as

100 tW. Thus, when the receiver input is switched from hot to cold load, a small part of the

measured Y-factor is due to direct detection. The adjusted value of the noise temperature at a

frequency of 880 GHz may be estimated as 1170 K. Note that the obtained correction of the
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noise temperature of the receiver is only a little higher than the measurement error. At the

same time, if the volume of the superconducting film of the HEB mixer is reduced further, or

if the frequencies are used at which the heterodyne response drops, the contribution to the

direct detection into the measured Y-factor may become considerable. This effect could be

seen in Fig.3 in the center of the absorption line located near 1.18 THz frequency point.

Assuming complete absorption at this frequency point one can expect that only direct

detection contributes to the Y-factor value here. Indeed, this value coincides with the direct

detection signal estimated above (Fig.3).
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Optimal Point

Fig.l. SEM photo of the 0.2 gm by 1.5 p.m NbN HEB device integrated into spiral
antenna.
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Abstract
NbN phonon-cooled superconducting hot-electron bolometric mix-

ers with quasi-optical coupling were fabricated in a self-aligned process
by means of e-beam-lithography. The mixer element consists of a 5 nm
thick NbN film sputtered on a fused quartz substrate. Noise perfor-
mance was investigated in the frequency range of 798 to 813 GHz for
intermediate frequencies from 1.0 to 1.75 GHz. Uncorrected double
sideband receiver noise temperatures of about 900 K were measured
at an intermediate frequency of 1000 MHz with a 50 MHz bandpass
filter.

The gain bandwidth was determined by superposing two local oscil-
lator signals and measuring the height of the discrete line at the inter-
mediate frequency output. A 3dB-roll-off-frequency of some 1.3 GHz
was obtained.

1. Introduction

Superconductor-insulator-superconductor (SIS) mixers have nearly replaced
Schottky-diode mixers in millimeter and submillimeter astronomical studies.
Presently, the first choice for low-noise receivers up to nearly 1.2 THz are
Nb SIS junctions with Al embedding circuits [1, 2, 3]. The frequency limit

4A
ft = 7: is set by the energy ga46, of niobium A(Nb) 1.4 meV. The higher
energy gap of NbN A(NbN) 2.4 meV suggests to employ NbN junctions
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53



Figure 1: Microbridges integrated in the center of an dipole-antenna

with Al embedding circuits for frequencies up to 2 THz. So far, the relatively
large leakage current and the high specific capacity conflicts with the desired
low-noise performance [4, 5].

While superconducting hot-electron bolometers (HEB) can compete with
SIS-mixers at 1 THz they are supposed to be superior at higher frequencies.
Since the mixing mechanism in a HEB utilizes the temperature dependence of
the resistance near the transition temperature Tc , this device is not limited
by the energy gap of the superconductor as SIS mixers, and is therefore
expected to have a good performance up to several terahertz [6]. Schottky
mixers which also work in the Tliz region are noisier and require orders of
magnitude more local oscillator (LO) power.

Two types of bolometers are known, differing in their cooling mechanism.
While the cooling mechanism in Nb bolometers [7, 8, 9] is based on the
fast out-diffusion of hot electrons and requires extremely short bridges, NbN
bolometers [10, 11, 12, 13] are mainly cooled by electron-phonon interaction.
Very thin NbN films ensure that the phonons immediately escape into the
substrate.

2. Device Fabrication

We fabricated the second type of hot-electron bolometers using thin NbN films.
Our devices consist of three parallel lines integrated in the center of a dipole
antenna. (See fig. 1)
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Figure 2: Sectional view of the microbolometer

The thin films for the devices were sputtered on a fused quartz substrate
beginning with a blank NbN deposition of 5 nm. Optimized sputter param-
eters are described elsewhere [14].

Subsequently, the antenna and the rf-filters, consisting of 100 nm Nb,
8 nm Al and 50 nm Au are patterned by means of optical lithography. The
length of the microbridges is defined by two rectangular pads at the center of
the antenna, using e-beam lithography. For these pads either 100 nm Au or
100 nm Nb is used indicating no major difference when operated at 810 GHz.
Also by means of e-beam lithography three parallel Al lines, defining the
microbridges, are patterned across the Au (Nb) contact pads. Al serves as
etch mask and will be removed afterwards. Since the effective length of the
microbridge is determined by the distance of the two contact pads only, the
length of the Al-lines can be chosen arbitrarily, avoiding alignment problems.
After reactive ion etching of the NbN layer with CF4 the Al can be removed
easily in a base.

A sectional view of the device is shown in fig. 2. The distance of the two
rectangular pads is about 0.5 pm and was chosen to match the resistance of
the antenna, which is as low as 100 n. Even shorter bridges are feasible with
the used technology providing the possibility to reduce the film thickness
without increasing the resistance. The shortest bridges produced so far were
0.2 Am long. The width of the microstrips is about 1 gm each (see fig. 1).

3. Experimental Setup

The double sideband (DSB) receiver noise temperature T„, is determined by
the usual Y-factor method.

Therefore the device is glued to a hemispherical lens of crystal quartz
and mounted in a LHe-cooled cryostat. A Gunn diode followed by a varistor
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doubler and tripler is used as local oscillator. This assembly provides an
LO power of about 80 pW in the range from 798 to 813 GHz [15], which
is superposed with the signal of the load using a 19 gm polyester foil as
beam splitter. The intermediate frequency (IF) signal was matched to the
50 12 input of a cryogenic HEMT amplifier by a quarter-wave line. Fur-
thermore the IF-chain consists of two other amplifiers operating at room
temperature and a bandpass filter of 50 MHz bandwidth tunable between
1000 and 1750 MHz.

4. Results

With this setup noise temperatures were measured for a range of bias volt-
ages, LO power levels, IF and LO frequencies. The results for the Y-factor are
found between 1.155 and 1.225 corresponding to noise temperatures between
890 and 1330 K.

Extreme care has been taken to ensure that no direct bolometric re-
sponse to ambient thermal radiation occurred. Therefore current/voltage
(I/V) curves were recorded with hot as well as with cold load. No difference
between these two curves has been observed indicating that the operating
point is not altered when switching between hot and cold load. Using the
isothermic method first proposed by EkstrOm [16] an LO power of some
80 nW was obtained.

Fig. 3 shows a typical result of these measurements. The pumped I/V
curve is plotted as well as the IF conversion curves for hot and cold load.
The unpumped IN curve which has the typical hysteretic behaviour is not
shown in the figure. The critical current for increasing bias voltage is 230 /2A
and the drop-back current for decreasing bias voltage is 70 A.

Best bias points are obtained when the • LO power is sufficiently high
to suppress the hysteresis. The performance of the device was found to
deteriorate by the application of higher or lower LO power. Fig. 4 shows the
noise temperature as a function of IF and as a function of the LO frequency.

Heterodyning of similar devices was already shown in {10]. Lehnert et al.
have superposed two free running solid state oscillators at similar frequencies.
One served as pumping-LO and the other one as signal source. The IF signal
was observed by a spectrum analyzer. The same setup is used to get a first
notion of what the IF bandwidth might be. Therefore the signal height is
measured for different intermediate frequencies. The IF is changed by tuning
the pumping-LO. The signal-LO is not touched and the signal power remains
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Figure 3: a) pumped I/V curve of the device and conversion curves for b)
hot and c) cold load.

constant during the whole measurement. Therefore the dependency of the
power level from the frequency does not influence the results. As far as
the pumping-LO is concerned, the incident power is kept constant using the
I/V curve. After tuning the frequency the output level of this LO is changed
until the initial I/V curve is recovered. Whenever the same bias curve is
attained the absorbed LO power is assumed to be the same. In Fig. 5 the
output signal is shown as a function of the IF. The data points are lying in
the range from 500 MHz to 3.3 GHz and reaching a maximum value of about
20 dB above noise. An IF bandwidth of Cd3dB = 1.3 GHz can be estimated.

5. Conclusion

We succeeded in fabricating the phonon-cooled version of superconducting
hot-electron bolometers integrated in a quasi-optical receiver. Since the fab-
rication process is free of difficult alignment, a high degree of reproducibility
can be attained. With these devices DSB receiver noise temperatures and IF
bandwidth were determined at an LO frequency of about 800 GHz.

While the IF bandwidth of 1.3 GHz remains relatively small best DSB
receiver noise temperatures are as low as 900 K at an IF of 1000 MHz. The

-

57



i I f

ff=1000 MHz
/

'I
/////

• Tnmax

Tri°9'

1300

1200
51)

1100

1000
0.)

900

_
- - --A

•

• -

■••

—

1300

1200

1100

1000

900

• Tnmax

Tn°11

800 
795 800 805 810 815

LO Frequency [GHz]

_ LO Frequency=798 GHz

800
0.95 1.05 1.15 1.25 1.35 1.45 1.55 1.65 1.75

Intermediate Frequency [GHz]

Figure 4: Noise temperatures for a range of LO frequencies (upper part) and
different IF (lower part). Tn" is measured at the maximum of the conversion
curve while isis measured at slightly higher voltages.

58



25

0
0 1 10

Intermediate Frequency [GHzi
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noise temperature increases to only 1300 K at 1750 MHz. It should be em-
phasized that the present quasi-optical receiver was initially designed for the
350 GHz frequency band [171. With a somewhat more sophisticated an-
tenna, an antireflection coated lens and windows optimized for the operating
frequency considerably better noise temperatures can probably achieved at
800 GHz.

Crystalline quartz substrates might also be advantageous because of their
approximately 10 times higher thermal conductivity and experiments are
planned to see whether the use of this substrates results in a higher IF band-
width. These results demonstrate that NbN hot electron bolometers can
compete with well-established SIS-technology at 800 GHz and represent a
promising tool for the detection in the THz range.
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Abstract

We present a new model for the description of the resistive transition of Nb diffusion-cooled
hot electron bolometer mixers. The device is a thin (12 am) microbrid ge with a length and
width of 220 nm, attached to large Au banks. Heterodyne mixing experiments in a 700 GHz
waveguide receiver yield a receiver noise temperature (DSB) of 2200 K at 3.3 K and an IF of
1.4 GHz. We show that the R(T) is an intrinsic property of a superconducting microbridge,
connected to normal conducting cooling pads. The essential ingredients of our model are the
superconducting proximity effect, charge imbalance and Andreev reflection. Our conclusion is
that the resistive transition is not related to the conditions under which the device is operated
as a mixer. We propose a mixing mechanism in terms of a normal electronic hotspot of which
the length and consequently, the resistance oscillates at the intermediate frequency.

I. Introduction and motivation

The increasing demand for sensitive heterodyne receivers in the terahertz frequency range has
largely stimulated the development of hot electron bolorneter (HEB) mixers. These devices
are being considered as promising candidates for this frequency range, because their noise
performance is predicted to not degrade with increasing frequency. Indeed, recent
experimental work on HEB mixers has not shown a significant increase of the mixer noise up
to 2.5 THz. Also, the intermediate bandwidth of a HEB can be several GHz, which is large
enough for many practical applications [1-51

Several authors have discussed in theoretical models the factors that limit the
sensitivity of both diffusion-cooled and phonon-cooled HEBs [6, 7]. They derive expressions
for the noise contributions from both Johnson noise and thermal fluctuation noise in terms of
the critical temperature T, of the microbridge, the width of the transition AT,, the radiation
coupling factor and the operating temperature T. In these models the R(T) of the
microbolometer is represented by a so-called broken-line transition model i.e. dR/dT =
RN/T, where RN is the normal state resistance of the microbridge. It is shown that the noise
contribution from thermal fluctuations forms the dominant contribution to the mixer noise and
its minimum value does not depend on the width of the transition, as long as LS,T c is small
compared to T. Moreover, for a large conversion gain, one desires a narrow transition and a
high T.

From these points it is clear that in our present understanding of operation of the
HEB, the resistive transition plays a crucial role in the sensitivity of the device. On the other
hand, a clear physical picture describing the finite transition width of a HEB is not available
yet. Here we present , a new model which describes the superconducting transition in a Nb
diffusion-cooled HEB. We show that the width of the transition is an intrinsic property of a
microbridge attached to normal conducting contactpads and also related to the length of the
bridge. The paper is organized as follows. In Section II we give an overview of device
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fabrication, DC characterisation and heterodyne performance. In Section III we present a
model for the resistive transition in terms of the superconducting proximity effect, charge
imbalance and Andreev reflection. The model is compared to measurements of the resistive
transition on test-samples. In Section IV we discuss the resistive behaviour of the device
when it is operated as a mixer and we propose a mechanism for the mixing process in terms of
an oscillating electronic hotspot.

II. Device fabrication and characterization

ILA Device fabrication

We have fabricated Nb diffusion-cooled hot electron bolometers for a 700 GHz waveguide
heterodyne receiver by a two step electron beam lithography (EBL) process [8]. First, a 12
nm Nb film is DC sputtered over the whole area of a 200 gm thick fused quartz substrate. The
Au cooling pads are defined by EBL using a standard lift-off process. Then, the RF filter and
electrical contacts are defined by optical lithography (lift-off). The filter is an in-situ sputtered
Nb-Au bilayer. As a last step the bridge between the Au pads is defined by reactive ion
etching (RIE). The etch mask (PMMA) is defined using EBL (fine structure) and deep UV
exposure (large areas). The R(T) measurements described in Section III are performed on
devices where the RF filter is replaced by large electrical contacts (Au).

ILB DC measurements

As a first characterization of the samples, the DC resistance as a function of the temperature is
measured using a standard lock-in technique and low current bias conditions (1 liA) in order
to avoid self-heating. A typical result for a 220 nm long microbridge is shown in Fig. la.
Transitions are observed around 6.1 K and 5.4 K. This behaviour was also observed for
devices which were produced with optical lithography [9]. Between the two transitions the
resistance changes gradually with temperature. It is worth mentioning that R(T)
measurements on (large) thin Nb films always show a narrow transition with dT c never larger
than 0.1 K.

II.0 Heterodyne measurements

We have performed heterodyne measurements with hot and cold loads to determine the DSB
receiver noise temperature of the devices.The length and the width of the device under test are
both 220 nm and the normal state resistance just above the transition is 24 a. We have used a
waveguide receiver set-up which was originally designed for Nb SIS mixers around 700 GHz.
The device is connected via an isolator to the IF amplifier chain with 80 dB gain at 1.1 GHz
and 60 MHz bandwidth. The LO is provided by a carcinotron and is coupled into the
mixerblock via a 55 gm thick Mylar beamsplitter.

Fig. lb shows the IF output powers for hot (295 K) and cold (77 K) input loads as a
function of the bias voltage together with unpumped and pumped curves. The measurement is
performed at a LO frequency of 735 GHz, a bath temperature of 3.3 K and an IF of 1.1 GHz.
The maximum measured Y-factor is 0.22 dB, corresponding to a receiver noise temperature
TREc of 2200 K after correction for the beamsplitter loss (0.2 dB). The noise temperature at
4.7 K was 3400 K. No significant variation of the Y-factor is observed when the IF signal is
tuned within the gain bandwidth of the amplifier chain (1.1-1.7 GHz), indicating a IF roll-off
of at least 1.5 GHz. By calculating the difference in DC power dissipation on a constant
resistance line in the pumped and unpumped W curves we have estimated the coupled LO
power to the device. We find a value of 35±5 nW. We have estimated the noise of the mixer
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together with pumped and unpumped IV curves. Measurements are carried out at
735 GHz and a bath temperature of 3.3 K. The intermediate frequency is 1.1 GHz.

itself by correcting the receiver noise temperature for the gain and noise contributions of the
RF optics and IF amplifier chain using the relation (see also Table I):

Tre, TRF TMIX TT 

GRF G G_ RF

with TRF, Tip, and TMIX the noise contributions from the RF-optics, IF amplifier chain and
bolometer mixer, respectively, and GRF, GIF and Gmix the corresponding gains. It follows that
the mixer noise temperature is 900 K. In the calculation we have not included the mismatch
between the mixer and IF amplifier chain. Further improvement of device performance is
expected by lowering the bath temperature to 2 K and using a device with a higher resistance
i.e. RN 50 CI.

10

(1)

Gain
TN 

Table 1:

RF Optics IF Chain HEB Mixer
-1.1 dB 80 dB -24 dB
24K 3.2K

Gain and noise contributions of the RF optics and the ampl er chain.

III. A model for the resistive transition: proximity effect, charge imbalance
generation and Andreev reflection

In this section we will present a model which describes the resistive transition. First we will
shortly address the observation of two transitions. In the second part of the section we will
develop a microscopic model based on charge-imbalance and Andreev reflection, which
explains the resistive behaviour at temperatures close to T.

The observation of two transitions in the R(T) curve of the device is due to the
superconducting proximity effect: the parts of the Nb which are covered with Au will have a
lower critical temperature (see also Fig. la). In previous work [9] we compared the reduced
critical temperature with calculations based on a model by Werthamer, but no satisfactory
agreement was found. To correctly calculate the actual value of the critical temperature of the
thin film as a function the normal metal thickness in N-S sandwiches one has to take into
account the electronic properties of both materials and finite transparency of the interface
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Figure 2: Schematic representation of transport processes near a N-S interface. Electrons
with energies E>4 are injected as quasi-particles, whereas Andreev reflection
occurs for energies E<4.

between the two layers, caused by the mismatch in Fermi-velocities in both materials and the
possible presence of a potential barrier due to contaminations or interfacial oxides. We have
performed measurements and calculations of the critical temperature of Nb-Au bilayers and
find good agreement. Details have been described elsewhere [10], but are beyond the scope of
this paper.

A second observation is that the resistance is decreasing gradually as a function of
temperature in between the two transitions. We show that the observed behaviour can be
understood in terms of generation of charge imbalance inside the Nb microbridge. The model
allows a description of the R(T) of a fully superconducting rnicrobridge connected to normal
electrodes. The resistance is a function of both temperature and bridgelength. Measurements
show reasonable agreement with our predictions.

If, at low temperatures, a current is passed through a N-S interface, the normal current
is gradually converted into a supercurrent by means of An.dreev reflection; an incident
electron (E<A) is converted into a Cooper pair and a hole is reflected, retracing the path of
the electron. This process occurs over a distance the coherence length of the
superconductor and is schematically represented in Fig. 2. However, at temperatures of
interest i.e. near Tc, the energy gap z becomes smaller than kT and a substantial fraction of
the incident electrons enters the superconductor as a quasi-particle, leading to an
antisymmetric distribution of the quasi-particles inside the superconductor and consequently
to an imbalance of the quasi-particle charge density [11]. To compensate this excess charge,
the electrochemical potential of the quasi-particles and Cooper pairs shift in opposite
directions, which leads to a measurable (chemical) potential difference given by [12]:

Q*gn = 
2N0 

-

Here Q* is the excess charge and No the density of states per spin at the Fermi energy. Charge
imbalance relaxation can occur via inelastic scattering processes i.e. electron-phonon or
electron-electron scattering and its characteristic time, the branch-mixing time, is given by

4 kT 
'C

E-E •it (T)

(2)

(3)

66



2F* (T)R
R brids (T) = A (T)

(

A .(T)
Q

sinh-1
L

A,. (T)
1 cosh (7)

x =0 x=L

Au Au

Nb (N) Nb (S) Nb (N)

Figure 3: Schematic cross-section of the HEB as used in the model. The parts of Nb which
are covered by Au are normal conducting [Nb (N)], whereas the bridge is a fully
superconducting state [Nb(S)].

Here TE-E is the inelastic electron scattering time at the Fermi energy. The associated diffusion
length is given by

AQ. (T) = VDT Q• (T) , (4)

where D is the electronic diffusion constant.
Let us now consider the situation where a superconducting microbridge of length L is

attached to two normal conducting pads (Fig. 3). If the relaxation time T(�* is independent of
position, this leads to the following differential equation [13]:

d 2 n(x ) — n (x ) — 

dx 2
[AQ. (T)]2

Assuming that the current is fixed by the source, we use the as boundary condition for x=0
and x=L:

d(g. (x) ) jne
(6)

dx

Here a is the normal state conductivity of the microbridge and j. is the quasi-particle current
which enters the superconductor. With these conditions it is possible to calculate the potential
drop across the microbridge, and thus the resistance. We find that

(5)

Rsq is the square resistance of the Nb microbridge and w is the width of the bridge. The factor
F (T) takes into account that not all current is injected as quasi-particle current, but is partially
converted to Cooper pair current by means of Andreev reflection. For F *(T) we use a result
from Blonder, Tinkham and Klapwijk [14] for the N-S interface in the zero-barrier limit. The
reason for this is that in our device the actual interface is formed between superconducting
and normal conducting Nb (see Fig. 3), so in principle no barrier is expected. Fig. 4 shows the
result of the calculation of the normalised resistance as a function of temperature for
microbridges with different lengths. In the calculation we have assumed that the inelastic
scattering rate is dominated by electron-electron interaction. We have approximated the
scattering time by [15]

(T E ) -1 =108RsigT (8)
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is performed for different lengths of the microbridge.

From the calculation it is clear that the contribution of charge imbalance is depending not
only on temperature, but also on the length of the microbridge. Its relative contribution
becomes larger with decreasing length.

We have compared the results of the model with R(T) measurements of Nb
microbridges with varying length contacted by Au pads. The results are shown in Fig. 5.
Fig. 5a shows both measurement and calculation of a 160 nm long microbridge. Reasonable
agreement between experiment and model is found, except for temperatures above 5.7 K.
Also, below — 4.7 K, the Nb under the Au pads is becoming superconducting, so the total
resistance drops to zero. Fig. 5a shows the measured R(T) of a short (160 nm) and long
(1900 nm) bridge. From this figure it is clear that the R(T) depends on the length of the bridge
as predicted by our model (see Fig. 4). We have normalised both curves with respect to the
normal state resistance and to Tc in order to make the comparison more straigthforward. T c is
defined here as the temperature where the resistance has dropped to 90 % of the normal state
resistance

Several factors can contribute to the observed differences between model and
measurements. In the model it is assumed that there is no spatial variation of the energy gap
of the superconductor along the bridge. This assumption is correct, except for temperatures
close to Tc, where the coherence length diverges. In this situation it is possible that charge
imbalance does not only relax via inelastic scattering, but also via elastic scattering processes
[16]. If the last process becomes the dominant one near T c, one might expect a slower

Figure 5: (a) Comparison of the model with experimental data. The figure shows the measured
and calculated curve for a 160 nm long microbridge.
(b) Experimental R(T) of a long (1900 nm) and short (160 nm) bridge. The data are
normalised to 7'c and to the normal state resistance.
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and

d 2T cc,
(T—Tb)=0

dx 'cc-ph
(10)(for Ix! > LH)

increase of the resistance. Also, at temperatures close to T. we often observe a rounding of
the R(T) curve. The physical reason for this is not clear. but superconducting fluctuations can
for instance play a role. The rounding makes the estimation of T, for the calculation
somewhat arbitrary. Moreover, in our model it is assumed that the intrinsic superconducting
phase transition of Nb can be described by a step-function i.e. AT c = 0. In general we always
observe some finite width, although it is usually smaller than 0.1 K.

IV. Resistive behaviour and mixing

The main conclusion from the above presented model is that the resistive transition of a Nb
hot electron bolometer is an intrinsic property of a superconducting rnicrobridee connected to
normal conducting banks. However, heterodyne mixing experiments are usually performed at
temperatures well below the (lowest) transition of the bolometer in order to reduce conversion
losses. In this situation the Nb under the Au is superconducting, so charge-imbalance
generation does no longer determine the resistance. The high current density inside the
microbridge due to LO and DC signals will lead to high dissipation inside the bridge. The
Nb/Au banks remain superconducting since the current density there is much lower. It is
therefore clear that there exists no direct relation between the DC measured R(T) curve and
the resistive behaviour when the device is operated as a mixer.

A naturally resulting question is what the physical state of the microbridge is at its
(optimum) operating point i.e. with both DC and LO power dissipation. The Nb/Au banks are
superconducting and the microbridge is in a resistive state, thus the situation is in principle
analogous to a S-N-S system. It has been shown by Skocpol, Beasley and Tinkham (SBT) that
the electrical behaviour of superconducting rnicrobridges at low temperatures can be well
described in terms of a localised hotspot, maintained by self-heating [17]. The formation of a
hotspot is also the main cause of the observation of hysteresis in the I(V) curve of
microbridges at low temperatures. Josephson coupling between the banks (the S-parts) can be
important in the description of the I(V) behaviour, but in our case this does not play a role
because the coherence length (at low temperature) in the rnicrobridge is much smaller than the
bridge length (t — 6 nm << L 200 nm).

The length of the hotspot LH is directly related to the temperature profile in the
microbridge and therefore depends on the amount of dissipated power, larger dissipation will
lead to an increase of the size of the hotspot. In the SBT-model equilibrium between the
electrons and phonons is assumed. Here we transfer this model to an electronic hotspot, in
which case the equations are given by:

d2 c
— K--

T 
 + — = j 2p (for ixl< LH) (9)

dx2

Here K is the thermal conductivity of the microbridge and assumed to be the same for
superconducting and normal parts and independent of temperature, j is the current density and
cei is the electronic heat capacity. In taking this formulation we can use the analytical
solutions of SBT at the expense of ignoring the temperature dependence in K and in the heat
transfer between electrons and phonons. It is convenient to introduce a thermal healing length
11= (Dte-ph) 112, being a measure of the strength of the coupling between the (hot) electrons and
the phonons [18]. The relaxation of electrons is dominated by coupling to the phonons if
Ti/L<1, whereas diffusion to the normal conducting pads is the dominant relaxation
mechanism when TVL>1.
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Figure 6: Schematic representation of the mixing process due to the modulation of the size of a
hotspot. The grey areas schematically represent the hotspot in case of minimum and
maximum power dissipation at the IF frequency. The white parts of the microbridge
are superconducting.

In the situation where the device is operated as a mixer, the RF power dissipation is
modulated at the intermediate frequency and, as a consequence, the size of the electronic
hotspot is modulated. Since the hotspot is a normal (resistive) region, it implies that the
resistance of the microbridge is also modulated at the intermediate frequency. Hence, the non-
linear response of the device is due to the variation in length of the normal domain with input
power This situation is schematically depicted in Fig. 6. The change of the resistance due to a
change in the length of the hotspot (or: change in dissipated power) is given by

Here Rsq is the square resistance of the microbridge, LH the length of the hotspot and P the
power dissipated in the hotspot. The voltage responsivity is defined as the change in voltage
drop per Watt of absorbed signal power and thus given by

where I is the bias current.
We have calculated SW) on basis of the heat balance equations given by Eqs. 10 and

11. Fig. 7 shows the result of the calculation. Plotted are the responsivity as a function of bias
voltage and the corresponding I(V) curves for along (1000 nm, ii/l<1) and short (200 nm,
i/L>1) microbridge. The calculation predicts an increasing sensitivity with decreasing bias
voltage, which is in general observed experimentally (Fig. 1b). In practice, however, it is
difficult to find a stable bias point on the negative differential part of the I(V), due to
relaxation oscillations.

There are a few remarks to be made with respect to the limitations of the calculation.
To start with, it is assumed that the absorption of power takes place only in the normal
conducting parts. This is true for DC dissipation and RF dissipation, as long as the RF
frequency is well below the gap frequency of the superconducting parts (— 450 GHz). At
higher frequencies there is also absorption in the superconducting parts of the bridge and
therefore the right term in Eq. 12 is no longer zero, but equals aPw. Here a is the relative part
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Figure 7: Calculation of the voltage responsivity (see text for definition) as a function of bias
voltage together with the corresponding 1(11) curve. The calculation is performed in
case ',bridge = 1000 nm ( TA < I, phonon-cooled) and Lbrzdv = 200 nm (TYL > 1,
diffusion-cooled).

of the bridge which is in a superconducting state. Consequently, a term (1-a)P  should be
added to the right hand side of Eq. 11. Also, the thermal conductivity is taken to be
independent of temperature and the same for superconducting and normal state. This is not
true in general: the temperature and thermal conductivity are related to each other via the
Wiedemann-Franz law and the thermal conductivity is expected to be much lower for the
parts which are superconducting. In this case, however, it is not possible to find an analytical
solution of the differential equations. Numerical simulations including these factors are in
progress. As a last remark we note that in the analysis the N/S interface is sharply defined.
Possible effects of non-equilibrium near the interface have not been included. Despite the
above limitations of the calculation, we believe that it contains the essential physics.

Conclusions

In conclusion, we have presented a model which describes the resistive transition of Nb
diffusion-cooled HEBs. We have shown that it is due to the dissipation in a superconducting
microbridge connected to normal conducting heatsinks. We fmd that by using the concepts of
the proximity effect, charge imbalance and Andreev reflection, a satisfactory agreement is
found between the model and experimental observations. It follows from the analysis that the
(DC measured) resistive transition is not related to the situation where the device is operated
in a heterodyne mixing experiment i.e. under the application of DC and LO power. We
propose a new mixing mechanism in terms of a (normal conducting) electronic hotspot of
which the size oscillates at the intermediate frequency.
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Optimal Choice of Material for HEB Superconducting Mixers

Boris S. Karasik'' and William R. McGrath

Center for Space Microelectronics Technology,
Jet Propulsion Laboratory, California Institute of Technology,

Pasadena, CA 91109

We demonstrate that a potential distinction in ultimate performance of phonon
cooled and diffusion-cooled HEB mixers is not due to the cooling mechanisms but
rather due to the different properties of available superconductors. The only available
material for a phonon-cooled mixer with sufficiently large IF bandwidth (-4 GHz) i s
NbN, whereas a variety of clean materials (e.g., Nb, NbC, Al) are suitable for a
diffusion-cooled mixer. For a readily achievable device length of 0.1 inn for example,
the IF bandwidth can be 10 GHz. The requirement of low local oscillator (LO)
power can also be more easily met in diffusion-cooled devices by selection of a
material with lower critical temperature and low density of electron states. In contrast,
the parameters in the NbN-based mixer cannot be widely varied because of the high
resistivity and high transition temperature of the material and the necessity of using
ultrathin films. Given the limited availability of LO power from compact solid-state
sources at frequencies above 1 THz, a diffusion-cooled mixer based on aluminum is a
very attractive choice for low-background radioastronomy applications.

1. INTRODUCTION

Hot-electron bolometric (HEB) supercon-

ducting mixers are becoming the desirable

choice for use in radioastronomy heterodyne

receivers at frequencies above 1 THz. The

development effort of the last several years has

resulted in the achievement of excellent device

characteristics both for phonon-cooled and

diffusion-cooled mixers. FMB receivers hold

the low-noise record, by a wide margin, at 2.5

THz [1] and successfully compete with SIS

mixers at frequencies around 1 THz (see

Fig. 1) [2J.

* Electronic mail: karasik@merlin.jpI.nasa.gov

In addition to the noise temperature, the local

oscillator (LO) power and the mixer IF

bandwidth are the most important

characteristics which must meet certain

requirements set by a specific application and

or availability of sufficiently powerful LO

sources. A typical amount of LO power

absorbed in the device is approximately 50-100

nW for many HEB mixers. One should account

for 5-10 dB of embedding circuit and optical

losses typical for terahertz mixers. While this

LO requirement is lower than any competing

device technology, there are nonetheless no

tunable solid state sources available to pump

HEB mixers at frequencies above 1.5 THz.
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Fig. 1 . Noise temperature of State-Of-The-Art THz
heterodyne receivers [2]. The dashed line shows the
fivefold quantum limit for comparison.

Though an instant bandwidth of —4 GHz seems

to be sufficient for many practical spectroscopy

applications, the unavailability of tunable THz

LO sources may require much larger bandwidth

for an HEB mixer. This is because a CO 2-

pumped FIR laser may be the only option for

an LO, and most often the available laser

emission lines are many GHz separated from

the particular spectral line of interest.

Currently LO source technology is not as

well developed as mixer technology and this

puts further demands for improvement of HEB

mixers in terms of decreasing the LO power

requirements and increasing the IF bandwidth.

Also, since theoretically the HEB mixers can

achieve quantum limited noise performance, it

is of practical interest to find a way to achieve

this limiting performance. In general, there is

always a tradeoff between mixer characteristics

when one attempts to optimize a particular

characteristic of the mixer. The relationships

between the mixer characteristics depend on the

cooling mechanism dominating in the HEB

device. A proper choice of the device material

can create a more optimal combination of mixer

parameters. In the present paper we evaluate

several superconducting materials with the goal

of achieving optimal mixer performance and

show what limitations are set by the cooling

mechanism.

2. COOLING MECHANISMS IN HEB DEVICES

Any HEB mixer device is a strip of

superconducting film deposited onto a dielectric

substrate between two normal-metal contacts.

Depending on the device size, either phonon or

diffusion cooling dominates in the thermal

energy removal from a hot-electron bolometer.

The first mechanism takes place in relatively

large devices with a length L> VDre_p (D is

the electron diffusion constant, re_p is the

electron-phonon interaction time). In this case

the energy deposited into the electron

subsystem by radiation or dc current is

removed by means of electron-phonon

collisions and consequent escape of

nonequilibrium phonons into the substrate. The

characteristic time of the phonon escape

(proportional to the film thickness), Tes , must

be much shorter than the phonon-electron

energy transfer time rpe Cp Ce Ce, Cp

are the electron and phonon specific heats

respectively). At helium temperatures rp-e<re-p

and the film must be very thin in order that all
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the energy will be transferred from electrons to

the substrate. An intense -back and forth"

exchange of energy between electrons and

phonons will result in effective slowing down

of the relaxation process, decrease of required

LO power for the mixer, and increase of the

noise temperature. In fact, the case when

T„> Tme is typical for conventional low-Tc

superconducting bolometers which are not used

as heterodyne mixers, and for histh-T,

superconducting HEB mixers (more details on

the latter case can be found in [3]). For

operation of the low-Tc hot electron bolometer

as a mixer one should avoid this situation and

make sure that Tes<<Tp_e . This case was

successfully implemented in Nb films with

thickness d<10 nm [4,5]. However, the

electron-phonon time in Nb is too long to be

useful for most practical applications (see

Fig. 2). The same applies for many other

superconducting materials. The only known

material which has a sufficiently short electron-

phonon time to provide the bandwidth of

several GHz is NbN [6]. It will be described in

greater detail in the following section.

Another cooling mechanism for HEB

mixers proposed by Prober [7], uses electron

diffusion in submicron size devices for fast

removal of heat from the microbridge. If one

assumes total absorption of nonequilibrium

electrons in the normal-metal contacts, then the

relaxation time is given by Zdif = (7 r 2 D) ,

where L is the device length. This expression

Fie. 2. Typical values of electron-phonon relaxation time
for various superconducting films. The data points are
shown at the critical temperatures of the materials. NbN
could theoretically provide an effective bandwidth of =10
GHz, however the effect of a finite phonon escape time
slows down the relaxation in these films. See explanation
in Section 3.

should be strictly valid only for a normal metal

bridge. In real superconducting bridges driven

into the resistive state by a dc current and W

power, the resistance is distributed non-

uniformly along the bridge and there is also a

finite healing length in the contacts. Therefore

this "lumped model" giving a functional

dependence of the diffusion time on the length

and diffusivity is only approximately valid, and

the experimental values of rd,. are often higher

than predicted by this simple approximation.

In general, both cooling mechanisms can

coexist and the dominance of one over the other

is a matter of the device size, material and

temperature. Figure 3 illustrates how the

crossover from the electron-phonon to the

diffusion-cooled regime occurs in NbC devices

made from a film with D 10 cm2/s [8]. For a

100-gm-long device, the electron-phonon
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Fig. 3. The crossover from phonon cooling to diffusion
cooling in NbC FEB devices of Ref. 8. The data points
following the 7 3 law represent the electron-phonon time in
a long device. The relaxation time in shorter devices has
much weaker temperature dependence since the contribution
of electron diffusion is larger.

interaction dominates at all temperatures and the

relaxation time follows the 1 1-3 dependence

typical for clean material. For shorter devices,

the temperature dependence saturates at lower

temperatures where the diffusion time becomes

shorter than the electron-phonon time. For very

short devices, diffusion dominates and the

relaxation time is temperature independent.

3. BANDWIDTH

The diffusion cooling regime can be achieved

in most materials as long as the device is made

sufficiently short. It is simpler to observe

however when the diffusion constant

D _� 1 cm2/s. For smaller diffusivities, the

device length needs to be less than 0.1 gm in

order to provide a practical (ie: > 1 GHz)

bandwidth. Such short device sizes are difficult

to achieve. Fortunately, there is a variety of

Fig. 4. The resistivity vs diffusivity data for different
superconducting films. The following references were used:
for Al films (open symbols) Klapwijk et al. [9].
Bruynseraede et al. [10], Santhanam&Prober [11].
Gordon&Goldman [12], Shinozaki et al. [13], Gershenzon
et al. [14]; for NbC films Karasik et al. [8]. for Nb films
(closed symbols) Hsu&Kapitulnik [15], Park&Geballe
[16], Dalrymple et al. [17], Gershenzon et al. [4]; for NbN
films Gousev et al. [6]. The shaded tetragonal is an
extrapolation for some low-resistive Nb film (diffusivity
was not measured), the oval represents the ranee for Nb
films used at JPL [18).

materials where large diffusivities can be easily

obtained. As seen in Fig. 4, Nb, NbC, and Al

all have D 1 cm2/s. Many data points have

been obtained for Nb rnicrodevices with

D 1-2 cm2/s. The data for the devices of

different length made from the same film

approximately follow the expected L -2 as

shown in Fig. 5. This dependence was

previously shown at microwave frequencies

below 20 GHz [.19J, and we show here the

first confirmation at submillimeter frequencies.

Thus for L = 0.1 gm one can expect a

bandwidth of 10 GHz or greater.

For D = 10 cm2/s (a typical value for

aluminum) and L = 0 .1 gm, the calculated

diffusion time is 1 Ps which corresponds to
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Fig. 5. The bandwidth data for Nb HEB devices fabricated
at JPL [18]. The Yale data are from Ref. 19. The JPL data
point for L = 0.2 1.un was measured for the device made
from a less resistive film than others.

an effective mixer bandwidth of 160 GHz.

Even taking into account the difference between

the theory and experiment, a bandwidth of

several tens GHz seems to be quite possible.

A large range of diffusion constants gives

flexibility in adjusting the mixer resistance to a

desirable value. Indeed, if one tries to increase

the bandwidth by using very clean film, it may

happen that the resistivity will be so low that

the mixer device will be mismatched with the

planar antenna impedance. Such a situation is

more likely in Nb which has a higher density of

electron states N (13-1 = e2D) than Al and

NbC where the density of states is three times

lower than in Nb (see Fig. 4) Therefore one

can use cleaner films (= larger bandwidth) of

these materials, while maintaining at the same

time a suitable resistance for matching to if

embedding circuits.

Niobium nitride is the only material which

has a short enough electron-phonon time and,

therefore, is useful for fabrication of REB

mixers. There is indirect evidence that the

intrinsic bandwidth set by the electron-phonon

relaxation time at the critical temperature of 8-9

K is - 10 GHz [6]. The corresponding

relaxation time r  Ps [20] is very short

and since c e 0.3c the phonon-electron

relaxation time r. —40 ps. Even for thep- e

thinnest NbN films used in the recent

experiments [20,21] the phonon escape time is

also 40 ps. It means that the phonons do not

remove the thermal energy from the film but

rather exchange it with electrons. As a result,

the relaxation slows down and the apparent

bandwidth is smaller than that implied by Te_p,

i.e. 4 GHz instead of 10 GHz. This situation

can be adequately described by introduction of

both electron and phonon temperatures

different from the temperature of substrate.

Any further increase of bandwidth in NbN

seems to be problematic because: (a) it is hardly

possible to fabricate even thinner (<3 nm) high

quality NbN films; and (b) electron diffusion

still does not play a role in the relaxation since

D 0.2 cm2/s.

4. ULTIMATE NOISE PERFORMANCE AND
LOCAL OSCILLATOR POWER

According to theory [22] the best HEB

mixer performance takes place when the

thermal fluctuation noise dominates over the

Johnson noise. This is a case of a strong self-

heating in the mixer device which is possible if

the device has a sharp superconducting

transition and large critical current density.

Under these circumstances assuming that the
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device operates at temperature T << Tc., the

SSB mixer noise temperature, TM, is given by

the following expression:

Tm = (n+2)Tc, (1)

where n is the exponent in the temperature

dependence of the electron temperature

relaxation time. For phonon-cooled devices it is

an electron-phonon time: n = 1.6 for NbN,

n = 2 for Nb, n = 3 for NbC. For diffusion

cooled devices n = 0. The limits given by

Eq. 1 are shown in Fig. 6 (horizontal lines).

One can see that the theoretical limit for Al is

many times lower than that for NbN. The

theory of Ref. 22 does not consider any

quantum phenomena though the quantum noise

limit will be important at THz frequencies. A

simplistic empirical correction can be made by

adding one quantum contribution, hv/kB, to the

limit of Eq. 1. As a result the difference in TM

between Al and NbN HEB mixer becomes

smaller but is still significant.

The theory also predicts that under optimal

conditions the local oscillator power should be

much larger than the DC Joule power. The

following equations apply in this case:

For NIN [20,23]:

P 
LO

=
 ce(Tc)V(Tcn-Trn )/[nTc

n-1 Te_p(Tdi (2a)

ce(TdV(Tcn-Tp')/[nTcn-I (' Tc)].

cp(7-",(Tp-T). (2b)

For a diffusion-cooled HEB mixer [24]:

P Lo=4-aTc2 _
T2 yR,

(3)

where R is the device resistance, and L is the

Lorenz constant.

The results of calculations using Eqs. 2

and 3, are shown in Fig. 7. We used

R = 20 SI for diffusion-cooled Al, Nb and

NbC bolometers and V = 0.15 (length) x 1.5

(width) x 0.003 (thickness) gm' for an NbN

phonon-cooled bolometer.

A further reduction of the local oscillator

power might be achieved in a

Frequency, THz 0 2 4 6 8 10

Operating temperature, K

Fig. 6. Theoretical noise temperature limits for different
mixer materials. The dash-and-dot line is the quantum limit. Fig. 7. Local oscillator power for optimized diffusion-

cooled (Nb, NbC and Al) and phonon-cooled (NbN) FEB

mixers.
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phonon-cooled mixer by reduction of the

volume. However, in the case of .NIN, the

large resistivity of the material requires the use

of —0.1 square size devices to ensure a

reasonable match of the device resistance to a

planar antenna impedance. Therefore, the NbN

device of Fig. 7 is close to the optimum. In the

case of diffusion-cooled mixers one has a

choice of materials with lower values of critical

c ptemperature. For T2<<T
,

2 , LO oc and one

can see from Fig. 7, that Al with its low Tc

1.6 K) requires very low LO power compared

to other materials. The bandwidth does not

suffer however since it is temperature

independent, in contrast to that in phonon-

cooled devices.

5. PERFORMANCE TRADEOFF'S

As can been seen from the above

considerations, for a phonon-cooled HEB

mixer, the IF bandwidth depends on the

electron-phonon interaction time which is

temperature dependent. Since a material with a

relatively high Tc such as NbN is required, a

wide bandwidth means higher noise

temperature (Eq. 1) and higher LO power

(Eqs. 2). Thus these mixer characteristics must

be traded against each other to optimize the

performance for this type of mixer.

For a diffusion cooled HEB mixer, the IF

bandwidth is independent of temperature.

Relatively lower Tc materials, such as Al, can

be chosen to reduce mixer noise and LO power

requirements without sacrificing IF bandwidth.

This type of mixer thus provides more

flexibility in optimization for a particular

application.

6. CONCLUSION

We have shown that both phonon-cooled

and diffusion-cooled HEB mixers are predicted

to give quantum limited noise performance.

However, due to the characteristic properties of

commonly used superconducting thin films,

diffusion-cooled HEB provide more flexibility

to meet the various needs of practical

applications in regards to LO power,

bandwidth, and noise. Developing HEB

devices with lower critical temperature may

allow the mixer to more readily reach quantum-

limited noise performance at THz frequencies

and meet the power requirements for the state-

of-the-art tunable solid state LO sources. In

particular, aluminum films appear to possess

desirable and necessary qualities for

optimization of HEB mixers for use in

demandin g, radioastronomy applications.
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Abstract

Phonon cooled hot electron bolometers (HEB) show smaller noise temperatures in mixer
applications above 1THz compared to Schottky diodes or SIS devices. To determine the optimal
bias point for maximum IF bandwidth and lowest noise of a FEB detailed understandin g of the
current-voltage characteristic is indispensable.
A complete nonlinear model for a hot electron bolometric (HEB) mixer is derived. The dynamic
resistance of a superconducting film is calculated under stron g demagnetization conditions. The
resistance is modeled due to vortex flow and phase slip lines. Self heating gives rise to normal
domains in the film. In addition the resistance due to thermally activated flux creep and thermal
fluctuations is taken into account. All these relations form a large si gnal model for the iv-
characteristics and the bias points of the device. A small signal linearization yields then conversion
gain and noise temperatures. Furthermore a quality measure for HEB devices is set up by deriving
the thermal coupling of the film to the substrate and the achieved critical current density from
measured current-voltage characteristics.

Introduction

A hot electron bolometer (HEB) is characterized by its resistance as a function of film temperature (R(T) curve)
and current-voltage (iv-)characteristics. Typically an iv curve (c.f. Figure 1 and 2) shows a very small resistance
at very low voltages until a critical current is reached, increasing the device voltage further a region with very
small or even negative differential resistance is encountered. Then for even higher voltages the device becomes
complete normal resistive and the iv-curve exhibits then the slope of the normal resistance. Several
phenomenological models have been proposed to approximate the resistive behavior of a FEB. ICarasik et al. [2]
proposed a broken-line model to model the device noise [11]. There the resistive transition starts with a given
critical current and the resistance increases linearly until the normal resistance is reached at another
experimentally determined current With this model a different set of fitting parameters has to be applied for
every substrate temperature. The sharp separation between positive and negative differential resistance regions
which occurs in some devices cannot be modeled correctly. Vendik et al.[18] proposed a refinement of this
model by fitting a parabola to the superconducting-resistive transition which rounds the obtained iv-curves
somewhat. Recently an expansion of the temperature derivative of the R(T) curve in terms of gaussian functions
has been proposed [15]. There the resistance expansion is used in a heat balance equation to calculate iv curves
with self heating. This model approximates iv curves reasonably well but modeling negative resistance regions
quantitatively correct requires the introduction of correction terms to the device current.
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Measured current-voltage characteristics

Typical measured unpumpet1 current-voltage characteristics for hot electron bolometers (HEB) with the film
temperature as a parameter are shown below. Figure 1 shows a complete current-voltage characteristic beginning
with a Meissner state area for very small voltages. Exceeding a critical current vortex flow becomes remarkable
leading to the formation of phase slip lines. If one exceeds the critical voltage for hot spot formation the
characteristics shows a small positive differential resistance determined by hot spot growth. Increasing the
voltage further drives the device to normal state (not shown , at about 25 mV)

150

5 10 15

Voltage [mVi

1
20

Figure 1: Vnpumped current-voltage characteristic (device #9 from VMASS) for
different film temperatures. The iv-curves for low temperatures (<5.0K)
show a negative differential resistance behavior due to vortex flow and
the formation of phase slip centers. For higher device voltages a hot
spot is formed which grows until it covers the complete device. For
temperatures above 9K the device becomes completely normal conducting.
The crosses Indicate theoretical results of the critical voltage for
hot-spot formation.
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Figure 2: Unpumped current-voltage characteristic (device S1it5) for different film
temperatures. The iv-curves for lower temperatures (<7.6K) show a
negative differential resistance. in the bias voltage and temperature
interval shown here the device is in the resistive zone as soon as the
curve departs from the superconducting straight line. For temperatures
above 9.9K the device becomes completely normal conducting.. The best
(lowest noise and maximum bandwidth) bias points for this device is
located at 8.8K/7mV. The normal resistance at 20K is about 2302

A typical bias point in a HEB mixer is located in the hot spot growth region. There the device is unconditionally
stable (since the differential resistance is positive) but at the same time the device sensitivity to power changes is
maximal. The sensitivity in the unstable region is larger than in the hot spot growth area but due to the negative
differential resistance no stable operating point can be realized. Choosing the bias point close to the normal
conducting state the sensitivity is very low.

In the following the device resistance will be modeled as a function of film temperature, voltage and dissipated
electrical power. This requires the analysis of resistance-voltage (rv-) curves. These rv-characteristics are easily
derived from the iv-characteristics in Figures 1 and 2. Figures 3 and 4 show the resistance-voltage characteristics
for the devices CTH:S 1 and UMASS#9. Assuming hot spot growth as the crucial resistance mechanism one has
to solve a thermal power balance equation on the strip. For film temperatures in vicinity of the critical
temperature this power balance can be linearized. Solving this equation the length of the hot spot is determined.
The resistance of such a hot spot shows then a slope which is proportional to the difference between the film
temperature and the temperature where the device becomes normal conducting. Data of device Si exhibits this
behavior: its resistance-voltage curves are almost parallel straight lines (c.f. Figure 3). Extrapolating the
resistance curves to zero currents (and zero voltages) yields the resistance without any self heating. There the hot
spot disintegrates and a set of vortices is left over. The vortices are still present because the resistance curves are
linearly extrapolated for zero heat dissipation without changing the basic resistive effects.
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Figure 3: Unpumped resistance-voltage characteristics (device Si , belongs to the
current-voltage characteristic shown in Figure 1) for different film

temperatures. The device is in hot spot growth regime. The temperature
was chosen close to the critical temperature (9.9K). So no negative
differential resistance region is observed. (In the measurement
negative differential resistance was encountered at a film temperature
of below 7.6K). The best bias points for this device is located at
8.8K/7mV

The resistance-voltage characteristics for device UMASS#9 shows a transition from the purely superconducting
state (zero resistance , Meissner state) to a vortex flow / phase slip state (negative resistance region, unstable
operation of the device). The resistance-voltage characteristics for the vortex state are straight lines intersecting
the coordinate origin. No residual resistance is thus observed there until the film temperature is very close to the
critical temperature. Then a sharp transition to normal state is observed (c.f residual resistance in Figure 5
denoted by dotted line). The instability will prevail until a hot spot is formed. Then the differential resistance
becomes slightly positive.
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Figure 4 Device resistance as a function of device voltage for different film
temperatures. The extrapolated values for the residual resistance under
hot spot growth conditions (shown in Figure 5 as solid rectangles) are
indicated on the y-axis. The interpolation line segments are indicated
as sparse dotted lines. The Interpolation of the vortex flow resistance

Device model outline

The resistance of a HEB depends on transport current, substrate temperature and heat dissipation in the
superconducting film. Expanding the resistance in a power series with respect to dissipated power p and current I
one obtains the following decomposition:

— ag0, I , p). R(T,1
0

1 + -R(T , pl
p=0 

= RV,11
p=0

 AR(T,I,p) (1)
p=

p=1

In Equation (1) the cold resistance (obtained for 13=0) is separated in a "current free-cold" resistance and a.
"dynamic resistance".

(2)

In the subsequent text the following terms for resistances will be used:

R(7' , p=3 = R„Id(T I ) This isothermal "cold" resistance excludes all self-heating effects. Thus the

remaining resistive effects are due to the film temperature without any current
and due to the transport current ( dynamic resistance ).
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R(T Q . RT (T)

R(1,71.0 = R,),(1;7)

AR(T, I , p)

denotes the current-free resistance which only depends on temperature. This

resistive contribution is due to thermal fluctuations and due to thermally
activated vortex flow.

is the dynamic resistance due to transport current flow which contains the film

temperature as a parameter. This resistance is caused by vortex creep / vortex
flow and phase slip formation.

denotes the resistance change due to self-heatin g,. It is obtained explicitly by

solving a heat balance equation on the HEB strip.

Self heating is included by solving a heat balance equation based on the "cold - resistance where the dissipated
heat due to RF and bias acts as a heat source. Its solution yields an updated film temperature. Self heating results
in the formation of hot spots and normal domains.

The model can be greatly simplified for the region of special interest for HEB mixer operating points: There the
relevant current dependent resistive effect is hot spot growth. The "zero-current" temperature dependent
resistance is determined by thermally activated flux creep.

Investigating the dynamic resistance of a superconducting strip under voltage bias the film properties will change
at distinct voltages. Such a critical voltage drives a critical current at the device resistance. Assume that the
device resistance jumps from a value R10 to Rhi if the critical current is exceeded. Increasing the bias voltage to
reach the critical voltage the film current will increase too and the critical current is reached. Then the resistance
is increasing and which diminishes the current to a value below the critical one. Obviously a stable mixed state is
reached at the voltage which drives the critical current at R io . This mixed state is stable until the voltage exceeds
the voltage for which the critical current is driven even for the higher resistance R. Above the upper critical
voltage the film state becomes homogenous again.

The current-dependent resistive transition, "dynamic resistance"

As a well known fact type II superconductors allow penetration of magnetic fields in the form of localized flux
quanta [5], [13], [14] if the inner magnetization exceeds the lower critical magnetic field. Demagnetization
effects reduce the critical transport current needed to sustain this vortex flow. Since the mixers investigated here
are operated under constant voltage conditions the critical currents have to be translated to critical voltages.
Following the behavior of a superconducting film under increasing device voltage one obtains a complete
Meissner state starting at very low voltages: Assuming a perfect magnetic shielding the only magnetic field
present is induced by the transport current in the superconductor. The extrinsic voltage measured at the mixer
pads is determined by the pad resistance only.

( \ 2

c,Meissner
R 

pad 
I 

cl R pad B1 • 1— (3)

120 Tc
-

If this extrinsic voltage is exceeded the lower critical current is reached and vortices penetrate the film. Usually
if no shielding is provided the earth's magnetic field is sufficient to exceed the lower critical field so vortices
will be present even then.

Phase slip line formation

Since there is always an impurity at the film surface where vortices are predominantly formed the vortices will
not be equally distributed. Assume the extreme case that all vortices are generated at the same point on the film a
normal conducting well will be formed perpendicular to the transport current direction if the mean distance of
the vortices in this cross section becomes equal to the vortex diameter. For a phase slip line to form the vortex
density (given by Equation B5 in Appendix B) the following relation must hold:

n 
vortex(' c,PSL)— 4-V Film ,

Equation (4) is used to derive a relation for the minimum current needed to sustain a phase slip. If the current
exceed the phase slip critical current the film exhibits a normal conducting barrier with the resistance:

(2,London

N2

(4)
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7
R PSL = RN

	

	 (5)
Lç-

A phase slip will lead to an intrinsic voltage drop which in turn reduces the transport current below the critical
current leading to phase slip dissolution. The superconductin g film \Ail', thus exhibit a mixed state between
vortex-free regions and a weak phase-slip line which adjusts the film resistance pinning the transport current to
the critical current for vortex formation. This mixed state will vanish if the (extrinsic) voltage is large enough to
drive the lower critical current if the device resistance equals the phase slip line resistance:

-

dr 7'2 ( 1
II c,PSL = (R pad + RPSL) . I cl = (R pad. + RPSL) . 13c: 'go • 1—----Tc }

—

Phase slip line resistance

According to the phase slip line (PSL) model given in [6, vol.iii , p.57] the resistance of a superconducting film
carrying phase slip lines is given as:

i
cl.film

= AN 7 (7)
L e2

This relation is applicable to infinitely long films and requires the presence of more than one phase slip line
whose distance depends on the device current. The films investigated here are far too short to sustain more than
one phase slip line. Therefore the resistance due to phase slippage is the resistance of a single PSL.

Model for the "cold" device resistance

The device resistance is now modeled as a function of the extrinsic voltage. Thereby no self-heating effects are
taken into account. The only resistance in the Meissner state is the pad resistance. The first mixed state occurs
between the phase slip formation and the Meissner critical voltage. There the device resistance is at first order
linearly dependent on the voltage since the transport current is pinned to the lower critical current. Exceeding the
critical voltage for the phase slip line the resistance remains constant supposed that the film is short enough not
to support more than one phase slip line. One obtains for the cold device resistance Equations (3,5,6,7):

R pad c eissner

kaki. 
(U,T,Ts)-= R 

pad + RPSL
c.Meissner 

I)* c,PSL c,Meissner (8)
c.PSL —U cideissner

Rpad + Rpa

The temperature-dependent resistive transition, "zero-current resistance"

Under idealized conditions the dc-resistance of a superconductor is identically zero below the critical
temperature and jumps to its normal resistance if the critical temperature is exceeded. The transition between
normal and superconducting state is broadened due to thermal effects (suppressed superconductivity and
diffusion of excess electrons into the strip do not play a significant role because the bridge is quite lone [15] ):

Below the critical temperature: Thermally activated vortex creep and thermal
fluctuation

Pinned vortices present in the film will be excited thermally and will start creeping. In addition thermal
fluctuations will increase the resistance below the critical temperature. Among other approximations for the
current-free resistance for different temperatures [5] the best coincidence to experimental results is realized by
the following relation:

(6)

c,PSL
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Device 13 [)J m
y]

CTH, S1 6.6
an.reep [1] RN [0.1 T(dipstick) [K] AT [K]
0.5 270 9.9 0.425

UMASS #9 6.0 1.2 185 9.0 0.43
CTH, C2 #1 6.2 1.0 150 8.5 (from iv-curve) 0.5

100

0

R Exp u>uc.ps1
R Theory

- • - -o - • R Exp. u<uc,ps1

1
6 7

Temperature [K]

5 8

T —T,.

RT = far creep 
RN ' e "AT (9)

The effective flux creep factor varies from device to device. Values for the parameters (and the hot spot length
due to voltage variation needed for Equation (15)) for some devices are given in the table below.

Table 1: Parameters for the thermally activated vortex creep resistance given by
Equation (9). The data of the device UMASS#9 were measured by K.S.
Yngvesson at University of Massachusetts.

To obtain the "zero current " resistance the measured data have to be extrapolated for vanishin g transport
currents. Measuring at currents large enough to provide vortex flow the extrapolation will yield the influence of
vortex creep. If the measurement is performed at currents smaller than the lower critical current no vortex will
penetrate the film and the obtained resistive transition will become very sharp.

Figure 5 Logarithmic plot of the extrapolated (zero current) device resistance
as a function of film temperature for the device UMASS #9. The black
squares indicate extrapolated values from the hot spot growth area
(c.f.Figure 3 ). The carets are extrapo,lated values for the vortex
flow/phase slip region.
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Figure 6: Device resistance as a function of temperature extrapolated for zero
voltage. The theoretical curve is obtained under the assumption that
thermally activated vortex flow is the only resistive process. Denote
that the extrapolation to zero currents (and zero voltage) yields a
"cold" resistance where self heating processes are not present. The
functional relation for the theoretical curve is given by Equation [9]
the needed parameters are found in the uppermost row of Table 1

Above the critical temperature: Finite lifetime of Cooper pairs, Thermal fluctuation

Above but in close vicinity of the critical temperature the measured conductivity of a superconducting thin film
exceeds the normal resistance . Stochastic thermal fluctuation enable Cooper pairs to exist for a finite lifetime
even above the critical temperature. These pairs will provide an additional resistance free electron transport
channel and increase the macroscopically measured film conductivity. Since the HEB is typically operated in the
hot-spot growth region temperatures above Tc are only reached in extended hot-spot regions. The extrapolated
values of typical zero current resistances are all below the critical temperature and fit perfectly to the activated
vortex creep curves.

Film self-heating

Since vortex flow and the pad resistance are quite small their contribution to device heating is negligible. Almost
the whole device resistance is due to phase slip lines. Phase slip lines require the penetration of the film by
vortices entering the film at a weak point. If the power dissipated in the resistor generated by the phase slip is
large enough to heat the phase slip line volume to the critical temperature a stable normal domain is generated.
Such a domain is called a hot spot [13]. Referring to the above steady state power balance one obtains for the
minimum voltage needed to sustain a hot spot where b denotes the normalized thermal coupling:
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u 
c
'
,HotSpot

R PSL

— b •[TY — TY 1 = 0substrate (10)

Solving Equation (10) for the voltage one is left with the minimum volta ge needed to sustain a hot spot:

c,HotSpot :2\1

2bR„
— TYsubstrate)

1 film

Theoretically obtained values of the critical hot spot voltage are depicted in Fi gure 1. They should coincide with
the end of the negative differential resistance region of the device. Obviously the ageement with the beahvior of
measured iv-curves is fairly good.

Film Temperature
4.2K

Uc.Hots.t(Tc=7.7)
9.503mV

Measured UMASS#9
9.6mV

4.5K. • 9.325mV 9.0mV
5.0K 8.942mV

. .
8mV

6.0K 7.730mV 6mV (+/- 0.5mV)
7.0K 5.395mV 5mV(+/- 0.7mV)

Table 2: Theoretical and measured critical voltages for hot-spot generation This
critical voltage is determined by the upper end of the unstable region
in the current-voltage characteristics. The beginning stabilization is
attributed to the formation of a hot spot which exhibits a much slower
time constant than phase slip lines or vortex fluids.

Device voltages exceeding the critical voltage for hot spot formation will heat the normal domain even more and
broaden it. Finally the complete film becomes normal conducting. A rough estimate for this voltage is obtained
by assuming that the film temperature is uniform and equal to the critical temperature of the film. One obtains
then:

— b •[TY — Lbstrate17--- 0

bl?„ (
c,Normal - 7 k Tc7 TsYubstrate)

1' film

Model for the device resistance

The device resistance is now modeled as a function of the extrinsic voltage. The only resistance in the Meissner
state is the pad resistance. The first mixed state occurs between the phase slip formation and the Meissner
critical voltage. There the device resistance is at first order linearly dependent on the voltage since the transport
current is pinned to the lower critical current. Exceeding the critical voltage for the phase slip line the resistance
remains constant supposed that the film is short enough not to support more than one phase slip line. Increasing
the applied voltage further the power dissipated in phase slip line is sufficient to heat the phase slip line area to
the film's critical temperature. A hot spot is formed. Exceeding the critical voltage for hot spot formation the hot
spot will broaden until it covers the complete film. In a last step the resistance due to thermal activation is added
to the device resistance and in the calculation of the critical voltages Finally one obtains for the device
resistance:

c
'
,Normat

R,
(12)

(13)
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Simplified model for typical mixer applications

Operating a HEB mixer in the hot spot growth region one typically finds resistance-voltan curves consisting of
a set of almost parallel trajectories as depicted in Figure 7.
This set of parallel resistance trajectories can be explained under several assumptions:
Assume the substrate temperature to be close to the critical temperature. This allows to linearize the heat loss
terms due to a temperature difference between the film and the substrate.

Secondly the differential resistance in this region is small. Since the slope of these curves is small the current is
almost constant and therefore the power becomes proportional to the device voltage. Then the hot spot length
becomes essentially proportional to the dissipated power.

Under this assumptions an increase in bias voltage will prolon g_ the hot spot a certain amount which is
independent of substrate temperature.
Extrapolating the resistance curves to zero currents (and zero voltages) yields the resistance without any self
heating. There the hot spot disintegrates and a set of vortices is left over. The vortices are still present because
the resistance curves are linearly extrapolated for zero heat dissipation without changing the basic resistive
effects. The relation for the device resistance based on these assumptions becomes then :

R(V ,T). a fl. 
creep • 

R
N • e AT

17
•

T —T, 

+ • V 7", +-

1

AT

2
(15)

The values for the parameters afl,„„, and are listed in Table 1. Here aft,e, denotes the efficiency to unpin a
vortex in the film where is a proportional to the (linearized) thermal coupling if the film to the substrate and
describes the change of the hot spot length under voltage variations. Extrapolatin g_ this relation for zero voltage
results in the residual resistance given in Equation (9) .
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Figure 7: Unpumped resistance-voltage characteristics (device S1#4) for different
film temperatures in the interval 8.15K to 9.IK. The device completely
is in hot spot growth regime. This plot is a part of Figure 3 and
contains the temperature interval which is most interesting for mixer
operation.

Comparison to experimental data of demagnetized lower critical currents

In Figure 8 the theoretical values for a bolometer strip for a critical temperatures of 10.2K and 7.7 K are
compared to measured values for a 10.2K NbN made by CTH and a 7.7K NbN (UMASS #9) HEB from
University of Massachusetts.
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Figure 8: Critical current for the devices UMASS#9 (measured: filled circles
theoretical: empty circles) and CTE Si (measured: filled carets
theoretical: empty squares). The data is taken from measurements of
umpumped iv-characteristics for various substrate temperatures.

In the following table the theoretical ad experimentally obtained values for critical currents of a NIN bolometer
strip are listed for 4.2K and 8.15 K substrate temperature. The critical current for vortex flow is considerably
larger than the current for phase slip line formation which leads to the direct transition from Meissner state to
phase slip lines.

Critical value

Li (Equation 3)

Uc.meissner (Equation 3)
Uc

y
sL (Equation 6)

Uc,HotS t (E uation 11)
U

c.Normal (Equation 13)

194.2 p.A
10.8 tiV
162.2 uV
11 94 mV
168.9 mV

T,b,trat=8.151C, measured

95 j A
not observable
0.1mV
5 mV
>55 mV

Table 3: Theoretical critical currents and critical voltages for vortex flow,
phase slip line and hot-spot formation for the device CTE:S1 for
different temperatures and a comparison with data obtained from
measurements.
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Conclusion

In contrast to previous models for the iv-characteristic of hot-electron bolometers the resistive transition obtained
directly from the physical behavior of the film and is not fitted to the experimental data. Furthermore there is a
clear distinction between the "equilibrium" heatin g due to thermal heating and bias power which is dissipated via
vortex scattering and the "nonequilibrium" heating acting on the electrons of the film only which are thermally
coupled to the film phonons which in turn transfer energy to the film material. In addition the bolometer
temperature is no longer assumed to be constant throu ghout the film. The large signal behavior of a phonon-
cooled hot-electron bolometer can therefore be described using only one model parameters besides geometric
and physical parameters: the thermal loss coefficient per unit square of the film to the surrounding (needed for
the lateral power balance Equation (12) ).Both parameters are independent of geometry and a characteristic for
the film quality and the films thermal couplin g to the substrate.

The knowledge of the lateral distribution of the film temperature allows the model to take the frequency behavior
of the RF absorption mechanisms completely into account. The RF absorption takes place only in the film
regions where the quasiparticle bandgap is smaller than the photon energy. This limits the active area where
Cooper pair dissociation occurs to a frequency dependent fraction of the film explaining the curvature change of
pumped iv-curves with frequency. In addition the device noise model is refined. Now vortex shot noise, Nyquist
noise for the normal domains and thermal fluctuation noise are easily included because the resistance as a
function of current, voltage and dissipated power is explicitly known.
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Appendix A: Demagnetization and vortex flow in a type II superconducting film

Demagnetization effects

The formation of vortices is determined by the magnetic field inside the material. The magnetization at the
sample surface shield a part of the applied magnetic field. The surface magnetization depends on the sample
geometry. For ellipsoids ( including degenerate ellipsoids like discs, rods) it can be shown [5: p.420 (applying
duality theorems)] that external fields in the ellipsoids' main axes lead to collinear demagnetization fields.
Therefore the influence of surface magnetization is conveniently described by demagnetization factors in the
main axes.

13. outer • ij inner • N x • (ICI • ±')
(Al)

Since the surface magnetization vanishes when integrated over the whole surface, the sum of the
demagnetization factors is unity. Let us consider now the case of a thin film. Applying a magnetic field normal
to the film surface gives rise to a very big area which will carry depolarization currents compared to a magnetic
field normal to the film edge. The demagnetization factor for a normal field is approximated by:

Defining the magnetic susceptibility of a material according to

(I + X) = (A2)

one obtains for the magnetic flux density and the magnetization in a demagnetizing geometry in terms of the

applied field B1:

1+ X 
inaer

 Bapp. 1+ X • N

(A3)
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I cl.film -= Ir 2 • B c1.0 K . 1 I 1 ---
(A8)

B < B < Bcl.film app c2

Bapp < 13 c2

(B1)

1 I 
(A4)M = Bap, • —pi: 1+

A type II superconductor in Meissner state is a perfect diamagnet with XI's —1 if the inner ma gnetic field does
not exceed the first critical ma gnetic field

- Mi 3 c , (A5)-

In samples with non demagnetizing geometries ( N = 0 . the magnetization leads to a flux density which
cancels the applied field inside the superconductor. For thin films the dema gnetization factor normal to the film
surface are almost unity. The ma gnetization in the material sample for a film with the thickness d and v.idth w
becomes then:

1 , w
AO M = — B a " .-- — B - — (A6)

PP 1 — N aPP 
z d

In ultrathin and wide films the ma gnetization and the inner field strength reaches very bi g values. The applied
field needed to reach the critical ma gnetic field in the film is reduced by 1 — N .

d
Bc1,demagnetz

.

zed 
= 1 — N)B

cl
	BClfilm B cl w << B ci (A7)

Typical film dimensions for HEB bridges are 35A thick and a few microns wide which leads to three orders of
magnitude in reduction of the lower critical field. The upper critical field remains essentially unaffected by
demagnetization effects since the susceptibility of the film in normal state is close to zero.

Lower critical transport current for vortex generation in a thin film

Based on the above equation and the relation between the total film current and its ma gnetic field the lower
critical transport current is obtained by setting the current induced magnetic flux density equal to the lower
critical flux density in a thin film assumin g a square law temperature dependence of the critical fields [5:p.52

This current is obtained by the current where the unpumped iv-characteristic departs from the pad resistance line.
Sometimes the superconductin g part of an unpumped iv-characteristic looks like a parabola. This is attributed to
a transition resistance between the normal conductin g cover layer (typical 100 nm Au film) and the
superconducting bottom layer. In these cases a the lower critical current must be estimated by the point where
the curve begins to deviate from the parabola. Comparison between theory and experiment obtained for 35A
NbN films are shown in Figure 8.

Appendix B: A scaling model for the susceptibility

A simple scaling model for the susceptibility of a type II superconductor is obtained as follows:

— 1 B app BC1 film

1
pp lopt,
J.J 2.0c1.fihn

Bc2  BcIfilm 
j

0

The susceptibility for the mixed state can be simplified by applying Ginzburg-Landau's relation between the
critical fields [1:p.270] for a high-kappa approximation:
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Bc1
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T„

(34)

0

X (13 app) ±  1 
1 ± x (Bapp )- N 1 — N

Bapp

Bc1,film < B app

n= Bapp

Po • Oo

(B5)

B — B
_

Bci Bclfilm 2K — (1 — N) - ln IC 13,2

In a superconductor in mixed state the magnetic flux is penetrating the superconductor in flux quanta whereas
the remaining material excludes the field completely. Assuming that the whole internal magnetic field is carried
by flux quanta their number density is given by the difference between the magnetization obtained for the
Meissner state ( = — 1) and the actual mixed state ( x > — 1 ) divided by the flux quantum. For fields not
exceeding the upper critical field one obtains for the number density of vortices:

2K
2
	— (1— N) In IC

B e2. • ln K-
- — (1 — N) (B2)

It is more convenient to express the vortex number in terms of transport current instead of lateral magnetic fields.
Vortices will enter the film if there is a point where the lower critical magnetic flux is exceeded. This requires a
minimum transport current through the strip which is denoted as lower critical current:

After a lengthy but straightforward calculation one is left with the following expression for the vortex number
density as a function of the transport current supposed that the current does not drive the complete film into
normal state (i.e. the upper critical field is not exceeded):

This relation is used to determine the critical current for phase slip line formation and the resistance due to
vortex flow. The vortices travel with a collision-dominated speed and give rise to a voltage drop:

V ci)o (B6)vortex flow =n• v saturatio
n 47g 2

Applying a relation between the transport current and the applied field the resistance due to vortex flow can be
calculated.
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ABSTRACT normal metal strip at low temperatures (so
called "hot electron effect—) to produce a large

A novel concept of the normal-metal hot-
electron bolometer using capacitive coupling
of the absorber to antenna (NTHEB-CC) has
been proposed. The concept is based on the
normal metal hot-electron microbolometer
with Andreev mirrors (NHEB-A) using a
SIN junction as a temperature sensor [1-3].
The NHEB-A technology brings a possibility
to fabricate the sub-mm wave receiver for
space applications with a noise equivalent
power NEP about 3x1 0'

8 W/Hz at 100
mK. However, the Andreev mirrors could
give certain frequency limitations for using
this bolometer for higher frequencies with the
energy quantum hf higher than the energy of
a superconducting gap A. The NHEB-CC
technology with capacitive coupling of the
absorber to antenna avoids these problems.
The effective high frequency coupling of the
external signal in NHEB-CC is achieved by a
low impedance of the coupling capacitances.
At the same time, the capacitance gives
reliable protection against escaping the hot
electrons from the absorber. Usual tunnel
junctions with proper thickness of the barrier
can be used as capacitors. In such realization,
we keep the main advantage of the NHEB
technology - very small thermal conductance
between electrons and phonons due to small
volume of an absorber (typical value of G is
2x10-13 W/K for T=100 mK) in combination
with frequency independent protection of the
absorber against thermal leak to the antenna.

I. INTRODUCTION

Ultra low noise bolometers are required for
space - based astronomical observations. The
most sensitive and fast bolometer for infrared
and millimeter wave region is a normal metal
hot-electron microbolometer (NHEB-A)
with Andreev mirrors and an SIN junction
as a temperature sensor [1,2]. A schematic of
the NHEB-A is shown in Fig. la.

The NHEB-A technology is based on a weak
coupling between electrons and phonons in

Fig. 1. A schematic of the normal metal hot-
electron microbolometer (NHEB-A) with
Andreev mirrors (a) and illustration of possible
problems with escaping the high-energy
electrons through SN interface for higher
frequencies (b).

temperature rise of electrons T e for small
absorbed power P

T e — (T 5
h +  P  )115P 

EV ,

where V is volume of the strip, is material
constant and T the phonon temperature. A
very elegant approach is using the Andreev
reflection for thermal insulation at SN
interface between a metal absorber and a
superconducting antenna. Simultaneously, the
SN interface provides a perfect electrical
contact to the superconducting antenna (Fig.
1 b) .

The NTIEB-A technology brings possibility
to fabricate the sub-mm wave receiver for
space applications with a noise equivalent
power NEP about 3x10-18 W/Hz'' at 100 rnK
and 3x10-17 W/112 112 at 300 rnK with a time
constant better than 20 us [2]. However, the
Andreev minors could give certain
frequency limitation for using this
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bolometer. The problem can arise for higher
frequencies when the photon energy hf
becomes higher than the energy of a
superconducting gap [5] as it is
demonstrated in Fig. lb . For example, the
Nb gap d=1.6 meV corresponds to the
frequency 400 GHz. Really, the probability
of photon absorption can be considerable only
at at energy level corresponding to interband
transitions [6]. For copper, for example, this
level of energy corresponds to 2 eV. Thus
the photon absorption process should be
really important only at frequencies
considerably higher than 1 THz.
Thermalization of the excited electrons
depends on relation between an electron-
electron inelastic scattering length Lee
and length of the absorber L. In the case of
L L, there is no effective thermalization at
the length of absorber and electrons can come
to SN interface roughly with the same energy
as after excitation. In this case, the Andreev
SN interface would not be an effective mirror
for these hot electrons and thermal
conductance can be increased.

Another problem at higher frequencies can
arise due to increasing resistance of the
superconducting antenna for frequencies
higher than 2. Resistance increase can lead
to heating the antenna and decreasing the
effective superconducting gap at SN interface.
For example, the Nb double gap corresponds
to the frequency 800GHz. To avoid this
problem, the main part of antenna can be
covered by normal metal with good
conductivity except a part near the SN
interface to keep Andreev reflection for hot
electrons of an absorber. Thus, discussed
problems are complicated and can lead to
suppression of the device parameters at higher
frequencies. This situation has stimulated
search for new configurations of the
rnicrobolometer where these problems will
not limit the operation of the device.

A novel concept of the normal-metal hot-
electron bolometer using capacitive coupling
of the absorber to the antenna (NHEB-CC)
has been proposed to avoid the frequency
limitation of the NHEB-A and for
technological improvements.

II. HOT ELECTRON BOLOMETER
WITH CAPACITIVE COUPLING

The idea of this device is to use the
capacitance for thermal isolation of the
normal-metal absorber instead of the Andreev
SN mirrors (Fig. 2a).

Fig. 2. (a) A schematic of the normal metal
hot-electron microbolometer with capacitive
coupling to the antenna (NHEB-CC) and (b)
energy diagram for illustration of protection of
an absorber against escaping the high-energy
electrons for higher frequencies by high
potential barrier.

In this case, the effective high frequency
coupling of the external signal in the NHEB-
CC can be achieved by the low impedance of
coupling capacitances between the absorber
and the antenna. For an absorber resistance
Rai), = 100 Ohm and a frequency 1 THz it is
enough to have C = 15 fF to get the
impedance of the capacitance equal to 10 Ohm
that would provide good coupling. Such
capacitance can be easy realized by overlap
0.5x0.5 jim2 . The antenna can be made of
both superconducting or normal metal.

The insulation barrier of the capacitors gives
perfect thermal protection of absorber in the
NHEB-CC configuration. A more universal
and effective approach for this device is to use
the tunnel junctions as capacitors. More than
that, it is possible to use tunnel junctions
made in the same vacuum circle as tunnel
junctions for temperature measurements but
of different area. The transparancy of a
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barrier is exponentially dependent on the
thickness of the barrier d

e.(uo. hf )1/2d

and for typical d=12 A and U0 = 2 eV, T --
4x10-8 . For all frequencies with energy hf
well below the height of the potential bather
U0 (corresponding to 5x10 14 Hz) the
transparency will be negligibly small.

In such realization, we keep the main
advantage of the NBEB technology - very
small thermal conductance between electrons
and phonons due to the small volume of the
absorber (typical value of G is 2x10-1 -' W/K
for T=100 mIC) in combination with reliable
protection of the absorber against thermal leak
to the antenna.

Impedance matching. The NHEB-CC
configuration uses the dimensions of the
absorber much smaller than the wavelength of
a signal and a planar antenna structure can be
used to provide efficient coupling in this case
[ 1 ] . To our experience the optimal choice is a
very broad-band (over a decade) log-periodic
complementary antenna having a frequency
independent real impedance

Zant= 377[2(1+E)]1/2
where E is dielectric constant of the substrate

[7]. For Si substrate Zant 80 n .
For high frequency coupling of the bolometer
to the antenna, we have to match the
impedances of these parts. The impedance of
the bolometer has three components

Zbol = ZC ZL Zabs 9

where Zc is the impedance of two coupling
capacitances

Zc = (2/jcoC),

ZL is the impedance due to geometrical
inductance of the absorber [6]

ZL= 2x104j0)1 + 1.19 +0.22 (w t)]
(w + t) 1

where 1 - length, w - width, and t - thickness
of the absorber. For typical parameters of the
absorber [2,3]: 1 = 6 tim, w = 3 gm, and t =

0.05 gm,- one can get for inductance
component:

= 8x10-" jcol,

with a length of the absorber lin um.

Taking into account that the lost-periodic
antenna has a real impedance there is an
optimal way to compensate the inductive
component ZiL by the capacitive component

Zc . For typical length of absorber 1= 6

[2,3], the estimated Z,L is 30 CI For

compensation ZL , the capacitive component

zc = ZiL gives at f= 0.8 THz the value of the
capacitance C = 13 fF that can be easy
realized by tunnel junctions with an area of

0.5x0.5

As a result, using the NHEB-CC
configuration we have even improvement of
coupling to the antenna due to compensation
of the inductive impedance of an absorber by
the capacitive impedance of coupling
junctions.

Double-laver technolozy. One more
advantage of the NHEB-CC is that the same
type of SIN tunnel junctions as for a
temperature sensor but of larger area can be
used for capacitive coupling. In this case we
can use double-layer technology with one
vacuum circle that would considerably
simplify fabrication of the bolometer in
comparison with triple-layer technology
[2,3].

The inconvenience of the NHEB-CC is
absence of possibility to calibrate the
bolometer using dc current measurements:
such calibration can be made only using a
high frequency signal.

Two SIN junctions for measurements. The
NHEB-CC technology suggests using two
SIN junctions for temperature measurement in
comparison with one junction used in Refs.
[1,2]. This necessary step should only
improve the performance of the device due to
increase of output signal by a factor of 2 (and
noise of the junctions only by a factor of 2112)
that is important for the amplifier-noise
limited bolometer.
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The optimal configuration. Taking into
account that the same tunnel junctions are
used for capacitive coupling to antenna as for
temperature measurement, we can combine
these two functions in one pair of junctions.
The simplest configuration is shown in
Fig. 3.

Fig. 3. a) The optimal simplest configuration
of the NHEB-CC comprising an absorber and
two tunnel junctions. The tunnel junctions
carry out three functions: temperature
measurements, capacitive coupling to antenna,
and thermal isolation of the absorber. b) The
high frequency coupling of the NHEB-CC.

The measuring junctions are placed in series
with the absorber and bias electrical contacts
are made to the antenna. Taking into account
that typical resistance of the junctions (=20
Id) is considerably higher than the

resistance of the absorber (=80 S2) we would
have still correct measurements of the junction
voltage in this configuration.

Electronic microrefrigeration. The additional
advantage of using tunnel junctions for
capacitive coupling is a possibility to use
these junctions for electronic
microrefrigeration [9-11].
For electronic cooling, the tunnel junctions
should be made of larger area that coincides
with a purpose of capacitive coupling. The
SIN junctions for temperature measurements
are located in the center of the strip as in usual
configration (Fig. 2a). The whole

Fig. 4. A schematic of the NITEB-CC with
possible electronic cooling through coupling
SIN junctions.

configuration becomes to be simpler than
the NHEB-A configuration with possible
cooling discussed in Ref. 9.

III. CONCLUSIONS

Finally, the NHEB-CC technology seems
very worthwhile and can help to overcome the
possible frequency limitation of the NHEB
technology with Andreev mirrors.
Simplification of the fabrication technology
using two layers (instead of three layers in
NHEB-A configuration) is especially
attractive. Due to compensation of the
inductive impedance of an absorber by the
capacitive impedance of coupling junctions,
the NHEB-CC configuration gives
improvement of coupling to the antenna.
The obligatory two SIN junctions for
measurements (instead of one in the NHEB-
A) can improve a noise figure by a factor of
two for the case of the amplifier -noise-limited
microbolometer. The simplest configuration
consisting of an absorber and two junctions
for coupling with antenna and temperature
measurements looks optimal for applications
requiring arrays of microbolometers

The fruitful discussions with D. Golubev, I.
Devyatov, M. Tarasov, D. Chouvaev, and T.
Claeson are gratefully acknowledged.
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I. INTRODUCTION

NbN Hot Electron Bolometric (HEB) mixers represent a promising approach for achieving re-

ceiver noise temperatures of a few times the quantum noise limit at frequencies above 1 THz. These HEB

mixers have so far demonstrated a DSB noise temperature as low as 500 K at 630 GHz [Kroug et al., 1997;

Kawamura et al. , 1997] , and 980 K at 900 GHz [Kroug et al., 1997]. Noise temperatures of about 1000 K or

less can be expected for frequencies above 1 THz in the future. NbN HEB mixers have been shown to have

sufficient bandwidths for the anticipated applications such as future receiver frontends for THz astronomi-

cal observation from space. A receiver noise bandwidth of 5 GHz and conversion gain bandwidth of 3 GHz

were measured by [EkstrOm et al. , 1997]. The LO power required is typically 100 nW, which makes the

NbN HEB mixers suitable for use with future solid state tunable THz sources. However, the LO power is

not at such a low level that its operating point is affected by input thermal noise power. This paper describes

the development of THz HEB mixers for the 1 THz to 2.5 THz frequency range. The HEBs employ NbN as

the bolometric material. We present our first results from measurements with these mixers at frequencies of

0.6 THz to 0.75 THz, 1.56 THz, and 2.52 THz. We have measured a DSB receiver noise temperature of

5,800 K at 1.56 THz. In a separate experiment, we measured a conversion gain of 3 dB -±2 dB at the

same frequency.

II. DEVICE DESIGN AND FABRICATION

NbN Films

The NbN films were fabricated on silicon substrates at Moscow State Pedagogical University

(MSPU) by magnetron reactive sputtering in an argon/nitrogen gas mixture. For this work we have primar-

ily used films of thickness 3.5-4 nm in order to maximize the conversion gain bandwidth. The production of

such thin films is still an evolving technology, but recent films on both sapphire and silicon substrates have

shown much improved properties [Cherednichenko et al. , 1997]. The optimum thickness, based on the sap-
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phire work, appears to be close to 3.54 inn. The films used in thease measurements have T c =7.5 - 9 K, the

transition width is about 1 K, and the critical current density is 2 x 106 A/cm2.

Optical Design

Optical design considerations are crucial for efficiently coupling LO and signal power into the de-

vice. Quasi-optical coupling to the device is most common for frequencies above 1 THz. We chose to use an

extended hemispherical silicon lens coupled to a self-complementary log-periodic antenna (see Figure 1),

as successfully demonstrated and analyzed at 250 GHz and 500 GHz by [Filipovic et al, 1993]. The log-

periodic antenna is convenient since it can be used over a very wide frequency range, later versions will em-

ploy twin-slot or twin-dipole antennas tuned to smaller frequency bands. We scaled the dimensions of the

lens and the antenna used in the 250 GHz setup by a factor often, resulting in a lens diameter of 1.3 mm. We

chose an extension length, beyond the hemispherical lens, of 0.33 times the lens radius. We can predict the

amount of beam-scan which would be caused by misalignment of the center of the antenna with respect to

the center of the lens: a 20 micrometer misalignment results in a 5 degree beam scan. This makes it impera-

tive to use an accurate alignment procedure, which will be described below. We are not employing a match-

ing layer for the lens at this stage.

Device Fabrication

Devices have been fabricated at MSPU as well as at UMASS/Amherst. The processes are some-

what different at the two locations, but in what follows we will emphasize the UMASS process. The gold

log-periodic antenna is fabricated using liftoff. After the pattern has been defined in the photoresist, a 40 nm

thick layer of Nb is applied by sputtering. Next, 20 nra of Ti and 100 nm of Au are deposited by E-beam

evaporation, and the lift-off is performed. The NbN strips are then defined and etched using Reactive Ion

RF, LO

Figure 1: Log-periodic antenna fabricated on an extended hemispherical lens.
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Etching (RIE). The substrate is thinned by lapping to a thickness equal to the lens extension length. The po-

sition of a square alignment window for the lens is defined in a photoresist layer on the opposite side of the

substrate from the antenna and device, using an infrared mask aligner, whereupon the alignment window is

etched by RIE to a depth of 100 am. The lens is attached to the silicon substrate using purified bees wax. The

fuial dimensions of the device strips are about 0.6 IA long by 1.011 wide. The number of strips is from one to

three. The mask also has a different pattern for which all teeth are larger by a factor of two, i.e. the smallest

teeth determine a highest frequency of the antenna of about 1.25 THz. This antenna can have up to five

strips.

III. EXPERIMENTAL SETUP

Receiver Configuration

The integrated antenna/HEB device and lens are attached to a copper post, which is thermally an-

chored at the other end to the liquid helium reservoir of an IRLAB dewar (see Figure 2 and Figure 3). The

antenna is connected to the IF and bias system via a microstrip/sernirigid coax line and bias tee. A cooled

HEMT amplifier with isolator input is also used inside the dewar (Figure 3). This IF amplifier has a band-

width from 1250 to 1750 GHz, with noise temperature of about 10K.

Optical Setup

The optical coupling loss as well as the receiver noise temperature are measured with a CO 2 laser

pumped FIR methanol laser as the LO source. The laser setup is illustrated in Figure 4. Mylar beam split-

(a) (b)

Figure 2: Photographs of the OFHC copper pedestal: (a) close-up of the device mount and contacts,
(b) close-up of the opposite side of the pedestal showing the silicon lens.
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Figure 3: Top view of the IRLAB dewar showing the dc and IF connections.

ters with a thickness of 6, 12.5, and 25 micrometers, respectively, act as diplexers between the LO and a

chopped hot/cold noise source. The radiation is focussed by an offset paraboloidal reflector or a TPX lens.

In order to measure the conversion gain directly, we employ two lasers at UMASS/Lowell as shown in Fig-

ure 5. The active medium of these lasers is difluoromethane, and the frequency 1.56 THz. The lasers were

slightly detuned and produced an IF of 600 kHz. The gain bandwidth of NbN HEB devices at the IF cannot

be easily measured at THz frequencies. At present, we measure the mixer gain bandwidth at 94 GHz in-

stead. Since the LO power required is so low, the same optical configuration (including the lens), can be

used at 94 GHz also, although the antenna response does not extend this low in frequency.

Noise temperature measurements at 0.6 THz to 0.75 TI-1z were also performed at Chalmers Uni-

versity in a setup which used a BWO as LO source and a 12.5 gm beam splitter . The experimental arrange-

ment was as described in [EkstrOm et al., 1997].

108



Figure 4: Optical setup for measurement of optical coupling loss and receiver noise temperature.

FTS Spectra of the Device Response

Fourier Transform Spectra were obtained at Chalmers University by employing the device as a de-

tector, at a temperature close to T.

IV. RESULTS AND DISCUSSION

FTS Spectra of the Device Response

Figure 6 shows the spectra obtained for a NbN device integrated with the larger version of the log-

periodic antenna described above. The device was mounted in two perpendicular orientations in order to

elucidate the frequency-dependence of its optimum polarization. [Korrnanyos et al. , 1993] showed that the

polarization for optimum response varies periodically with frequency at an amplitude of -±22.5°. This is

consistent with the spectra we observed, in which dips in the response occur at frequencies which are one

octave apart. As the orientation of the device was changed by 90 degrees, peaks appear where dips occur for

the perpendicular orientation. The highest frequency peak corresponds to when the second smallest tooth is

one quarter wavelength long when considering the effective dielectric permittivity of the silicon medium. In

order to utilize self-complementary log-periodic antennas, one has to be aware of their sensitivity to the in-

cident polarization. The power available, when lasers are used as the LO sources, is in general sufficiently

large such that a polarization rotater can be used to produce the optimum polarization. This was confirmed

in our experiments at both 1.56 THz and at 2.52 THz.
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Figure 5: Optical setup for measurement of conversion gain.

Noise Temperature Measurements

Our results from the noise temperature and conversion loss measurements at different frequencies

are summarized in Table I below.

Table I: Noise Temperature and Conversion Loss Summary

f (GHZ) TDsB Tmd T T . (K) Le4ot (dB) L. (dB) L (dB)c..0
94 NA NA NA NA NA 9 NA

600-750 900 105 24 730 12.7 . 7.7 5

1,560 5,800 10 13 2,500 27 18-20 7-9

The Y-factor was measured by inserting a liquid nitrogen cooled absorber by hand into the path of

the beam several times. In the 1.56 THz experiment, the IF output power was recorded on a chart recorder,

and the results of many individual Y-factor measurements were averaged. The Y-factor was determined to
+1400

be 0.155 dB ±0.03 dB, which yields a DSB receiver noise temperature of 5,800 —
MO K. The fact that it was

possible to perform the Y-factor measurement at this noise temperature level without the use of a rotating

chopper is a tribute to the excellent amplitude stability of the UMass/Lowell laser used for this experiment.

The stability is also evident in the I-V curves recorded by our fast (about 1 ms) computerized recording sys-

tem. Figure 7 shows the optimum operating point of the device in the noise temperature measurement. Near
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Figure 6: FTS spectra of the device for (a) device orientation parallel to the }TS polarization, and (b) per-
pendicular to the FTS polarization.

the optimum operating point ( 0.97 mV, 38 RA), the device is very sensitive to variations in LO power.

Nevertheless, only very small variations are evident in this recording. In contrast, the I-V curve obtained

with the free-running 2.52 THz laser shows large fluctuations in the sensitive region of the I-V curve (see

Figure 8). The antenna/lens combination clearly performed well at 1.56 THz, as evidenced by the fact that

during a chopped noise measurement on the system, it was possible to blank out essentially the entire signal

by blocking the cold source with a piece of absorber of a size equal to the predicted beamwidth, about 8 de-

grees at this frequency. The LO power absorbed by the device was 240 nW (for the 600-750 GHz device it

was about 100 nW). There was no measurable change in the DC operating point when the input load of the

mixer was changed from room temperature to liquid nitrogen temperature.

Table I shows the estimated break-down of the total conversion loss into components. We assume

that the optical coupling loss is essentially given by the known losses of different components, such as the

polyethylene window, the Zitex thermal radiation filter, the reflection loss of the lens, etc.. The remaining

loss to be accounted for by the mixer itself, the intrinsic conversion loss, including IF output mismatch, is

about 18-20 dB for the 1.56 THz mixer. This somewhat high intrinsic loss can be explained by the HEB the-

ory [EkstrOm et al., 1995] and the specific I-V curve for this device when irradiated by the 1.56 THz LO,

taking into acount the IF output mismatch. Nevertheless, a detailed explanation will have to await the com-

pletion of a new, more complete, theoretical model for the HEB device [Merkel et al., 1998]. It is interest-

ing to compare the I-V curves recorded with LO power at different frequencies in Figure 8, however. Ra-

diation at both 1.56 THz and 2.52 THz should be above the bandgap frequency of the NbN film, and thus it
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would be expected that both frequencies should be uniformly absorbed by the device. Yet, the I-V curves

differ noticeably when the device is irradiated by 1.56 THz and 2.52 THz. The curves with 356 GHz and 94

GHz radiation are quite different from the higher frequency curves and also differ among themselves. Note

that all I-V curves were recorded for the same device without changing the device configuration. Neither of

the I-V curves in Figure 8 agrees with curves recorded without LO power at higher device temperatures,

which gives another indication that the HEB model needs to be refined. HEB mixer theory predicts a 10 dB

intrinsic conversion loss with an LO at 94 GHz which is in good agreement with the measured value of 9 dB

(Table 1). The exact shape of the 1-V curve thus is very important for the actual performance of the device in

terms of conversion loss. Note that different devices (phonon-cooled or diffusion-cooled, operated at dif-

ferent frequencies) often differ drastically in terms of the intrinsic conversion loss as well as the output noise

level from the devices. Both conversion loss and output noise are relevant in establishing the receiver noise

temperature and a comparison of the ultimate potential receiver noise performance of different types of de-

vices will require the more detailed understanding of the device models we refer to above. It should be

clear, however, that receiver noise temperatures of HEB mixers at THz frequencies are likely to progres-

sively get lower. Our own measurement of 5,800 K at 1.56 THz was for a single device, the only one tested

so far. Experience at the lower frequencies has already shown that refinement in the receiver configuration,

as well as in device fabrication, will gradually lead to lower noise temperatures.

Measurement of Conversion Gain

The intrinsic (device only) conversion gain at 1.56 THz was measured in the two-laser setup to be

+3 dB, with a probable error of ±2 dB. The device used for this measurement was fabricated in Moscow
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Figure 7: I-V curve for the device used in the 1.56 Tilz noise temperature measurement.
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Figure 8: I-V curves of the device irradiated by four different frequencies.

and utilized an equiangular spiral antenna. The absorbed power from the RF laser was obtained by the tech-

nique we employed for the absorbed LO power at a high enough RF power level to make this possible. Cali-

brated attenuators were then used to lower the RF power until the mixer was shown to be operating in its lin-

ear region. The IF power was observed on a spectrum analyzer and the IF voltage was measured directly on

an oscilloscope. The optical coupling loss was estimated to be about 33 dB in this case. Note that HEB mixer

theory allows actual conversion gain to be realized. The conversion gain at higher IF frequencies may be

somewhat lower; so far, the best intrinsic conversion gain of any HEB THz mixer at about 1 GHz IF, in-

ferred from noise measurements, is about - 6 dB (ICroug et al. , 1997). The apparent difference in conver-

sion loss at different IF frequencies indicates another area in which our present device models are inade-

quate.

V. CONCLUSION

We have demonstrated receiver noise temperatures of 900 K at 600-750 GHz, and 5,800 K at 1.56

THz for a NbN HEB device, coupled through a silicon lens and a log-periodic antenna. The very small LO

power required by such devices when optimally matched (as low as 100 nW) has been verified. We have

also demonstrated 3 dB conversion gain of an HEB mixer device at 1.56 THz, for a 600 kHz IF frequency.
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We expect that measured receiver noise temperatures of NbN HEB mixers will continue their downward

trend at frequencies above 1 THz in the future. NbN HEB THz mixers are especially advantageous in the

following respects:

• Submicron size is not required

• Can be operated at 4.2 K; Al devices require He3 cooling

LO power 100 nW, smaller for submicron devices

• Present receiver noise temperatures are as low as for diffusion-cooled mixers up to 1 THz

• Operating point not sensitive to 300 K radiation
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Abstract

In this paper we report receiver sensitivity
measurements with a diffusion-cooled
niobium hot-electron bolometer around
1100 GHz. The lowest receiver noise
temperature was 1670 K DSB, with
approximately 40 nW of local oscillator
power being dissipated in the device. The
intermediate frequency bandwidth of this
device, due to its short length (0.15 gm) and
low normal resistance (43 a), exceeded the
1.8 GHz bandwidth of the measurement
setup. The receiver was used to detect the
sulfur dioxide gas absorption line at 1102
GHz in a heterodyne mode.

Introduction

In the last few years, superconducting Hot-
Electron Bolometers (HEB's) [1-3] have
emerged as the detectors of choice for low-
noise heterodyne receivers at frequencies
exceeding 1 THz . Funding has already been
allocated, and receiver development has begun
within both airborne (National Aeronautics
and Space Administration's SOFIA) and
spaceborne (European Space Agency's
FIRST) projects. Critical issues to this
technology, in addition to achieving low
receiver noise temperatures, are the RF and IF
bandwidths and the very limited amount of
local oscillator (LO) power that would likely
be available in a spaceborne mission.

Our earlier measurements [4] have shown that
a relatively low receiver noise temperature,
1880 K DSB at 1267 GHz, can be achieved
with an HEB using as little as 6 nW of
dissipated LO power. For the same reason
that this device required such low LO power,

namely its high resistance (140 0), it also
showed some effects of direct detection in the
receiver Y-factor measurements. The purpose
of the experiments reported here is to confirm
the older measurements with a lower
resistance device that does not exhibit these
direct detection effects.

The Device

The bolometer was a 0.15 gm long and
0.15 im wide strip of niobium of with an
approximate thickness of 10 nm on a Z-cut
crystal quartz substrate. The device was
fabricated with normal metal (gold) contacts in
a self-aligned process [5]. A similar device is
shown in Fig.1 . Fie.2 shows the resistance
versus temperature curve for the device used
in the measurements. As can be seen, the
normal state resistance was approximately
43 a The critical current of the device was
2001.L.A at 4.2 K ambient

Fig. 1; SEM of an HEB device similar to the one used
in the reported measurements.
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Fig. 2; Resistance versus temperature curve for the
HEB mixer.

temperature. A gold planar double-dipole
antenna with a center frequency of 1 THz
was integrated on-chip with the HEB device
[6-7].

Measurement of Receiver Noise

The HEB chip was glued to the back of a
hyperhemispheric crystal quartz lens with a
diameter of 13 mm. A hyperbolic
polyethylene lens in front of this quartz lens
was used to increase the f-number of the
antenna beam. To eliminate the back lobe of
the dipole antenna, a quarter-wavelength thick
crystal quartz chip with a gold mirror was
glued on top of the HEB chip. The device was
shunted in the DC bias circuit by a 17
resistor. The DC shunt current through this
resistor has been subtracted in the diagrams in
this paper.

The fixture holding the device/lens assembly
was placed in a liquid-helium cooled vacuum
cryostat, that was connected to an evacuated
box containing a 0.5 mil Mylarm
beamsplitter, a 295 K "hot" calibration load,
an 82 K "cold" load that was cooled by liquid
nitrogen, and a switch/chopper that allowed
one or the other of the loads to be seen by the
mixer, as shown in Fig.3. The calibration
loads were made of Eccostock MF 116

Mixer Block Chopper Cold Load
Beamsplitter Hot Load

Fig. 3; Schematic of the cryostat containing the mixer
and of the measurement box with the hot and cold
calibration loads. There are no windows between the
cryostat and box, but there are two ZitexTm infrared
filters in the optical path.

microwave absorber with the surface
machined into pyramids. The cold load also
had several baffles coated with an absorbing
paint to reduce room-temperature thermal
radiation influx to the load, and to eliminate
any scattering off the microwave absorber. A
backward-wave oscillator (BWO) was used as
the local oscillator. An isolator and an L-band
cooled HEMT amplifier with a combined
input noise temperature of 6.3 K were used
as the first stage in the intermediate frequency
(IF) system. A bandpass filter in the room
temperature part of the amplifier-chain defmed
the IF bandwidth in the Y-factor
measurements to about 300 MHz, centered
around 1.4 GHz.

The receiver equivalent noise temperature was
determined through a Y-factor measurement
by switching between the hot and cold
calibration loads. At a mixer ambient of
4.2 K, the lowest measured receiver noise
temperature was 3050 K double-sideband
(DSB) at a local oscillator (LO) frequency of
1107 GHz. No corrections for beamsplitter
losses or other losses were made in
calculating the receiver noise, but the thermal
radiation from the calibration loads was
assumed to be in the Rayleigh-Jeans limit.
The local oscillator power that was absorbed
in the device was estimated from the DC
current-voltage (IV) characteristic to be
20 nW. In a separate Y-factor measurement,
the mixer ambient temperature was reduced to
1.9 K, resulting in a lowest receiver noise
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temperature of 1670 K DSB at an LO
frequency of 1103.5 GHz. This data is shown
in Fig.4 . This receiver noise temperature
includes an IF system contribution of 470 K
DSB, referred to the receiver input. The
conversion loss was approximately 18 dB
DSB, including an estimated 5 to 8 dB of RF
coupling losses. No significant level of direct
detection was evident in the measurements at
either 1.9 K or 4.2 K.

The niobium film quality in the tested device
was very high, and as a result the critical
current was comparatively large. At 1.9 K the
critical current of the unpumped device was
too high to be measured, due to protection
diodes and resistors in the DC bias network.
Therefore the absorbed LO power could not
be directly deduced by comparison of the
pumped and unpumped IV curves. A rough
estimate of 40 nW, however, could be made
from the estimated LO power at 4.2 K, and
by using the analytic expression for the
temperature distribution in the microbridge.
This approach assumes that the electron
temperature at the center of the bridge is close
to the critical temperature, and takes into
account that the measured DC dissipated
power at the optimum LO pump level was
approximately 20 nW at both 1.9 K and
4.2 K.

1-V Curves (Hot & Cold)

2 3

DC Voltage (mV)
Fig.4; The DC IV curves and IF power versus DC
voltage curves with the receiver looking at the 295 K
and 82 K calibration loads. These curves were
measured at an ambient temperature of 1.9 K, and
gave a lowest receiver noise temperature of 1670 K
DSB.

Measurement of a Gas Spectral Line

As a verification of the heterodyne response,
an absorption line measurement using a gas
cell was made. Sulfur dioxide was chosen for
this experiment, since this gas has several
strong lines around 1100 GHz. Transmission
spectra for three different gas pressures were
measured by sweeping the BWO frequency
and detectin g, the transmission with a
commercial silicon bolometer cooled to
4.2 K. The spectra were normalized by a
transmission measurement with an empty gas
cell, and are shown in Fig.5 .

A multichannel spectrometer such as an AOS
or autocorrelator was not available for the
experiment described here, so instead the set-
up shown in Fig.6 was used. The IF
bandpass filter that was used in the Y-factor
measurements was removed to increase the
available bandwidth. The intermediate
frequency output from the receiver was
instead filtered to a 1 IvIii2 bandwidth using a
microwave spectrum analyzer, and this
filtered signal was measured with a coaxial
diode detector and a lock-in amplifier. The
lock-in amplifier was synchronized to a
40 Hz chopper, which switched the receiver
input between the 295 K and the 82 K
calibration loads. This laboratory set-up had a
considerably lower signal-to-noise ratio than
the back-end spectrometers mentioned above,
but was sufficient for the intended
demonstration. This measurement was made
at an ambient mixer temperature of 4.2 K.

1113.506
GHz

1108.619
GHz

1102.115
GHz

BWO Voltage
Fig.5; The transmission spectrum of the sulfur dioxide
calibration gas, from a direct-detection measurement
using a silicon bolometer. The three curves were
measured at three different gas pressures.
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Fig. 6; Block diagram of the laboratory set-up for the
gas cell measurement. A spectrum analyzer was used
as a tunable IF filter.
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Fig.7 shows three IF spectra, where the
1102.115 GIL sulfur dioxide line was
detected in the lower sideband of the HEB
receiver for different local oscillator
frequencies. The spectra were normalized to a
measurement with an empty gas cell to cancel
out gain variations in the intermediate
frequency amplifier chain. The gas line
appears as a dip, since the chopped calibration
loads are obscured from the mixer right at the
line frequency (where the gas is optically
thick), while they are visible at frequencies
where the gas is optically thin. The frequency
of the line shifts through the IF band in the
expected way as the local oscillator frequency
is changed, which shows that the response is
heterodyne. A measurement of the mixer
sideband ratio is in progress, which will allow
us to fully quantify the heterodyne response,
and will be reported at a later date.

During the preparations for the spectral
measurement above, a series of measurements
were made to accurately calibrate the BWO
output frequency as a function of anode
voltage and current. This was done by
measuring transmission spectra of sulfur
dioxide by sweeping the BWO anode voltage
for several specific values of the anode
current, which was adjustable by changing the
cathode heater current. The detector in this
measurement was a silicon bolometer. The
two strong absorption lines at 1102.115 GHz
and 1108.619 GHz were used as frequency
references in the calibration. As expected, the

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
Intermediate Frequency (GHz)

Fig.7; The 1102.115 GHz sulfur dioxide gas line
detected in the lower sideband of the HEB receiver for
three different local oscillator frequencies.

main factor in determining the frequency was
the anode voltage, but the frequency was also
found to change in a linear way with the
anode current. This shift was almost 2 GHz
over the useful range of the anode current (23
to 37 mA). It was therefore necessary to take
the anode current into account when
calculating frequencies during the mixer
measurements, where the cathode heater
current was often changed to adjust the
amount of local oscillator power.
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"Calibrated" conversion efficiency

RF Hot/Cold Response

IF System Gain Calibration

Intermediate Frequency Bandwidth

The intermediate frequency dependence of the
device conversion efficiency can be calculated
from the hot/cold response if a correction is
made for the frequency dependence of the IF
amplifier chain. In this experiment the
hot/cold response was measured by the lock-
in technique described in the previous section.
The IF calibration was done by heating the
mixer to the critical temperature of the
niobium film and applying a DC voltage of
several millivolts. Under these conditions the
average temperature in the niobium film, and
therefore the thermal noise generated, changes
in proportion to (small) changes in bias
voltage. This means that the frequency
dependence of the IF system gain, excluding
the HEB device matching but including the
spectrum analyzer and the lock-in amplifier,
could be measured through lock-in detection
by applying a 40 Hz bias modulation. Fig.8
shows the lock-in detected RF hot/cold
response and the response to the DC bias
modulation. The "calibrated" conversion
efficiency in the figure is calculated by
dividing these two curves. As can be seen, the
calibrated response is essentially flat over the
entire 1.1 to 1.8 GHz band. This indicates
that the IF roll-off frequency of this device is
well over 1.8 GHz, which is consistent with
measurements of similar devices [8-9].

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

Intermediate Frequency (GHz)
Fig.8; The RF hot/cold response, the IF system gain
and the conversion efficiency calculated as the ratio of
the two curves. No roll-off in the response is seen.
This measurement was made at an ambient
temperature of 4.2 K.

Summary

Receiver noise measurements have been made
with a niobium hot-electron bolometer,
yielding a best receiver noise temperature of
1670 K DSB at a local oscillator frequency of
1103.5 GHz and an ambient temperature of
1.9 K. The total conversion loss in the
mixer. including RF coupling losses was
18 dB. The amount of absorbed local
oscillator power is estimated at around 40
nW. The IF conversion bandwidth of the
bolometer exceeds 1.8 GHz. The best
receiver noise measured with this device is
slightly lower than in our previous
experiments, and showed no evidence of
direct detection.

The 1102.115 GHz absorption line in sulfur
dioxide gas was detected in the intermediate
frequency band of our HEB receiver,
showing that the response is heterodyne.
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NbN HOT-ELECTRON MIXER AT RADIATION FREQUENCIES
BETWEEN 0.9 THz AND 1.2 THz

Yu.P. Gousev * and H.K. Olsson
Royal Institute of Technology, S-164 40 Kista-Stockholm, Sweden

G.N. Gol' tsman, B.M. Voronov, and E.M. Gershenzon,
Moscow State Pedagogical University, 117 439 Moscow. Russia

We report on noise temperature measurements for a NbN phonon-cooled hot-electron mixer at radiation
frequencies between 0.9 THz and 1.2 THz. Radiation was coupled to the mixer, placed in a vacuum
chamber of He cryostat, by means of a planar spiral antenna and a Si immersion lens. A backward-wave
oscillator, tunable throughout the spectral range, delivered an output power of few 1.1W that was enough for
optimum operation of the mixer. At 4.2 K ambient temperature and 1.025 THz radiation frequency, we
obtained a receiver noise temperature of 1550 K despite of using a relatively noisy room-temperature
amplifier at the intermediate frequency port. The noise temperature was fairly constant throughout the
entire operation range and for intermediate frequencies from 1 GHz to 2 GHz.

INTRODUCTION

Astrophysical and stratospherical investigations in the terahertz (Tliz) frequency range,
which are forthcoming events of the next few years, require heterodyne receivers with
low-noise mixers. SIS mixers, having lowest noise temperatures up to 1 THz, have a
drastic decrease in performance at higher frequencies. Sensitivity of Schottky diode
mixers for THz range is limited by high intrinsic noise level in the diode. A
superconductive hot-electron mixer (BEM), proposed in [1] and [2], is presently the only
alternative to extend heterodyne spectroscopic measurements up to at least 10 THz,
possibly over 30 THz. HEMs demonstrate a noise temperature, comparable to that of SIS
receivers at 1 THz, and the lowest noise temperatures at higher frequencies [3]. They
have also other advantages, like a small required local oscillator (LO) power, a nearly
real impedance, and a relatively simple planar technology.

Two different ways to realize a HEM, with cooling of hot electrons via an out-
diffusion of carriers from the sensitive element to contact pads [2], or by means of
intensive electron-phonon interaction [1], result either in a smaller local oscillator power
[3], or in a larger intermediate frequency (IF) bandwidth [4], respectively. Due to the lack
of tunable LO sources in the far-infrared the large IF bandwidth is essentially important
for spectroscopic measurements. Though future development of a tunable cw radiation
source with a reasonable power at frequencies above 1.5 THz may weaken the latter
requirement, IF bandwidth is currently an important issue for the THz mixer.

* E-mail. yuri @ele.kth.se
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Large IF signal bandwidths, up to several GHz, of the phonon-cooled HEM have
been realized with NbN due to a very short electron-phonon interaction time in this
material, which is about 10 Ps at 10 K [5]. Even a shorter time has been reported for
Yba2Cu307 ..8 [6], which could result in a high-temperature superconducting THz mixer
with large IF bandwidth. Since the effective IF bandwidth of the hot-electron mixer is
larger than the conversion gain bandwidth due to decrease of temperature fluctuation
noise at high IF [7,4], NbN mixers are supposed to have effective IF bandwidths over 10
GHz.

In this paper we report on receiver measurements with an NIN phonon-cooled
hot-electron mixer designed for operation in the THz range. Two devices have been
investigated, with different sensitive element volumes and, correspondingly, different
optimum LO power. We demonstrate that the receiver noise temperature is fairly constant
between 0.9 THz and 1.2 THz throughout the IF measurements range.

EXPERIMENTAL SET-UP

35 A thick NbN films were deposited on 350 gm thick Si substrates by magnetron
spattering of Nb in the atmosphere of Ar and N; a 0.3 pa Ti-Au layer was deposited on
top. By means of photolithography and ion milling a NbN microbridge and a gold planar
logarithmic spiral antenna were formed (Fig. 1). Since NbN films have large sheet
resistance, the microbridge was shaped in a horse shoe form in order to match the normal
state resistance of the device to the radiation resistance of the planar antenna which is
377[2(e+1)]° 5 75 S2 (s = 11.4 is the dielectric constant of Si). Arms of the planar
antenna were connected to a co-planar transmission waveguide [8]. The superconducting
transition temperature of NbN film for two devices used in the experiment was 7.5 K
(device #1) and 7.9 K (device #2), with a transition width of 1.2 K and 1.1 K,
respectively. The normal state resistance, taken at a temperature of 16 K, was 140  for
device #1 and 320 S2 for device #2.

A Si synthesized elliptical lens with no anti-reflection coating was used to couple
radiation to the mixer. A hybrid antenna, consisting of the planar antenna and the
immersion lens, had a nearly rotationally symmetrical radiation pattern (Fig. 2) with a
main lobe width OA of 1.7° at the —3 dB level. The radiation pattern was obtained by
measuring a direct detection response of the NbN microbridge to a low power radiation at
a frequency of 0.97 THz, produced by a backward-wave oscillator. The effective aperture
of the hybrid antenna, 7=1 00 mm2, was about 80 % of the cross-section of the immersion
lens, thus approaching a maximum possible value.

Heterodyne measurements were performed with two black body radiation
sources; a backward-wave oscillator (BWO), fabricated by ISTOK (Russia), served as a
local oscillator at radiation frequencies between 0.9 and 1.2 THz. Maximum total output
power, delivered by the BWO, was 10 gW at 0.97 THz. Two black body sources were
placed in a vacuum chamber (Fig. 3), connected with a He cryostat, thus eliminating a
problem of water vapor absorption in the signal path. One black body was attached to a
metal can filled with liquid N2 and had a temperature of about 90 K; the can was hanging
in the vacuum chamber on a stainless steel tube serving also as a filling path for N2. The
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other black body was fixed to a wall of the vacuum chamber and had a temperature of
290 K.

A TPX lens, installed instead of one window of the vacuum chamber. was
matching the diverging beam of the BWO to the hybrid antenna_ A wire grid polarizer
served as a beam splitter for device #1; a Mylar beam splitter was used when measuring
with device #2. A Golay cell, calibrated with a black body radiation, was set in the LO
path to control output power of the BWO. Black polyethylene film, cooled to 77 K.
blocked the near-infrared background radiation from the vacuum chamber to eliminate
parasitic heating of the mixer. A mechanical chopper with a gold-plated blade switched
radiation from the two black bodies. IF signal from the mixer at frequencies between 1
GHz and 2 GHz was amplified by a room temperature amplifier (noise temperature 40
K), then integrated with a diode detector, and recorded by a lock-in amplifier. To
measure the IF dependence of the noise temperature, we used an internal detector of
HP8592L spectrum analyzer, thus having a possibility to measure the signal at different
IF frequencies within the amplifier bandwidth; the resolution bandwidth was set to 3
MHz.

HETERODYNE MEASUREMENTS AND DISCUSSION

Current-voltage (IV) characteristics for both mixers with and without LO power
applied are presented in Fig. 4. Dc resistance of both devices increased from a constant
value of few n at bias voltage below 1 mV to about 30  for device #1 and 60 for
device #2 at a bias of five millivolt. We apply the constant dc resistance at small bias
voltage, Rs, to a dc series resistance of the bias tee (3.8 n) and the resistance of the spiral
antenna arms. Device #2 demonstrated lower bias currents and higher differential
resistance compared to those of device #1 within the bias voltage interval.

Optimum LO power, PLID, absorbed by the mixer at a radiation frequency of 0.97
THz, was obtained as a difference between power, dissipated in the mixer at two
operation points, 2 and 1, with and without LO applied, respectively. The dc resistance of
the mixer at two points and, consequently, the electron temperature, was the same. We
extracted the dc power dissipated in the series resistance Rs when calculating P.

Optimum LO power for device #2 (130 nW), was 6 times lower compared to that of
device #1 (0.8 gW), corresponding to a smaller volume for the device #2. Since the
available LO power was limited, we used the wire grid polarizer for heterodyne
measurements with device #1, thus providing a larger LO power and having additional
losses in the signal path. Besides 3 dB polarization loss in the signal path, the wire grid
beam splitter added a resistive loss of 0.5 dB.

Double sideband (DSB) receiver noise temperature for different intermediate
frequencies, measured with device #2 at 1.025 THz, is presented in Fig 5. Though the
noise temperature varies within 10 % in the range of our IF amplifier, we could not
observe any pronounced IF dependence. Deviations in the noise temperature should be
rather explained by the influence of our IF chain.

Noise temperature versus radiation frequency for device #2 is presented in Fig. 6.
The noise temperature is fairly constant throughout the operation range. The largest Y-
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factor, 1.122, and a corresponding noise temperature of 1550 K were obtained at 1.025
THz for an IF of 1.1 GHz. We should point out that all measurements were performed
with a room temperature IF amplifier, which contributes about 30 % to the total noise
temperature of the receiver. Using a cooled amplifier should result a decrease in noise
temperature down to 1000 K.

Device #1 demonstrated a higher noise temperature (Fig. 6). However, unlike
device #2, it was used with the wire grid beam splitter, which had much higher losses
compared to that of the Mylar beam splitter. Extracting 3.5 dB loss in the grid beam
splitter, we obtain a lowest noise temperature of 1170 K at 0.97 THz, which is less than
that of device #2 with extracted losses in MyIan The lower noise temperature of device
#1 may be explained by a smaller normal state resistance, resulting in a smaller if
mismatch.

Other rf losses, which contribute to the receiver noise temperature, are listed in
Table 1. Extracting reflection loss at the surface of the immersion lens, reflection and
transmission loss in the polyethylene filter, and contribution from the IF amplifier, we
obtain a 300 K intrinsic noise temperature of the mixer. Better matching a if and IF
impedance would result in even lower noise temperatures.

Table 1. RI losses

The measured low value of the system noise temperature of the NbN phonon-
cooled hot-electron mixer and obvious possibilities for further improvement demonstrate
the advantages of the mixer at THz frequencies. Comparing our present results with those
obtained in the first experiments with phonon-cooled HEM at 2.5 THz [9], where the
noise temperature was many times higher, one should find a reasonable explanation for a
drastic decrease in sensitivity at the higher frequency. We should mention numerous
changes in our present experimental setup, such as better quasi-optical alignment of the
system, eliminating the problem of water vapor absorption, and much higher power
stability of the BWO compared to that of the FIR gas laser used in [9]. As a one more
important factor, we should point out a greatly improved quality of NbN films. We
believe there is no physical reason for any deterioration in performance at radiation
frequencies up to at least 10 THz.
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CONCLUSION

We have shown operation of NbN hot-electron mixer in a frequency range
between 0.9 and 1.2 THz without any deterioration in performance. The measured DSB
receiver noise temperature, about 1550 K, only slightly changes at intermediate fre-
quencies from 1 GHz to 2 GHz, thus proving a suitability of phonon-cooled hot-electron
mixers for spectroscopic measurements.
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1 0 Pm

Fig. 1. Inner part of the planar spiral antenna. The NbN film between the
antenna arms is transparent and therefore not visible on the picture.

S

,--

1,0

- 0,8
s_co

13 0 6

8-0,4
a)

scl 0,2

-2 0 2

Angie (degree)

Fig. 2. Radiation pattern of the hybrid antenna at 0.97 THz.
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Fig. 3. Block diagram of the experimental set-up.
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Fig. 4. Voltage-current characteristics for device #1 at an ambient temperature
of 3.9 K (a) and device #2 at a temperature of 4.2 K (b). Operation point
is marked by a circle.
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Fig. 6. System noise temperature for different radiation frequencies.
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Abstract

In this paper, the noise perform.ance of NIN based phonon-cooled Hot Electron
Bolometric (HEB) quasioptical mixers is investigated in the 0.55-1.1 THz frequency
range. The best results of the DSB noise temperature are: 500 K at 640 GHz, 600 K at
750 GHz, 850 K at 910 GHz and 1250 K at 1.1 THz. The water vapor in the signal path
causes a significant contribution to the measured noise temperature around 1.1 THz. The
required LO power is typically about 60 nW. The frequency response of the spiral
antenna+lens system is measured using a Fourier Transform Spectrometer with the HEB
operating in a detector mode.

Introduction

In the past years the development of low noise receivers for the THz frequency range
has focused on superconducting HEB mixers. Predicted feasible noise figures of HEB are
close to the quantum limit and their RE frequency bandwidth is not limited by the
superconducting energy gap like in SIS mixers [1].

Two different types of HEB mixers have been developed: The phonon cooled HEB
and the diffusion cooled HEB. These mixers employ different cooling mechanisms of the
electron subsystem. In the phonon cooled HEB the electron energy relaxes through
interaction with phonons [1] while in the diffusion cooled HEB hot electrons are
predominately cooled by outdiffusion into metal contact pads [2]. The intermediate
frequency (IF) bandwidth of a HEB mixer is determined by an electron energy relaxation
time. To realize a wide bandwidth in the phonon-cooled HEB one must use a
superconductor with a short electron-phonon relaxation time te-ph, e.g. NbN. For the
diffusion-cooled HEB a material with rather long te_p h as Nb can be used, but the
bolometer strip must be short enough to enhance the outdiffusion of electrons to dominate
over electron-phonon interaction. Recently reported results show that both mixer
techniques yield reasonably broad IF bandwidth of several GHz [3-61.

Which type of HEB mixer is more appropriate is not yet clear. The comparison of
mixer technologies shows that at the present stage of the development the phonon cooled
HEB mixers exhibit larger gain and noise bandwidths, 3.2 and 8 GHz respectively,
measured at 650 GHz [3] and a better noise performance at frequencies up to 1.1 THz [7].

131



The diffusion cooled Nb HEB mixers have shown better noise performance at
2.5 THz [8]. Gain bandwidth measurements at 20 GHz indicate that for this type of HEB
it is possible to achieve a bandwidth of 6 GHz for the 0.1 gm long devices [6]. However,
at higher RF frequencies measurements were performed only for 0.3 gm long devices and
the noise bandwidth does not exceed 2 GHz [8,9].

Taking a look at the recent results obtained for both types of mixers one can see that
the main difference in the characterization of these mixers was the amount of absorbed
LO power, PLO, which is basically determined by the bolometer time constant and its
volume. It should be noted that the conversion gain of the HEB mixer does not depend on
the bolometer volume [1]. Therefore the dimensions of the strip can be in principle
chosen to adjust PLO for a particular application. This freedom is limited by the constraint
to match the device impedance to the antenna. Moreover there are other limitations
restricting the bolometer dimensions for both types of HEB:

For the diffusion cooled devices the length of the strip must be small to provide a
short time constant of the mixer. The need to match the device to the antenna makes it
necessary to have a small cross-section of the Nb strip due to the low film resistance.
These two requirements reduce the device volume leading to a very small PLo. This, in
turn, restricts the dynamic range of the mixer.

For the phonon-cooled HEB the film thickness is the only limiting parameter. It must
be small enough to provide fast escape of nonequilibrium phonons into the substrate. The
strip in-plane dimensions are free parameters. Matching to the antenna requires a certain
length-to-width ratio of the strip, but one can scale the strip to adjust the dynamic range
of the mixer and meet particular LO power requirements.

In this paper we describe the development of subrnicron size phonon cooled HEB
mixers with low required LO power and present results of heterodyne measurements in
the 0.55-1.1 THz frequency range.

Device fabrication and experimental setup

Micrographs of the spiral antenna integrated HEB mixer and the center part of the
antenna are shown in Figures 1 and 2. The fabrication procedure consists of 4 main steps
(illustrated in Figure 3):

1. Deposition of NbN film;
2. Patterning of Au pads for bolometer strip definition;
3. Patterning of antenna, large contact pads and transmission line;
4. Patterning of the bolometer.
The devices are made out of a 3 nm thick NbN film deposited on a high-resistivity Si

substrate. A detailed description of the film fabrication process is found in [4].
The obtained films have a sheet resistance of about 1 Icn/o, a transition temperature

around 10 K and a transition width of 0.5 K. After all processing steps the transition
temperature drops down to 9 K with a transition width of 1 K. A typical R(T) curve of the
device is shown in Figure 4.

In the next process step Au pads are placed in the center of each chip. The spacing
between them already defines the dimension of the bolometer, typical is a length 0.2-
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0.5 pm and a width of 1-5 um (depending on the design of the spiral antenna). Applying
electron beam lithography for patterning a double layer resist system (Copolymer +
PMMA) one gets a lift-off mask which allows metallization of the structure. After
evaporating 5 nm titanium (to establish good adhesion) plus by 80 nm. Au using e-beam
evaporation system the lift-off mask is removed in acetone.

The baseline wiring consists of the spiral antenna and large contact pads. For
patterning, the same lithography technique as in the previous step is used with 5 nm
titanium plus 200 mu Au.

In the last step the NbN film, which is still left on the whole wafer, has to be removed
except between the contact pads. E-beam litho graphy with negative resist SAL601 is used
to define a mask that covers the bolometer part and the Au pads. Etching is done in an
argon ion beam system for about 10 min (acceleration volta ge 400 V, current
0.2 mA/cm2). The remaining resist is left on the device.

Finally, photo resist is spun on the whole wafer for protection when sawin g up into
chips of size 2x4 min (5x5 ram if transmission line is included).

The setup for heterodyne measurements is shown in Figure 5. The mixer chip is
clamped to an extended hemispherical silicon lens with a quarter wavelength
antireflection coating optimized for 660 GHz. The mixer block is mounted in a LHe-
cooled vacuum cryostat equipped with a 380 pm Zitex G115 IR radiation filter. As LO
sources we use three BWOs covering the 550-1100 GHz frequency range. The radiation
from the LO is focused by a Teflon lens and combined with the signal by a 12-gm-thick
Mylar beamsplitter. The noise temperature is measured using the Y-factor technique with
hot/cold (295/77 K) loads in the signal path of the receiver.

The device output is connected through a bias-T to a two-sta ge IF amplifier chain. As
a first stage we use a cooled HEMT amplifier with a center frequency of 1.5 GHz,
300 MHz band and a noise temperature of 5 K. The amplified mixing signal is then fed to
a scalar network analyzer.

Antenna design and simulations

The antenna used in the quasioptical setup is an equiangular spiral with a 90° arm
width, which yields a self-complementary design. The antenna shape is specified by a
spiral expansion rate and an antenna terminal size. The expansion rate is optimized for
smooth and uniform antenna patterns with small variations in beamwidth with frequency
and wide bandwidth. Based on previous experience an expansion rate of 3.2 per turn was
chosen for a 1.5 turn antenna. A wide bandwidth is needed at the present stage of the
mixer development since it allows to perform mixer measurements and comparison of
mixer properties over a wide frequency range.

As follows from Babinet's principle the input impedance of a self-complimentary
infinite structure should be pure real and equal to Ziant--.20/[2(14-8)] 1r2, i.e., 75 Ohm for Si.
However, there are several factors like finite antenna arm length, nonideal antenna
geometry at the device, finite thickness of the antenna arms, frequency-dependent surface
impedance of the metal etc, which in practice influences the impedance of the antenna.

Three-dimensional simulations of the integrated antenna were performed using
HFSS (High Frequency Structure Simulator — HP85180A) by Hewlett Packard. The
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following setup is investigated: The antenna arms are modeled as a three-dimensional
structure with finite resistance which is located on the back plane of silicon extended
hemispherical lens. The whole structure is placed in a cavity with absorbing boundaries.

The antenna is modeled in a transmit mode. This requires to replace the bolometer by
a voltage source parallel to a surface resistor with the same size. Such a feed port does not
allow direct impedance calculations but it produces consistent field distributions.
Simulations are performed in a frequency range 0.5-1.5 THz for a 200 am thick Au
antenna. The surface resistor dimensions are 2x0.3 gm. The conductivity of the Au film
was assumed to be 8 . 107 Olun-1 -m-1 - two times larger than its bulk value at room
temperature. The calculation results obtained for frequencies above 1.3 THz show strong
spurious mode excitations. At frequencies below 1.3 THz the expected field distribution
in spiral arms is observed. We have calculated the spot diameter related to current drop
off in the antenna arms and compared that to a first order estimation for the minimum
required antenna diameter of the ideal spiral (antenna structure is a perfect electric
conductor and scaling invariant) [101. This predicts that the current fades away at an
armlength of about one wavelength. The current spot diameter of the calculated structure
decreases with frequency faster than predicted. This is due to ohmic losses in the antenna
arms which increase with frequency and the change in antenna curvature in the center.
The obtained results are preliminary and further work on integrated antenna simulation
(antenna impedance and pattern calculations) has to be done.

The integrated antenna frequency response has been investigated experimentally using
Fourier Transform Spectroscopy (FTS) technique. In these measurements the HEB is
driven to a temperature close to Tc and operated as a detector. Since the HEB response is
frequency independent the obtained spectrum is basically determined by the antenna+lens
system response. There are also additional optical losses in the signal path (cryostat
Teflon window, Zitex IR filter) which were not taken into account so far.

The signal from the FTS is phase modulated (PM) in order to reduce the background
noise and increase the detector signal-to-noise ratio. Due to the fact that PM 'does not
modulate all wavelengths equally the modulation amplitude of a vibrator mirror was
chosen in such a way to make the spectral power distribution within 50% variations in the
frequency range of interest 0.7-2.5 THz. The maximum of FTS output power measured
with a Golay cell was found at about 1.5 THz.

The FTS spectrum obtained for the device #2 is show in Figure 6. The antenna
extends one and a half turns and has an inner radius of 3 gm. This gives a crude short
wavelength limit of 30 gm (3 THz in a free space) [11].

The observed lower cut-off frequency of the measured integrated antenna arises
because of the wavelength selective nature of phase modulation and spectral emission
function of the FTS Hg lamp. The upper cut off frequency is about 1.25 THz. This is
considerably lower than the expected value for the above antenna geometry. Possible
explanations for this are:

Destructive interference of the antireflection coating of the lens optimized for a
maximum transition at 660 GHz; minimum transition occurs at a double frequency —
1.3 THz;
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Chromatic aberration of the lens leading to a shorter focal length at higher frequencies
which deteriorates the antenna coupling efficiency. This can be avoided employing
elliptical or smaller hemispherical lenses.

Results and discussion

Several mixers made by e-beam lithography have been tested. Most of them have
shown excellent noise performance. The noise temperature of three best mixers are
plotted as a function of LO frequency in Figure 7. The in-plane dimensions of the
bolometer strip are 0.2x4 um for the device 7a 1 and 0.2x2 .tin for the devices #2 and .43.
The best Y-factor of 1.4 dB was measured for the device #1 at 630 GHz, corresponding to
500 K DSB noise temperature. Note that all reported results are not corrected to account
for losses. The measurements are performed at 4.5 K ambient temperature, cooling the
mixers down to 2.5 K leads to an insignificant drop of the noise temperature.

The optical losses in the signal path are estimated to be at least 3 dB. This includes
absorption losses in the cryostat teflon window, Zitex IR filter, beamsplitter and Si lens,
and antenna losses (backside radiation and sidelobe losses). Eliminating this from the
receiver noise temperature gives the intrinsic mixer noise temperature of about 300 K for
all mixers presented in this work.

The observed smooth frequency dependence of the noise temperature for all mixers is
probably determined by the antenna-lens system, as discussed above. Another possible
reason could be the change of the RF impedance of the superconducting film near the slap
frequency. This effect influences the RF matching of the device to the antenna.

A considerable contribution to the measured receiver noise temperature at THz
frequencies comes from atmospheric absorption. It can been seen distinctively at 1.1 THz,
where the sharp rise in the noise temperature is due to a strong water absorption line.
Moving the cold load forth and back in front of the cryostat window at this LO frequency
causes the substantial change of the measured Y-factor.

In Figure 8 we plot the pumped IV-curves of the device # 2 as well as results of noise
temperature measurements vs. position of the operating point at 0.75 THz. It can be seen
that in a quite wide range of the LO power and dc bias variations the noise temperature of
the mixer is not changing drastically. This is a special benefit for THz frequency
applications where one still has to refer to laser systems as LO sources often suffering
from output power instability.

The absorbed LO power was estimated using the isotherm technique assuming that
the response to dc and RF power is the same. It is derived from two pumped IV curves
with different amounts of LO power which are crossed far from the unstable region by. a
constant resistance line [71. This technique gives about 100 nW absorbed LO power for
the device #1 and about 60 nW for the devices #2 and #3. These numbers correlate well
with the in-plane dimensions of the bolometer. It is important that there is no fundamental
limitation to further decrease the bolometer volume and assure even smaller amount of
LO power.
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Conclusions

A quasioptical phonon-cooled HEB mixer with submicron in-plane dimensions of the

superconducting strip has been fabricated and tested in the 0.55-1.1 THz frequency range.

The results of the noise temperature measurements show that these mixers have excellent
performance, comparable to SIS mixers at frequencies about 1 THz. The small amount of
coupled LO power, about 60 nW, is needed to pump the mixer to the optimal operating
point.
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Fig. 1. Micrograph of the spiral antenna integrated HEB mixer.

Fig.2. Micrograph of the antenna gap.
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ABSTRACT

The conversion gain bandwidth characteristics of millimeter-wave mixers using high-Tc super-

conducting YBa2Cu307 (YBCO) thin films are presented. The YBCO films are patterned into lattice-

cooled hot-electron bolometers (HEB) coupled to an integrated antenna and transmission line. Direct

heterodyne and homodyne down-conversion measurements using local-oscillator frequencies of 75

GHz and 585 GHz show overall conversion gains of -35 dB, which includes a -18 dB coupling loss.

The gain bandwidth shows a simple Lorentzian roll-off with -3 dB point of 5 to 8 GHz. No second

plateau in the gain spectrum has been observed, in contrast to other reports. The effective volume of

the HEB is believed to be significantly smaller than the physical dimensions of the device.

Gershenzon, et al. 1 first proposed the design

of a lattice-cooled superconducting hot-elec-

tron bolometer (HEB) for use as a low-power,

wide-band-width heterodyne mixer at milli-

meter and submillimeter-wave frequencies.

This idea has been successfully implemented

using NbN2 , which shows a conversion gain as

high as -15 dB using 1 1.tW of pump power at a

temperature of 4.2 K. The ultimate speed and

bandwidth of the lattice-cooled HEB is deter-

mined by the electron-phonon scattering rate.

For this reason, Gershenzon 3 suggested that the

high normal-state resistivity of the high-Tc

superconductor YBa2Cu307 (YBCO) could in-

dicate a very fast electron inelastic scattering,

rate and so make this material an ideal candi-

date to produce a very wide instantaneous

bandwidth lattice-cooled HEB operating at 77

K. The first reports of such mixers at 1.5 gm

(Ref. 4) and 9.6 gm (Ref. 5) wavelengths

showed a very low intrinsic conversion gain of

-77 dB (excluding coupling losses) using a rel-

atively large 0.3 mW of absorbed LO power.

However, the gain bandwidth showed a two-

plateau structure. A low frequency plateau

near -77 dB rolled off near 1 GHz intermediate

frequency (IF) but gave way to a second pla-

teau near -90 dB that extended to at least 18

GHz, the upper limit of the measurement.

Karasik, et al.,6 have done extensive calcu-

lations on the conversion gain properties of

lattice-cooled HEB mixers for different mixer

dimensions, using a two-temperature model.

They found that the conversion gain increases
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Figure 1: Calculation of the conversion gain band-
width for a YBCO HEB mixer using the model of Ref.
6. An ideal 100% coupling of power to the HEB is
assumed. The parameters used, including the phonon
escape lifetime and the electron-phonon scattering
time, are appropriate to YBCO with the nominal phy-
sical dimensions of the devices discussed in the text.

and noise temperature decreases for smaller bo-

lometer volumes. The conversion gain band-

width of the HEB is determined by the time it

takes to remove heat from electrons via elec-

tron-phonon scattering and the escape of pho-

nons from the bolometer. The latter is the

slower time scale and is determined primarily

by the bolometer thickness, with thinner bolo-

meters leading to faster response times. The

first roll-off in the reported two-tiered band-

width structure was interpreted as a conse-

quence of the phonon escape time from the

HEB, and the upper limit of the second plateau

interpreted as caused by the electron-phonon

relaxation rate. Time-resolved measurements
7

of the electron-phonon relaxation rate in YBCO

show a relaxation time of 1.5 ps, leading to a

calculated upper bandwidth limit of order 100

GHz. Fig. 1 shows the calculated two-tiered

conversion gain bandwidth for a YBCO HEB

with the nominal physical dimensions of our

device, using the model of Ref. 6. The low-fre-

quency plateau shows a maximum intrinsic

conversion gain of -12 dB, dropping to -50 dB

at the second plateau. Because of the relatively

thick (100 nm) films used, the slow phonon

escape lifetime leads to a first roll-off point fi

of only 55 MHz.

We recently reported on the low power

responsivity and conversion gain characteristics

of small YBCO HEBs operating near 77 K. 8 A

60 dB improvement over previously reported

values in the intrinsic conversion gain near 2

GHz IF demonstrated the potential of the

YBCO HEB as a useful mixer. Here we address

the conversion gain bandwidth characteristics

of these mixers. In contrast to Refs. 4 and 5,

we observe a single roll-off conversion gain

bandwidth with -3 dB point of 5 to 8 GHz in

these high-gain mixers. Based on the analysis

of Ref. 6, this relatively high conversion gain,

combined with the high resistance of the device,

indicates that the effective volume of the HEB

is significantly smaller than the nominal phy-

sical dimensions of the device.

The HEBs began as YBCO thin films nomin-

ally 100 nm thick covered with — 2 penetration

depths of a gold overlayer, all on MgO sub-

strates. A double-slot antenna and co-planar

transmission line were then etched into the

YBCO/Au using an ion beam (see Fig. 2). The

Au overlayer was removed over the area of the

HEB itself, which had nominal physical

dimensions 2 gm (width) X 2 gm (length) X 100

nm (thickness), using a non-aqueous iodine-

based Au etch which did not affect the su-

perconducting transition temperature or width
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Figure 2: SEM micrograph of a YBCO HEB coup-
led to a 585 GHz double-slot antenna and a co-planar
transmission line. The 2 gm x 2 gm HEB itself is at
the intersection of the two tapers in the center of the
picture. The width of the antenna arms is 175 gm.

and was found to be more reliable than the

timed argon ion beam milling previously used.

Finished bolometers had room temperature

resistances of 300 to 600 E2, transition widths of

2 to 3 K at around 85 K, and nominal critical

currents at 77 K of - 0.1 mA.

Measurements were done quasi-optically.

Samples were clamped onto a silicon hyper-

hemispherical lens and heat sunk to a copper

block. Sample temperature could be varied

from 66 to 93 K. For direct heterodyne con-

version gain measurements, two tunable Gunn

log IF (Hz)

Figure 3: Measured conversion gain bandwidth at
two sample temperatures for 75 GHz LO frequency
using 2 1.1W LO power. Data are nomralized to the
low-frequency gain at 66 K. The fits are simple
Lorentzians, with -3dB points of 8 GHz (66 K) and 6.5
GHz (77 K).

diodes (75 to 90 GHz) were used. Attenuators

kept the total power 5_ 1 mW in all measure-

ments. The difference frequency generated by

the HEB was amplified using a cooled micro-

wave amplifier with bandwidth of 20 GHz. At

585 GHz, homodyne response was measured

by using a Schottky diode in a corner cube to

generate amplitude modulated sidebands onto

the beam from a gas laser. Side-bands could

be tuned up to 20 GHz off the laser line.

Sideband power (1 to 10 p.W) was calibrated

using a known Schottky diode receiver.

Fig. 3 shows the measured conversion gain

bandwidth at two different temperatures for one

of our YBCO HEEBs using 2 p.W of LO power at

75 GHz. The rf power was kept at 0.1 I.LW and

was tuned upward from the LO. Data are

normalized to the low-frequency gain at 66 K.

Estimating a coupling loss of 18 dB from

pumped and unpumped /-1/ curves,9 the in-

trinsic conversion gain to be compared with

Fig. 1 is approximately -17 dB at the lowest

frequencies at 66 K. The conversion gain is

slightly lower and has a lower frequency roll-

off at the higher temperature. At both temp-

eratures, the data are well fit by a simple

Lorentzian with -3 dB roll-off of 6.5 GHz at 77

K and 8 GHz at 66 K. There is no sign of a

second plateau in the spectrum up to 20 GHz

IF. Similar Lorentzian bandwidths were ob-

served with other samples in the homodyne

measurements at 585 GHz LO frequency.

Typical -3 dB frequencies measured with 585

GHz were -5 GHz.

There are several important differences

between the data shown above and the data of



Refs. 4 and 5 and the calculation of Ref. 6.

Most markedly, we do not observe a two-

plateau gain-bandwidth structure. Using smal-

ler LO power, the single Lorentzian bandwidth

shown in Fig. 3 has an overall conversion gaintz,
two orders of magnitude larger, and a -3 dB

roll off at frequencies 5 to 8 times higher, than

the comparable values reported in Refs. 4 and

5. While we have not observed evidence of a

two-plateau structure, it is possible that the

restricted frequency range of the measurement

allows us to observe only one of the two

plateaus. If so, the measured intrinsic conver-

sion gain of -17 dB agrees much more closely

with the the calculated low-frequency plateau

conversion gain of -12 dB in Fig. 3, rather than

the -50 dB gain of the second plateau. This

suggests that of the two frequency plateaus, the

lower frequency one whose roll-off is set by the

phonon escape time is being measured.

However, the bandwidth of the first plateau

was calculated to be only 55 MHz given the

nominal 100 nm thickness of the YBCO film,

compared to the measured bandwidth of 5 to 8

GHz. It is possible that the larger bandwidth we

observe pushes out the first plateau far enough

to obscure a clear observation of the second

plateau within our measurement limits.

The higher than expected bandwidth im-

plies, within the two-temperature model, a faster

phonon escape time. This can result from a

combination of a thinner HEB than the nom-

inal dimensions indicate, and the presence of

effective phonon escape routes from the HEB

other than to the substrate. If phonons escaped

only to the substrate, to obtain a first roll-off of

5 GHz would require a bolometer thickness of

~1.5 nm within the model of Ref. 6. Such a

small thickness is inconsistent with the good

superconducting transition in the DC resistance

of these devices.

The idea of having a smaller effective

superconducting bolometer volume is con-

sistent with the high normal-state resistivity of

the device. Given the nominal dimensions of

the bolometer and an upper bound on the

room-temperature resistivity of 300 I.L.Q-cm for

YBCO films showing a good superconducting

transition, the device is expected to have a

room-temperature resistance of less than 30 C2,

while we measure 300 C1 routinely. Because

the entire device shows a DC super-current, the

entire length of the bolometer must super-

conduct. The high resistance must then come

from a decrease in the supercurrent-carrying

cross-sectional area. Similarly, a good YBCO

film should have a critical current density of at

least 5 x 10
5
 A/cm

2
 at 77 K, while the measured

values for our devices indicate critical current

densities ten times lower using the nominal

width and thickness. Based on the resistivity

and the critical current, we estimate the effective

superconducting thickness of the HEB to be

closer to 15 to 20 nm. It is quite possible that

etching damage to the top and edge surfaces

can degrade the exposed YBCO and leave only

a smaller region in the center of the patterned

film with good superconducting properties.

The decrease in sample cross-section is

actually fortuitous. Higher resistance makes it

easier to obtain a 50 n impedance match to the

antenna and transmission lines when operating
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the bolometer in the superconducting tran-

sition. Also, the smaller effective thickness and

volume gives a faster phonon escape time to the

substrate and provide alternate phonon escape

paths to the damaged non-superconducting

material at the edges and sides. The decrease in

the escape time leads naturally to a higher

conversion gain bandwidth. Finally, the cal-

culations of Ref. 6 indicate that the mixer noise

temperature should decrease with smaller HEB

volumes. Preliminary measurements of the

mixer noise show an input noise temperature of

around 5,000 K for our best (highest con-

version gain) samples at the optimal operating

point. This noise figure is also much lower

than expected for an HEB of the nominal

physical dimensions we use, but is consistent

with a mixer of significantly smaller super-

conducting volume.

In summary, we have reported on

conversion gain bandwidth measurements for

high-Tc super-conducting YBCO hot-electron

bolometer mixers. Using LO frequencies of 75

GHz and 585 GHz, simple Lorentzian band-

widths were measured with -3 dB IF roll-offs

between 5 to 8 GHz. This is in contrast to two-

tiered roll-offs reported by others. The larger

bandwidths we observe may be due to a faster

phonon escape time resulting from a smaller

superconducting cross-section than the nominal

dimensions of the device indicate, as well as

alternate phonon escape routes. The DC resis-

tance of the device, the critical current, and

noise temperature measurements also support a

smaller effective volume.
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ABSTRACT
A novel GaAs monolithic membrane-diode
(MOMED) structure has been developed and im-
plemented as a 2.5 THz Schottky diode mixer.
The mesa-style planar diode uses a rectangular
anode with a T-shaped metalization and a foot-
print that measures nominally 0.2,um by 1 pm. It is
integrated onto a 31um thick by 36/an wide by
600,um long GaAs membrane which bridges
across an aperture in a monolithic all GaAs sup-
port frame approximately 50,an thick RF filter
structures are incorporated on the 600 Affn long
membrane. The membrane frame and RE circuit
are coupled to an electroformed waveguide
mount that places the diode across the center of
a 2.5 THz full height rectangular waveguide
(100x501um2). The mixer mount contains an inte-
grated Pickett-Potter feed horn and rectangular
waveguide transformer, suspended-striplirze sin-
gle-mode RF filter channels to house the mem-
brane, a fixed waveguide backshort for RF
matching and a quartz-based transformer for the
desired 7-21 GHz IF output Measurements of
receiver performance, in air, yield a T - of
20,000 K DSB at 8.4 GHz IF using a 150K com-
mercial Miteq amplifier. The receiver conversion
loss measures 17 dB (including air, diplexer, F
filter and horn coupling losses), yielding a de-.
rived front-end noise temperature of approxi

mately 12,500K DSB at 2514 GHz. A CO?--
pumped methanol far-IR laser is used as a local
oscillator at 2522 GHz and is injected with a
Martin-Puplett diplexer. The required local oscil-
lator power is below 3mW for optimum pumping,
and no device damage was observed with inci-
dent power as high as 22mW. Improvements in
noise temperature are expected as the devices
and circuits are still being optimized The mixer
is baselirzed for flight use on the Earth Observing
System Microwave Limb Sounder instrument to
measure 02 at 2502 GHz and OH at 2510 and
2514 GHz. E0S-MLS is scheduled for launch in
2002 on the Chem I platform, as part of NASA's
Mission to Planet Earth.

I. INTRODUCTION
The THz frequency range offers a unique challenge
for both heterodyne circuit and device designers. It
represents a cross-over regime where wavelength
scales stretch the tolerances of traditional machin-
ing as well as the dimensions and geometries ac-
cessible through photolithographic processes. In
addition, critical device and RF circuit dimensions
require submicron resolution to reduce parasitics
whereas surrounding circuitry, especially at the in-
termediate frequencies which lie in the microwave
bands, require macroscopic structures with smooth
mechanical and electronic transitions to the RF en-
vironment In this paper we report on a process
and component design which blends the flexibility
of mechanical machining and the tight tolerances
and multiple die processing advantages of micro-
machining. Although the techniques and circuit
concepts described in this paper have been aimed
at a specific flight component realization, a 2.5 THz
Schottky diode mixer, other millimeter and submilli-
meter-wave GaAs semiconductor circuits can be
enhanced with similar processing: frequency multi-
pliers, detectors, oscillators, antenna coupled de-
vices, planar array circuits, etc. The mixture of
semiconductor and mechanical fabrication tech-
niques, the blending of the active device and sur-
rounding passive RF circuity, the enhanced reliabil-
ity and ease of handling of the planar circuit and the
solid RF performance achieved with the first dem-
onstration circuit have opened a window of oppor-
tunity for submillimeter-wave semiconductor cir-
cuitry.

II.GaAs MEMBRANE

Ha. Introduction and Concept-
Due to moding effects, high frequency circuits are
often limited by the thickness of the support sub-
strates that must be used to define the active and
passive RF structures used for signal processing.
After device and circuit processing, microwave
semiconductor substrates are generally mechani-
cally lapped to a thickness as small as 50 microns;
but even 50 microns is too thick for microstrip cir-
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cults above 300 GHz. Also, 111-V semiconductors like
GaAs are extremely brittle, and handling is a major
problem with these wafer dimensions. Wet chemical
etching has been used to thin GaAs-based devices to a
thickness of <5 microns, but here again, handling and
cracking of the substrate material becomes a major
concern.

Silicon micromachining techniques have been used
very successfully to make a variety of RF structures and
components, including superconducting mixers, with
dimensions compatible with THz circuitry [1-61. How-
ever, these components rely on the mechanical, not
the electrical properties of the silicon for their applica-
tions. At high frequencies, silicon cannot be used to
form good quality active devices, i.e., diodes, transis-
tors, etc. For device applications above 50 GHz, Ill-V
semiconductors, especially GaAs, are preferred over
silicon. Several research groups [7-10] have recently
investigated GaAs membrane structures. These ap-
proaches have led to techniques for fabricating GaAs
membranes of multiple shapes and sizes for a few as-
sorted mechanical applications. Although some device
incorporation has been attempted [8, 11 b no one has
yet taken advantage of the combined device/RF prop-
erties afforded by a GaAs membrane technology, nor
realized a membrane fabrication approach that is com-
patible with existing high frequency circuits and de-
vices.

The GaAs membrane process we have developed is
tailored specifically for compatibility with existing RF
circuit and two terminal device realizations at THz fre-
quencies. It is a relatively straightforward process, re-
quires no strongly anisotropic etchants, makes use of a
simple epitaxial layer structure with two AlGaAs etch
stops and is directly compatible with our existing THz
planar diode fabrication process [12].

fib. Diode and Membrane Fabrication:
The 2.5 THz mesa air-bridge T-anode Schottky bar-
rier diodes used for the mixer circuit described in this
paper are fabricated in a process which is similar to
one we developed for THz resonant tunneling diodes
[13] with a few enhancements and a novel planariza-
tion step. In order to allow subsequent membrane
formation the GaAs host wafer has the epitaxial
structure shown in Fig. 1. The only additional layer
structure required over our traditional mesa Schottky
diodes are the 31am thick semi-insulating layer and
the lower etch stop which define the membrane. All
device and surrounding RF circuit processes are
completed before membrane definition occurs.

For the 2.5 Tliz diode definition, the wafer struc-
ture consists of a thin (<1000 A), I O' 8/cm3 n-type
Schottky layer, a heavily doped (5x10 18 ), one mi-
cron thick n+ layer for low-resistance ohmic con-
tact and a thin (=600 A) AlGaAs etch stop layer.
Front-side lithography is defined using a combina-
tion of tools including a 5x I-line projection mask
aligner, a 50 kV electron beam system, and con-
tact lithography. Conventional recessed
Au/Ge/Ni/Ag/Au ohmic contacts are used. Two
mesas are required for each device because of our
anode process [14 The active mesa is only
about a micron larger than the ohmic contact, and
it is etched using a selective BC13/SFE/Ar mixture in
an electron cyclotron resonance (ECR) reactive
ion-etch system (RE). Mesa edges and the etched
field are smooth. A subsequent metalization step
is used to provide air-bridges to the tops of the
vertical mesa walls and to form the RF filters and
the IF and DC bias lines used to connect the diode
with off-chip mixer circuitry.

Anodes are formed using a novel PMMA quasi-
planarization technique followed by a PMMA/co-
polymer/PMMA trilayer resist as is commonly used
for HEMT or FET T-gates [13]. The PMMA pla-
narization is done by spinning on multiple layers of
495k PMMA to a thickness of approximately 4 to 5
microns, much thicker than the height of the me-
sas, followed by a sequence of deep-UV blanket
exposures and brief acetone spin-develop steps
until the mesa tops are exposed. PMMA was cho-
sen for the planarization because more commonly
used substances turned out to be incompatible
with the PMMA used for the anode lithography.
The definition of the Tr/Pt/Au anodes has been
described elsewhere [14]. Finally, plasma en-
hanced chemical vapor deposition (PECVD) silicon
nitride is used to passivate the finished devices.

The first membrane-related processing step litho-
graphically defines the membrane strips from the
topside of the wafer. CF4102 RIE is used to remove
the silicon nitride device passivation layer. An ECR
system using BC13/Ar, then BC13/SFE/Ar, is used to
continue etching down to the lower AlGaAs etch
stop layer. Material must be left wherever the
membranes themselves are to be formed as well
as over the tops of the frames so that there is no
step incurred for the metallization layer as it trav-
erses the frame.
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The wafer is next mounted topside-down, using wax,
onto a suitable carrier wafer, e.g. silicon, glass or
sapphire. The backside is then lapped and polished
to the desired frame thickness of 50 um. After lap-
ping, the backside of the wafer is cleaned by subject-
ing it to a light etch and then protected by a low tern-
perature deposited (ECR) silicon nitride layer. The
back of the wafer is then coated with photoresist and,
employing a backside aligner, the relative positioning
of the membrane and support frame is accomplished.
The silicon nitride is then etched from all non-frame
areas, including all membrane areas, by reactive ion
etching.

The frames are then formed by wet etching in an
H202/NH3OH mixture [151 that selectively etches
GaAs relative to AlGaAs. A brief non-selective etch
(phosphoric acid/hydrogen peroxide/water) is then
used to remove the AIGaAs etch stop. An additional
lithography step and dry etch can be employed to
expose metal beam leads overhanging the edges of
the frames when such leads are desired.

The membranes with their associated RF structures
and frames are now completely defined. The finished
parts can be removed from the carrier wafer by dis-
solving the wax and any remaining photoresist in an
appropriate solvent The parts can be collected in a
fine mesh placed in the bottom of the solvent vessel.
No dicing or cleaving of the final parts is required.
Process steps are shown in Fig. 2 and SEM micro-
graphs of the finished parts appear in Fig. 3.

III. 2.5 THz MIXER

IIIa. Introduction and Concept: 
The lowest order OH doublets at 2510 and 2514 GHz
are strong tracers for the reaction rates of key ozone
depleting cycles in the Earth's atmosphere. By a for-
tuitous coincidence of nature, a strong methanol laser
line at 2522 GHz can be used as a pump source for
heterodyning; producing IFs at 8 and 12 GHz. An 02
line at 2502 GHz provides a convenient pressure (alti-
tude pointing) calibration at an IF of 20 GHz. A re-
ceiver noise temperature of 20,000K single sideband
(30K for receivers at both polarizations) provides
enough sensitivity to allow daily global stratospheric
maps of OH above 35 km and weekly zonal maps
above 18 km from a satellite in polar orbit. These re-
quirements are consistent with the performance that
can be obtained from state-of-the-art room-
temperature Schottky diode mixers.

Whisker-contacted corner cube mixers have been
used at frequencies at and above 23 THz for many
years [16-19 for example]. Although the perform-.
ance that has been reported [18], can be excep-
tionally good compared to mixers at other frequen-
cies, as far as space-based remote sensing applica-
tions are concerned, the comer-cube suffers from
three major drawbacks: (1) low reliability (anyone
who has used one will attest to this), (2) poor beam
quality and (3) extremely tight assembly tolerances
that substantially affect RF performance and beam
shape.

Recently, a group at Rutherford Appleton laboratory
fabricated a waveguide-based 2.5 THz mixer with a
novel "planar-whisker" contact (201. The reported
performance of this mixer was not quite as good as
the better corner-cubes, but was very reasonable,
and subsequent work has improved the noise tem-
perature substantially [211. Advantages of the RAL
mixer include improved reliability (the planar whisker
is more repeatable and reliable than its corner-cube
counterpart) and in the improved efficiency ob-
tam ed from single-mode waveguide-to-hom anten-
nas. Members of the RAL team also proposed [22]
a structure, which goes several steps further and
integrates the semiconductor diode and whisker
contact into a fully planar circuit that can be cou-
pled to a photolithographically defined vraveguide.

The technology presented in this paper has the
same goals as the Rutherford Appleton work: to
increase the reliability and performance of THz
diode mixers relative to the traditional corner-cube
mixers. We utilize the monolithic membrane di-
odes (MOMED's) described in the previous sec-
tion, integrated into a mechanically machined
waveguide circuit This combination affords high
reliability, solid performance, and ease of assem-
bly.

Kb. Mixer Design and Fabrication:
The mixer design is based upon a scaling of lower
frequency single-ended mixer circuits with modifi-
cations that allow for relatively simple fabrication
and assembly at 25 THz. Since the intended appli-
cation is a space-based instrument, special consid-
eration is given to device and circuit reliability and
performance repeatability.

The mixer consists of five pieces: (1) the monolithic
membrane diode (MOMED), which contains all RF
filter circuitry, (2) an electroformed "button-mount"
that houses the membrane and a single mode 2.5
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THz signal waveguide and feed horn, (3) an inter-
changeable fixed depth "hobbed” backshort section,
(4) a fused quartz suspended-substrate IF transformer,
and (5) a split-block housing that holds the RF and IF
pieces as well as DC bias resistors and DC and IF con-
nectors. A separate IF amplifier is required as well as
an appropriate RF diplexer for LO injection.

The MOMED's unique bridge structure (Fig. 3) allows
placement of the diode across the center of the broad
wall of the 2.5 THz waveguide. Surrounding the diode
on the membrane are low pass filters which both block
RF propagation from the waveguide port and provide
RF shorts at the waveguide walls. Unlike the configu-
ration described in [21, the thin (36 gm wide, 600 gm
long) membrane bridge is actually suspended along
the centerline of a sealed single-mode transmission line
cavity (60 wide x 40 gm high cross-section, metal on all
sides) forming a 3 gm thick GaAs suspended stripline
circuit. The membrane support frame lies outside the
sealed cavity (active RF area) and is intended to have
no effect on the signal coupling. A finite difference
time domain (FDTD) analysis [23] of the filter is shown
in Fig. 4. An interesting result of the analysis was the
appearance, at the center of the stop band, of what we
believe is a propagating ridge waveguide mode be-
tween the membrane and cavity side. This mode could
only be reliably suppressed by reducing the height of
the stripline cavity from 60 to <40 gm, hence the re-
sulting asymmetric cross section.

The membrane thickness (3 gm) was chosen as a
compromise between ease of fabrication (epita)dal
growths of >4 gm are expensive) and mechanical ro-
bustness. Careful adjustment of the membrane layer
thickness to avoid mechanical stress (a concern in sili-
con nitride membrane configurations) does not appear
to be necessary. In our tests a membrane thickness of
3 gm gave sufficient robustness to a 600 gm long, 36
pm wide beam, for withstanding fairly relaxed handling
procedures. No strain related bowing was visible, even
after device and metal deposition. Membranes of 1.2
and 2 gm thickness with widths varying between 10
and 80 pm were also fabricated on test wafers and,
although they survived routine handling and had no
signs of mechanical stress, the thinner membrane
structures were deemed a bit too fragile for the re-
peated handling expected in a flight program.

The length of the membrane bridge was chosen to be
as short as possible and still accommodate sufficient
high/low impedance filter sections for reasonable RF
rejection. The membrane frame size was selected to

be large enough for handling, yet small enough to
have a negligible effect at the highest IF frequency
(21 GHz). The diode epitaxial layer properties and
anode area were selected to minimize parasitic ef-
fects without compromising severely the diode non-
linearity (ideality factor no higher than 1.5). Initial
wafer variations included only anode area (.1x1 and
.2x1 microns), anode finger shape (an S-bend was
induded in case stress on the membrane turned out
to be a problem; it didn't) and required process
variation bracketing. A membrane variation which
included overhanging beam leads (for IF and DC
bonding) was also included, but processing of the
beam leads was not completed on the first device
run.

Upon completion of the membrane fabrication pro-
cess, the separated circuits are collected on filter
paper, transferred en masse to a wafer holder and
individually probed and sorted before being inserted
into the mixer block. Device yield on the first quar-
ter wafer run was fairly poor with only about 10% of
the diodes surviving with good DC performance
characteristics (series resistance below 20 ohms,
leakage current below 5 microamps). Yields were
limited by three problems. The photolithographi-
cally defined air-bridges need to be slightly altered
on future runs. Also, the e-beam anode formation
is quite difficult, and the first wafer's yield was par-
ticularly low in this step. Finally, device characteris-
tics appear to have degraded through backside
processing, particularly on the devices with smaller
anodes. Improvements have been made in the
backside process that should eliminate the last
problem. A second quarter wafer is now in proc-
essing.

Mechanically, almost all the membrane structures
survived intact and there is no observed strain or
strain related problems (diodes that were processed
to completion did not fail during storage or han-
dling although their small area makes them more
susceptible to damage from static discharge than
our lower frequency diodes). Device reliability ap-
pears to be very high, although no Arrhenius tests
have as yet been completed. Sample devices were
thermally cycled from —50 to +150 C (10 cycles, 15
minute dwell) with no observed changes in their DC
characteristics. One mounted device was also sub-
jected to vibration (average 92 g's, 10 Hz to 2 kHz)
with no mechanical problems. During device
mounting, the membrane frames are picked up,
dropped into place in the mixer block, glued with
cyanoacrylic, probed and finally subjected to ultra-
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sonic wire bonding (one bond on each side) while they
are in place in the waveguide block, all with no appar-
ent detrimental effects.

The RF coupling circuit, which provides signal and LO
to the membrane diode, is formed in a standard cop-
per electroforming operation. This electroformed
"button mount" (Fig. 5.) contains a single mode 2.5
THz rectangular waveguide (nominal& 100x50 mi-
crons), a tapered transition to circular waveguide and a
scaled Pickett-Potter dual mode feed horn [24] (alumi-
num mandrel shown in Fig. 6).

Other than the small waveguide dimensions, no special
requirements are placed on the fabrication at this point
Following electroforming, but while the aluminum
mandrel still fills the waveguide cavity, the button
mount is machined to final size (.187x.075"). A relief
cavity to house the membrane frame is then milled into
the copper and the suspended stripline filter cavity is
machined across the button and through the center of
the waveguide using a high speed diamond saw with a
cubic boron nitride blade. The depth of the stripline
cavity channel is set at this time to precisely locate the
membrane bridge and frame below the surface of the
button, at a depth determined by two support ledges
that have been machined into the frame relief slot
These ledges catch, and support, the bottom of a
membrane web left between two dog-ears on the sides
of the membrane frame. Since the ledge references
the membrane itself, it precisely positions the sus-
pended stripline filter vertically in the enclosed cavity.
After dicing the stripline slot, the aluminum mandrel is
etched out of the copper button using NaOH.

The button mount is press fit into a brass split-block
mount that also contains a much larger stripline cavity
to house the IF transformer and the bias and IF con-
nectors. Machining of this portion of the mixer block is
straightforward.

In order to provide some degree of adjustable
matching to the diode, a fixed depth backshort cavity,
aligned with the 2.5 THz waveguide, is added over the
top of the membrane. Since the membrane frame
support ledges locate the membrane and the top of the
frame below the top surface of the button mount, the
waveguide and stripline cavity are completely sealed off
by the backshort cavity block. The backshort cavity
itself is easily formed using a hobbing technique to
punch the rectangular hole to depths as great as
several mils. A range of cavity depths is readily obtained
by repeated "hobbing" to produce random depths and
a few finishing strokes on some fine lapping paper.

Alignment of the blind waveguide in the backshort
piece with the w-aveguide in the button mount is
accomplished by picking up alignment holes in
both parts under an optical microscope. The fixed
backshort feature makes tuning rather time
consuming, but assures extremely stable and
repeatable measurements and requires no changes
for flight implementation. Optimal cavity depth so
far varies only by a few microns for different diodes
of the same nominal anode size.

The final piece of the mixer block is the IF trans-
former which converts the expected diode output
impedance of 200-250 ohms to 50 ohms over the
required IF bandwidth of 7-21 GHz. In order to be
mechanically and electrically compatible with the
tiny membrane structure and at the same time pro-
vide a very high impedance at the output of the
GaAs filter, a thin (125 urn) fused quartz, suspended
stripline transformer design was selected. The
stripline cavity is sized to provide the 250-to-50 ohm
impedance range and match (at the connector side)
to a standard microstrip launcher. Due to some
initial moding problems with the connector-to-
stripline joint at 20 GHz, the original wide tab
(0.050") launcher had to be replaced with a .020"
wide tab launcher [25]. A through measurement on
two back-to-back 200-to-50 ohm transformers is
shown in Fig. 7.

Assembly of the mixer block is fairly simple and can
usually be accomplished in less than an hour. The
membrane device is carefully placed in position in
the provided button cavity and checked for relative
height with respect to the provided support ledges
(usually not a problem, so long as no particulates
have fallen onto the ledge). The frame is then held
in place with a wafer probe while cyanoacrylic is
generously applied to the frame edges. The quartz
stripline is already glued in place at this time. Half
mil wire bonds are now added from the frame
across to the quart stripline filter metal on one side,
and to the continuation of the stripline channel slot
on the far side of the button mount Bonds are also
added for the bias resistors and the tab launcher at
this time. The backshort cavity is then lightly
screwed in place and optically aligned before being
locked down with a set screw on the top half of the
split block A photo of the assembled mixer (with-
out the backshort cavity and with the top half re-
moved) can be found as Fig. 8 and a dose up of
the membrane mounting is shown as Fig. 9.



IV. PERFORMANCE

Wa. Test Sustem: 
Accurate RF noise measurements at 2.5 THz are com-
plicated by several factors: high mixer noise tempera-
tures, variable atmospheric attenuation, poorly cali-
brated "absolute power" detectors, unavailability of
matched attenuators, "gray body" loads, and imperfect
Gaussian beams. The measurement test system used
here to overcome these difficulties is shown schemati-
cally in Fig. 10. Local oscillator power is generated by
a CO2 -pumped methanol gas laser with a maximum
output power of more than 100 mW at 2522 GHz. A
Martin-Puplett style wire grid diplexer is used to spatially
combine the LO and signal beams. An off-axis ellip-
soidal mirror matches the beam of the diplexer to that
of the Pickett-Potter feed horn. The laser beam profile
at 2.5 THz can be coarsely viewed with low thermal
response liquid crystal paper, and, when the laser is
properly tuned, appears to be circular with a single
bright central spot. LO power measurement is pro-
vided by a "calibrated" Scientech multimode thermal
detector and the numbers reported here should be
taken with error bars of at least 3dB, due to beam
mode and detector absorber non-idealities.

The noise temperatures are measured using the stan-
dard Y-factor technique on the full receiver only. A
chopper switches the signal beam between a hot load
(wedged Eccosorb CR110) and a cold load (Eccosorb
AN74 flat sheet, soaked in liquid nitrogen, and held in
the signal beam during the measurement. The as-
sumed hot and cold load temperatures are 300 and
77K respectively, no corrections are made to account
for mismatch or non-ideal Rayleigh-Jeans behavior.
Note that incorporation of the more accurate Planck
law would reduce the noise temperatures reported here
by approximately 5%. A lock-in detector at the =100
Hz chopper frequency is used to extract a hot/cold load
power output variation from a crystal diode detector. A
correction factor of 0.45 is divided into the lock-in value
to convert its RMS output to a peak-to-peak value (the
chopper bowtie blade, radius 50 mm, produces a good
approximation to a square wave as it switches the rela-
tively small signal beam: waist radius of r=.4 mm). This
peak-to-peak variation is then scaled by the DC aver-
age diode detector value to give the hot and cold pow-
ers needed for an accurate Y-factor measurement.
This lock-in technique can be used to evaluate receiv-
ers with noise in excess of 500,000 K DSB.

For the results reported here, a broadband bias Tee
[26] connects the mixer to a low-nose broadband IF
amplifier [27]. The IF amplifier provides approximately

65 dB of gain over the frequency range 7 to 21
GHz, with noise at the low frequency end of =150 K,
and at the high frequency end of =200 K Coaxial
filters [28] limit the detected bandwidth to rz500
MHz about the desired center frequencies of 8.4,
12.8 and 20.4 GHz. Detected power is in the
neighborhood of 10 microwatts. Front-end conver-
sion loss is measured using a power meter to cali-
brate the response of the crystal diode detector, and
extract the measured amplifier gain and filter loss
(0.9 dB).

Mixer noise temperature can be extrapolated from
the receiver measurements after separate IF ampli-
fier calibration, but includes diplexer, atmospheric
and horn coupling losses as well as any bias tee
losses and IF impedance mismatch that may be
present between the mixer output port and the am-
plifier. We can provide only approximate correc-
tions for these losses until better calibration can be
performed. They are distributed as follows: diplexer
signal loss: 0.5 dB, mirror-to-horn coupling loss: 0.5
dB, IF mismatch loss: up to 3dB at 20 Gilz based
on relative IF measurements, atmospheric losses: 1
dB. More accurate values will be obtained in the
future. For this paper, we will not attempt to cali-
brate out these losses, but will refer to "front-end"
(rather than mixer) noise and loss as that belonging
to all components forward of the IF amplifier.

During measurements, the mixer is current biased
so that LO power fluctuations are compensated by
a voltage change on the diode. We find that current
bias (=curvature bias) makes the mixer relatively
insensitive to changes of LO power. We observe
nominally the same receiver noise temperature at
fixed current when we alter the LO power by more
than a factor of 5. The fluctuations visible on the
graphs of noise temperature (Figs. 11-12) appar-
ently arise from atmospheric fluctuations (variable
water vapor content immediately in front of the cold
load). In the near future, tests will be performed in
vacuum to eliminate the effects of the atmosphere.

The entire RF noise test system is computer con-
trolled and can be programmed to sweep bias cur-
rent versus time to obtain the plots shown in the
figures. Pumped and unpumped IV curves can also
be generated (Fig. 11). Typically we operate with a
lock-in time constant of 300 msec and 100 data
points per curve.
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IVb. Receiver/Mixer Noise: 
The best measured receiver noise temperatures to
date, using the test system described in the prior sec-
tion, are given in Fig. 11. and are plotted against bias
current flowing through the diode. The device which
produced these results had a nominal area of 0.2 x 1
i.trn2, a measured resistance of 16 ohms, an ideality
factor of 1.53 and a saturation current of 3x10 13 A.
Smaller area devices have not yet yielded as good per-
formance. A backshort depth between 12 and 25 Am
consistently gave the best performance during tests  of
several different devices of varying resistance. Five de-
vices have so far been measured and two have given
performance similar to that shown in Fig 11. Fig. 11.
also shows the dependence of receiver noise on LO
power, with bias current again a fixed parameter. As
can be seen from the figure, the current bias mitigates
greatly the effect of LO power variation. In fact we were
able to adequately pump the mixer with only 3 mW of
measured LO power and could occasionally go as low
as 2 mW without noticeably starving the diode. On the
other extreme, pump power levels as high as 22 mW
did not bum out the device and we could obtain essen-
tially identical noise temperature vs. bias current curves
for the two LO power extremes.

The extrapolated "front-end" noise, based upon a
measured receiver conversion loss of 17 dB is shown in
Fig. 12, again as a function of bias current at fixed LO
power. All the data shown is at an IF of 8.4 GHz. At
12.8 GHz the receiver noise is within 5% that of 8.4
GHz, but at 20.4 GHz the noise performance is con-
sistently a factor of two higher for all devices. We are
not certain at this time of the origin of this degradation.
One might focus on the IF chain, but as can be seen in
Fig. 7, the IF transformer does not appear to account
for the degradation, nor do the amplifier noise specifi-
cations.

We have not measured the mixer at any other LO fre-
quency and the performance is sensitive to the back-
short cavity depth. Changes of as little as 10 microns
can result in changes of more than 50% in receiver
noise. This is consistent with the sensitivity observed in
lower frequency mixers that use full height waveguide.

So far we have measured only a small number of
membrane devices and have not accumulated enough
data to make any conclusions regarding the impor-
tance of the device DC parameters on RF performance.
A large change in optimal backshort cavity depth was
observed between the 0.1 x 1 and 0.2 x 1 Arri 2 area
diodes, with the smaller diodes requiring more match-.
ing inductance (larger cavity depth), but a more de-

tailed analysis on the full RF circuit has not yet been
concluded. Only diodes with low leakage current
and low series resistance (relative to those in the
processed batch) have been measured so far and
we cannot put any weights on the relative impor-
tance of these DC variables as yet. Further meas-
urements on devices with different doping and epi-
layer profiles, anode areas and RF circuit configura-
tion are clearly desirable In the meantime we are
preparing the existing mixer mount and membrane
structure for use in space and are focussing more
on reliability and system level parameters than per-
formance at this time.

Wc. RF Beam Pattern:
As a final characterization measurement, we used
the mixer as a direct detector to measure the beam
pattern of the Pickett-Potter feed horn. The data is
presented in Fig. 13. The laser beam quality al-
lowed us to measure reliably only to the 10 dB level,
but the beam widths at this and the 3dB point
match those predicted in [241.

V. SUMMARY

A novel GaAs membrane diode circuit concept has
been developed and demonstrated. The mem-
brane fabrication process has been combined with
our existing submillimeter-wave planar T-anode
mesa Schottky diode process to design and fabri-
cate a 2.5 THz waveguide mixer. Early measure-
ments of mixer performance have shown the de-
sign to be competitive with alternative corner-cube
and whisker contacted waveguide mixer concepts,
although not as good as the best reported meas-
urements in the literature. In addition, the re-
quired LO power is as low as 3mW (optimal) and 2
mW slightly starved. The membrane devices have
proven to be both robust and reliable, having been
taken through "shake and bake" at mil-spec levels.
The waveguide block, although requiring careful
machining and electroforming, is relatively simple
to fabricate and assemble. The combination of
the narrow membrane bridge circuit containing
both the integrated planar diode and the RF filters,
allows the implementation of sealed cavity single
mode circuitry everywhere, even at wavelengths as
short as 100 microns. The membrane fabrication
process requires no post processing on the die as
chemical etching replaces labor intensive dicing or
scribe and break procedures. The lack of induced
stress on the completed membrane makes it ideal
for circuits where long thin bridging is required.
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The circuit and device implementation demonstrated
in this application can be employed for other submit-
limeter and millimeter wave components inc:luding
multipliers or harmonic mixers (membrane couples to
two different sized waveguides), heterodyne arrays
(multiple membranes superimposed on a feed horn
array), oscillators (cavity coupled membrane strip) or
micromachined components (membranes used to
span formed waveguides or cavities). The circuit de-
scribed in this paper is being employed on a NASA
flight mission and will undergo extensive lifetime and
reliability screening before delivery of finished corn-
ponents.
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Fig. 1. Wafer profile for membrane and device/RF circuit
definition. Layer pattern (from top): n doped GaAs, n+
GaAs, AlGaAs etch stop (device definition) followed by
semi-insulating GaAs (membrane layer), AlGaAs etch
stop and host wafer (used to form frames).
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Fig. 2. Membrane fabrication steps. Top: Finished top-
side wafer (with devices and RF circuitry) is etched
down to lower etch stop, defining membrane region.
Middle: Wafer is mounted upside down on carrier using
low temperature wax. Wafer is thinned, frame is pat-
terned and etched out to bottom of membrane.
Lower: Etch stop is removed, wax is dissolved, individ-
ual membranes and frame float off carrier and are
collected by filter or screen at bottom of beaker.

Fig. 3. SEM thicrographs of completed mem-
brane and frame with 2.5 THz Schottky diode
and RF low-pass filter structure. Frame dimen-
sions are lx1.4 mm x 50 gm thick. Membrane is
36x600x3 gm thick.
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Fig. 5. 2.5 THz electroformed "button-mount" show-
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with inserted membrane mixer, MOMED, on the other.
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0). Quartz=.15mm thick, cavity=1.9 mm square.
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Fig. 10. Schematic of the RF test system used to
collect the performance data given in this paper.
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perature curves negative.
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ON THE DESIGN AND MEASUREMENT OF A 2.5THz WAVEGUIDE MDCER

by C. M. Mann, D. N. Matheson, B. N. Ellison, M. L. Oldfield. B. P. Moyna.
J. J. Spencer, D. S. Wilsher, and B. J. Maddison

Rutherford Appleton Laboratory, Didcot, Oxon. UK.

ABSTRACT
The usefulness of waveguide circuits at frequencies as high as 3THz has now been

demonstrated culminating in the realisation of a 2.5THz waveguide mixer

implementing Schottky diodes.

For waveguide devices to be optimised at these frequencies it has been necessary to

modify the design of the waveguide mount paying particular consideration to areas

such as ease of assembly, simplification of machining, reliability and fast adjustment

of the RF circuit.

This paper discusses the detailed design and associated RF performance of a new

2.5THz waveguide mixer mount that makes use of the following: an ultrasonically

bonded RF circuit, a non-contacting backshort and part fabricated waveguide.

All of these features are aimed at determining the optimum impedance required by the

Schottky diode used and thus provide a more ideal circuit in which to place it.

INTRODUCUON

There has been much interest in recent years in the potential use of heterodyne

receivers for the observation of stratospheric hydroxyl (OH) at frequencies in the

terahertz region. Lines can be observed at 1.8, 2.5 and 3.5THz. Various schemes

have been considered including receivers employing a Hot Electron Bolometer mixer

pumped via an optically derived local oscillator (LO). Such a system has yet to have

been demonstrated at terahertz frequencies although the mixer technology can now be

considered mature. Schottky diode mixers have demonstrated the necessary

performance required to make the measurement and the use of waveguide as the circuit

architecture has also been demonstrated. Waveguide has the advantage of providing

excellent radiation properties via use of conventional corrugated feedhoms at

frequencies as high as 3.1THz [11 and use of a Schottky diode allows operation at

ambient temperatures.

Whilst such mixers have the required sensitivity their LO requirement has to date been

excessive. Experience at low frequencies indicates that as the conversion loss of the
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mixer is reduced, its LO requirement also falls as does its noise. The waveguide

mixers built to date at this frequency have made use of the same intrinsic Schottky

diodes that have been used in the more common corner cube mixers but appear to

require nearly an order of magnitude more LO. Since the waveg,uide mixer shows

comparable RF performance to the corner cube mixer this implies that there is an

additional source of loss within the waveguide circuit. Intuitively it mi ght therefore

also be expected that the waveguide mixer will overtake the corner cube mixer once

the additional circuit losses have been eradicated.

This paper discusses the design rationale, manufacture and testing of a new

waveguide mixer that aims to be able to fully optimise the waveguide mount for a

given Schottky diode.

DESIGN RATIONALE

At terahertz frequencies the dimensions of the waveguide circuit shrink to human cell

proportions. For example, standard waveguide at 2.5THz is 1OO x 50gm in cross

section. For comparison a human ovum is =1201.tm in diameter. The design discussed

here has chosen to eradicate unwanted GaAs from the RF circuit therefore the normal

lithography techniques that are used to reduce circuit dimensions to such sizes are

largely not available. Instead, use is made of ultra high precision machining to form

the waveguide cavity and corrugated feedhorn combined with micromachining

techniques to produce the RF filter and whisker that is used to contact the Schottky

diode and form the RF circuit. Finally, a combination of micromanipulation and

ultrasonic bonding is used to assemble the complete mixer.

The main aim of this work therefore has been to ease the constraints made on all of the

above whilst allowing the circuit to be realised with sufficient accuracy that it can be

adjusted in controlled way. By taking this approach it is hoped and shown that the

resulting mixer can produce state of the art performance and at the same time reduce

mixer LO requirement.

THE PLANAR WHISKER

The component of the mixer that makes an RF circuit realisable at these frequencies is

the planar whisker. This is a lithographically patterned 0.41.tm thick gold airline RF

filter. The tip is sharpened naturally by the fabrication process such that it is able to

make reliable contacts onto an 0.251.tm diameter Schottky diode anode. The resulting

arrangement has the minimum parasitic capacitance that can be attained but has

sufficient mechanical flexibility built in that can easily pass the environmental tests
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required for a mixer intended for space operation. A picture of a planar whisker is

shown below in figure 1.

Figure 1: Pictures of the chrome lihographic mask and a planar whisker

The RF filter/waveguide probe is adjoined to a bond pad. Directly behind the bond

pad there is a weak link to the main carrier which is used to manipulate the whisker.

After the whisker has been bonded the main carrier is simply withdrawn leaving the

whisker in place.

Sixteen designs of whisker are included on the mask. These have been designed using

the approach described in [2] and should allow a full range of embedding impedances

to be provided to the diode. It is hoped that each design will be fully characterised so

that an understanding can be made as to the true behaviour of the sub micron Schottky

diodes used.

A schematic of the mechanical arrangement is shown below in figure 3 alongside a

diagram showing the contacting procedure.

Figure 3: The mechanical arrangement and contacting technique

163



THE MIXER BLOCK DESIGN

Use is made of ultra high precision machining using state of the art mechanical mills

and lathes fitted with precision microscopes and measurement slides. Dimensions on

drawings are set to the +1- 0.5gm wherever the circuit requires it. Such precision is

necessary in order for this potential area of error to be eliminated. However, to ease

the machining constraints careful attention has been paid to ensure that overtight

tolerances are not specified unnessecarily. Likewise the waveg,uide mount has been

designed so that the machining operations that are most easily carried out are used

predominantly. Therefore, the use of electroforming was restricted to the feedhom

only and a novel scheme was devised that enabled the rest of the waveguide cavity to

be part assembled. A drawing of the mixer block is shown below in figure 4.

Figure 4:A manufacturing drawing of the 2.5Thz mixer (dimensions in millimetres)

A previous design of mixer [3] had relied on the feedhorn being designated to a

particular block. This had the disadvantage that comparisons could not be made

between different feedhorns for more than one particular configuration of RF circuit.

Thus it was not possible to determine if one mixer performed better than another as a

result of its feedhom having lower loss or because its RF circuit was more optimised.

For this design feedhoms are aligned optically by viewing down the throat of the horn

rather than the use of accurately placed dowels. Feedhoms can then be interchanged

between blocks and performance comparisons are easily made.

The section of waveguide in which the diode and backshort lie is fabricated in two

parts. This had also been the case in the previous design but rather than relying on a

pressure contact between the side walls and the lid of the waveguide, a small

machined diode carrying package is soldered to the main mixer body. This ensures
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that a good electrical path exists in the region thAt is most important for low loss

waveguide. A machined diode package is shown below in figure 5 alongside an SEM

photograph of the assembled mixer block ready for a diode to be soldered in.

Figure 5: The machined diode carrier and the mixer block part assembled

The final stages of assembly required the diode chips to be soldered in followed by the

IT substrate and finally the whisker. The two diodes tested so far in this configuration

are the X107 and the NF 1T2 both notch front diodes, from the National

Microelectronics Research Centre, Cork, Eire and the University of Virginia,

Charlottesville, USA, respectively.

Needless to say the process of positioning of the whisker, contacting a diode and

eventually ultrasonically bonding it in place took some development but now the

process is very repeatable and has the advantage that it is completely 'dry' and 'cold'.

Therefore it can be carried out many times with no degradation to the diode chip or
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waveguide. A completed circuit is shown below in figure 6 alongside the mixer

having just had an NMRC X107 notch front varactor diode soldered in.

Figure 6: An X107 diode soldered into the mixer and the completed circuit

The final task necessary before RE testing could begin was to insert a tuneable

backshort. Initially this consisted of a simple gold ribbon 'shim' that could be etched

to the approximate size of the waveguide. Later a technique of painting on protective

stripes of Crystalbond wax allowed a structured 'non-contacting' backshort to be

realised. The relative performance of these two types has been determined and the

non-contacting backshort is by far better, the results are shown later.

Very recently a lithographically micromachined backshort has been developed [4] that

has not yet been testing at RF but looks very promising and should result in a further

improvement . Pictures of the fabricated and micromachined backshorts are shown

below in figure 7. The cross-section of the signal waveguide is 27 X 1051.1m.

Figure 7: Fabricated and micromachined backshort shims approximated dimensions

are 25x100pm in cross section
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RF MEASUREMENT SET-UP

The mixer has been measured in three ways. Firstly a 3dB beamsplitter formed by

projecting a 45 degree wire grid has been used. In order to obtain the corrected mixer

performance it is necessary to divide the total receiver noise temperature by two and

then correct for the IF contribution again making sure that the conversion loss is also

halved. This technique is useful as it gives the intrinsic mixer performance (although

Ohmic losses in the grid are still included) and can therefore give insight into the

relative performance of an optical coupling circuit such as a diplexer. The correction

factor was verified by using a 2000Hz subharmonic mixer and rotating the

beamsplittter in the signal path to obtain its effective insertion loss as a function of

angle. A subharrnonic mixer was used as there is no need to inject LO via the

polarising grid as is the case for a fundamental mixer. In addition, a 10dB beamsplitter

was fabricated using Kapton film membrane and replacing the wire grid. This only

became possible when the mixer performance was sufficiently good that the LO

requirement was suitably low. Extrapolated values of mixer performance between

beamsplitters showed good agreement. This measurement set-up is shown in figure 8.

Finally, a Martin Puplett interferometer was used for LO injection, however, this gave

only marginally better performance than the 3dB beamsplitter. The reasons for this are

not yet clear but poorly aligned optical components appear to be the most likely cause.

Cold Load

Figure 8: The measurement set-up

The chopper was used to remove the instability of the far infrared laser which whilst

good, could provide sufficient LO amplitude variations that the total IF noise power

was modulated thereby degrading Y-factor measurement accuracy. Therefore, with the
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chopper rotating the output from the detector could be displayed on an oscilloscope.

The average peak to peak modulated level could then be determined to provide the

difference in IF signal power obtained for the hot and cold positions.

RF PERFORMANCE

Of the two diodes tested so far in this configuration the best results have been obtained

with the UVA NF 1T2 diodes. These are :---.0.51.tm in diameter and have very good

diode IV characteristics.

The NMRC X107 diodes are over five times the area being =1gm square and

therefore have five times the parasitic capacitance but also have good W

characteristics. Only two RF filter/waveguide probe configurations have been tried so

far for these diodes and so they may yet provide good performance. For the X107

diodes the best corrected mixer noise temperature to date is 2-- 40,000K DSB.

Figure 9: The best RF peiforrnance to date and the RF circuit and mixer block

The UVA NF 1T2 diodes showed very good performance from the first iteration.

Figure 9 shows the best performance that has been obtained to date from RAL mixer

DW1 measured using the 3dB beamsplitter.
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The UVA NF1T2 diode had a series resistance of 20 �2 and an ideality factor of 1.38 .

The whisker has a waveguide probe width of 19gm and first filter section length of

2611m. An SEM photograph of this structure is shown beneath the plots alongside a

photograph of the completed mixer with the backshort drive removed.

The corrected mixer noise temperature is 7,800 DSB. Whilst this mixer showed the

best performance it had a particularly poor backshort. A comparison is made in figure

10 between the backshort this mixer used, a simple etched shim, and that used by

another mixer incorporating a fabricated 'non-contacting' backshort. We have defined

a intuitive quality factor which relates to how successfully a backshort can tune out

coupled LO power. In principle a perfect backshort can prevent any power being

coupled to a diode

We define a quality factor, Q, where:-

RAL 2.511* mixer DW4 using an PdARC.x107 mixer Dada RAL 237kr namer CW1 using in UV: P4F 112 maw Doe.

eo lop
BadaPort %sem (A0...7

Fabricated non-contacting backshort 250 Simple close fitting shim Q 8

Figure 10: Comparison between the two types of backshort tested so far

Unfortunately this particular mixer suffered ESD damage before it could be tested

using the 10dB beam splitter and is presently being re-assembled. The best

uncorrected system performance has been obtained for a later mixer, DW2. This mixer

has a slightly shorter first section length on the RF filter, 2011m versus 261.tm for

DWI. However, it still showed good performance. The best uncorrected system
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performance was --. 16,800K DSB measured using the 10dB beam splitter. The results

are shown in figure 11. The corrected mixer performance =9,500K DSB.

LO Power g Mbar (roW)

Figure 11: Best uncorrected system receiver performance

CONCLUSIONS

State of the art performance has been demonstrated for a 2.5THz waveguide mixer

that makes use of a combination of novel design and assembly. First results indicate

that the circuit is by no means fully optimised. The best mixer produced to date had a

non-optimum backshort. In addition, only two variations of RF circuit design have

been tested. The RF performance for this design of mixer is better by a factor of

nearly two compared to that of the previous mixer design in terms of both mixer

noise, conversion loss and LO requirement. However, this result has been obtained

with the same intrinisic diode, the UVA1T2, implying that it has come about purely as

a result of improved waveguide circuit design, fabrication and assembly.

Further improvement can be expected in the near future.

ACKNOWLEDGEMENTS

The authors would like to express their thanks to Dr Michael Gaidis and Dr Peter

Seigel for their help in making reliable RF measurements and to Dr Victor Lubecke for

his work on the fabrication of the micromachined backshorts

This work has been funded by ESA contract :- 8742/90/NL/PB

REFERENCES

170



[1] 'Corrugated Feedhoms at Terahertz Frequencies - Preliminary Results',

B.N.Ellison, M.L.Oldfield, D.N.Matheson, B.J.Maddison, C.M.Mann and

A.F.Smith, The Fifth International Symposium on Space Terahertz Technoloey, Ann

Arbor, May 1994.

[2] 'A Design Approach for Planar Waveguide Launching Structures', J.Thomton,

C.M.Mann, The 7th International Symposium on Space Terahertz Technology,

University of Virginia 1996.

[3] 'First Results for a 2.5 THz Schottky Diode Wavecruide Mixer', B.N.Ellison.

M.L.Oldfield, D.N.Matheson, B.J.Maddison, C.M.Mann, S.Marazita, T.W.Crowe,

P.Maaskant, W.M.Kelly, 7th International Symposium on Space Terahertz

Technology, University of Virginia, March 1996.

[4] 'Practical Micromachining Techniques for High Aspect Ratio Submillimetre Wave

Components', V.Lubecke, K.Mizuno, C.M.Mann„ The 8th International

Symposium on Space Terahertz Technology, JPL, Pasadena, March 1998

171



A DISCUSSION OF POWER COUPLING BANDWIDTH LIMITATIONS
OF PLANAR SCHOTTICY DIODES AT SUBIVIILLBIETER WAVELENGTHS

J.L. Hesler and B. Gelmont

Department of Electrical Engineering
University of Virginia

Charlottesville, VA 22903
e-mail: hesler@virginia.edu

Abstract
Planar Schottky diodes can be used to build sensitive, rugged and reproducible mixers

that operate at room temperature. Discrete-chip surface-channel planar Schottky barrier diodes
have been used in the development of receivers at frequencies up to 700 GHz with performance
comparable with that of the best whisker contacted diodes [1]. However, the packaging
parasitics of the planar diode geometry have limited the development of such mixers at higher
frequencies. The planar diode chip can be modeled as a set of lumped capacitors (representing
fringing fields around the diode) and inductors (representing the metal connection lines) that
affect the coupling of power to the diode junction. Bode [2] and Fano [3] showed that there is an
inherent limit to the bandwidth over which power can be coupled to a complex load of this sort
using a lossless passive coupling circuit. We have extended the Bode-Fano theory to circuits
with three or more elements, and have used this theory to examine limitations to mixer design
caused by planar diode packaging at submillimeter wavelengths. In particular, we have examined
the coupling bandwidth limitation for a discrete-chip surface-channel planar Schottky barrier
diode mounted in a microstrip channel [4]. The simulations indicate that for diodes chips with
semi-insulating GaAs support substrates at frequencies around 500 GHz the coupling of power to
the anode is not significantly limited by the chip parasitics. However, at frequencies above
approximately 1000 GHz, the packaging parasitics impose tight limits on the power coupling
bandwidth, thus complicating mixer design. The bandwidth limitation condition derived here is
general and can be used to explore power coupling limitations for a variety of devices and
structures.

Introduction
Fig. 1(a) shows a simple equivalent circuit of the whisker-contacted Schottky bather

diode. The capacitance C  is an average value for the junction capacitance over the local
oscillator (LO) pump cycle. R40p, is the RF and LO source resistance that provides optimum
mixer performance. Bode showed that there is a fundamental limitation to the bandwidth over
which a reasonable transfer of power can be achieved for a parallel RC circuit, given by [2]

OD

1n-e16.) s -
Jo I I
r 1

RC

where p is the reflection coefficient looking toward the diode through a lossless matching
network. Fig. 2 shows the frequency profile of the reflection coefficient that yields maximum
bandwidth given some maximum reflection pa within the band. Using this profile allows the

(1)
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Fig. 2. Impedance matching profile
for optimum bandwidth.

(2)

Fig. 3. Schematic of the diode chip near anode indicating

Fig. 1. Simple equivalent circuits of the (a) whisker-contacted and
(b) planar Schottky barrier diode.

evaluation of the integral in (1),

( - 6) 1 ) In (— It
) s —

Pa RC

that illustrates the tradeoff between power-coupling bandwidth and p a for a parallel RC circuit.
As an example, for the UVa-1T15 whisker-contacted diode (epitaxial layer doping 1-10 18 cm-3
and anode diameter 0.25 gm), some reasonable estimates for R d  and C R=150 and
Ci,avg=2-Cio =0.5 fF. For a center frequency of 3 THz and an in-band reflection coefficient p a of
0.2, the largest obtainable fractional bandwidth for the 1T15 is 140%. Thus, for the whisker-
contacted diode, the junction capacitance does not inherently limit the power coupling
bandwidth, and the design is instead limited by other issues.

Fig. 3 shows the planar diode chip geometry and the location of the significant parasitic
elements near the diode's anode region, which we have reduced to the simple equivalent circuit
of Fig. 1(b) for this analysis. Cf represents the parallel combination of C j.avg and the parasitic
capacitance from the finger to the ohmic-contact pad, Cfp . The other parasitics are the finger
inductance Lf and the pad-to-pad capacitance ; that represents the fringing capacitance between
the pads. These parasitics can potentially reduce the achievable bandwidth from that of the
whisker-contacted geometry. In order to determine the significance of the planar diode parasitics
on the high frequency performance, this article derives an equation similar to (2) for the planar
diode equivalent circuit.

Statement of the Problem
The basic setup of the problem is shown in Fig. 4. ZL represents the load whose power-

coupling bandwidth limit is to be determined. Throughout this analysis, the impedances are
assumed to be normalized to the source impedance. The goal of the analysis is to determine the
fundamental limits to the performance of the
matching network that are imposed by the
load impedance Z. The reflection coefficient
looking toward the matching network is taken
as the figure of merit by which the bandwidth
is judged.

Darlington showed that any physically
realizable load can be represented by a purely
reactive two-port network with a resistance
terminating one of the ports [5]. This

physical location of fringing capacitances.
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Fig. 4. Basic setup of Bode-Fano problem Fig. 5. Division of Bode-Fano circuit into two subcircuits N' and N"

terminating resistance can be made arbitrary by the
inclusion of an ideal transformer within the reactive two-
port network. Using a Darlington representation of the
load impedance allows the problem to be redrawn as shown
in Fig. 5.

The goal of this analysis, then, is to determine the
limitations to the performance of the entire circuit N caused
by the load circuit N' independent of the matching circuit
N". The relationship between the overall circuit N and the
load circuit N' was explored by Fano [3]. Fano showed
that at an nth order zero of transmission of N' in the right
half of the complex frequency plane (RHP), pi and its first
2n-1 derivatives are equal to pi 'and its first 2n-1 derivatives and are thus independent of the
circuit N". Using this basic insight, Fano showed that by performing a contour integration
around the RHP involving the function F=ln(l/A), an integral relation can be determined
between the frequency response of N and the physical circuit parameters of N'.

One caveat to this analysis is that under certain circumstances the adjacent elements of N'
and N" are of the same type and orientation. The network N is then called degenerate because
both N' and N" have zeros of transmission at the same location. For this degenerate case, only
the first 2n-2 derivatives of pi 'are independent of the circuit N", and the bandwidth can be
improved by increasing the value of the final element of N'. The bandwidth limitation
determined by the circuit with n-1 elements then determines the behavior, as will be discussed
later.

The next section uses the integral relations developed by Fano to derive the relations for
the planar diode equivalent circuit. However, Fano's theory was derived for the case of low-pass
matching. For many circuits, the low-pass theory can be simply extended to the band-pass case
using standard transformation techniques. For the circuit under consideration, this
transformation is not applicable because the circuit elements are not accessible for the connection
of the requisite parallel elements. Kerr extended Fano's theory to the case of a bandpass
matching without the use of this lowpass to bandpass transformation [6]. In addition, Fano's
analysis was only valid for circuits with two elements. In [7], we extended the analysis of Fano
to the three-element circuit of Fig. 1(b), and we will now use the results of this analysis in
deriving the bandwidth limitation equations for this circuit.

Derivation of Equations
The circuit N' in Fig. 6 shows the key parasitics for a typical planar diode chip. The

resistor r is an arbitrary resistance that eventually drops out of the calculations. The first step of

175



= -
1

P1

Ao TC
2

A ,
C
f

the analysis is to determine the coefficients of the Taylor series for the function F(s) = ln( lip i(s)).
The circuit N' has three zeros of transmission at infinity, and it is thus convenient to define the
variable E E 1/s. Because of the three zeros of transmission, the first 5 coefficients of the Taylor
series of p l , and therefore F as well, are determined entirely by the circuit N' for the non-
degenerate case. The Taylor series for F is given by

F(s) = in(lip i ) =filo + A 1 + 42t1 + A33•• • (3)

where Ao is either 0 or it depending upon the sign of p l , and An are

d V() 
A=

n rz! 4.0

The impedance looking into the circuit N' is given by
s 2 rL

f
C

P
 s L

f r

s 3 rLfCfCp + s 2 LfCf + sr(Cf+Cp ) + 1

Using (5) to calculate the inverse of the reflection coefficient yields

(4)

(5)

s 3 rLfCfCp + s 2 (LfCf + rLfCp ) + s(Lf + r(Cf + Cp )) + (1 +r)

s 3 rL1C1Cp + s 2 (L1C1 - rLfCp ) - s(Lf - r(Cf + Cp )) + (1- r)
(6)

(7)

Finally, the function F(s) in terms of E is

F(s) = = In
+ rLfCfC

p 1 V(1 -r) - V. (Lf - r(Cf + C,,)) + (LfCf - rLfCp ) rLfCfCp

( 1 + r) + t'2 (Lf + r(Cf + Cp )) + MfCf + rLfCp ) p

Taking the appropriate derivatives of F and evaluating them at E = 0 yields the coefficients of the
Taylor series:

2 L - 3C
A

2 
= 0 

' 
A

3 = f f ,

c r, 3 c r 2 r, , ‘,... i . . . , , r r 22 ...,,,f + , ,...1. ,...p .. , ‘.....r...p Li + , p A.,...

A4 = 0 , A5 - 	j .
5 C

5 
C L

2

f P f

In Table 1 of Fano's paper, he gives the integral conditions for physical realizibility for a circuit
with n zeros of transmission at infinity as [3, p. 68]

f w 2k in( 1 )(16) = f
i

p

k 2k + 1
p1 1 2

where k runs from 0 to 2 and F2k / is defined as
2 v. k

1F2k+ 1 = 11 22k + 1 2k+1 •

and where the A 2k+ 1 are the coefficients of the Taylor series for F(E) and A2
ri
k- +1 are the zeros of pl

in the right hand plane, which are determined by the matching network. Using the reflection
coefficient profile shown in Fig. 2, (9) can be simplified to

KQ2k+1 = (-0k(2k+i)F2k+ I (11)

3 L
f

C
f
3

(8)

(9)

(10)
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where 0.2k+1 is defined as
2k-1

Q2k-1
.(022k-1 

and K is given by

K = 2-- (
Psai

1

Substituting the values of k and expanding F / we arrive at a series of three equations
A 1 -K 1 = 2 E Art

3A3 + K g
/3 = 2 E (14)

5A5 - KQ5 = 2 E

All that remains is to determine the right-half-plane (RFEP) zeros Ah that maximize the coefficient
K within the matching band, thus minimizing p a. The zeros X must be real or appear in complex
conjugate pairs and must have a real part greater than zero. Fano showed that for a CL circuit in
the non-degenerate case, the bandwidth can be maximized by choosing a single real root [3, p.
72] . However, as Fano mentions, his proof for the two element CL circuit could not be extended
to circuits with larger numbers of elements [3, g. 73]. In [7], we give a proof for the three
element CLC circuit and show that, except for the degenerate case, K is maximized by a single
pair of either real or complex conjugate roots. Thus, choosing a pair of roots 1, 1 =x + a and
?

2
= x - a where a =y for two real roots and a = iy for a pair of complex-conjugate, then the

summation of the zeros in (14) becomes

E)'ri = 2x

E )63
ri . 2 (x 3 +3 x o2 ) (15)

E xs
r , = 2 (x 5 + 10 x 3 o2 + 5 x 04)

Substituting (15) into (14) yields
A 1 -KS2 / = 4x

3A3 + KO3 = 4 (x 3 +3 x (72) (16)
5A5 - K05 = 4 (x 5 + 10 x 3 cT2 + 5 x o4)

Eliminating the variables x and a yields the equation
144 (A / - KO /)(5A5 -KC25) + (A 1 -K0/)6

- 20(A 1 - KO 1)3 (3A3 + K0) - 80(3A3 +KS23)2 = 0
(17)

Note that this equation is valid for both the real root and complex-conjugate root solutions. If we
introduce the fractional bandwidth b and center frequency coo, related to co l and to2 by the
equations o.), = 6.)0(1-b/2) and 6)2 = 0)0(14-W2), then the 02k+1 can be rewritten as

= bwo

b (12 +b 
2) 

44
Q3=

4 (18)

Q5 -

Finally, defining the variables Bcf =(.00Cf, Bcp swoCp, and XL1 
E 

C 01.1 and substituting (8) and (18)

(12)

(13)

b(80 + 40b 2 + b4)

16
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into (17) yields a polynomial in K and b,
0 = 2880 + K6 b 6 Bcf 	7

3 Bc X12

- IC5 12b 5 Bc
2Bc XL2

P

• K4 (60b 4 BcfBc. X17
2
 + 60b 4 Bc f

3 Bc XL: - 5 b 6 Bc f 
3 I3c XLf2)

+ K
3
(-120b

3
BcfBc XLf-120b 3 /3c ;7

2 -360b 3 Bc
2 Bc XL2

- 30b
5

Bcf
2
Bc XL2)

+ K
2
(720 b 

2
Bc XLf+720b 2 Bc.fBc XL; + 60b

4
BcfBc,XL 2

+ 240b
4

/3cf
3
Bc XL7

2
 + 4b 6 .8c f 

3 Bc. XL/2)

+ K(-1440bB cf-1440bBc +2880bBc Bc XLf + 240b
3

/3c Bcp.;

- 440bBcpX,Lf
2
 - 120b

3
Bc XLI - 1440bB c

2
Bc. XL2

- 720 b 3 Bc;Bc XLf
2
 - 18 b 5 Bcf 

2 I3c XL/2)

Equation (19) can then be used to generate curves showing the relationship between p a and the
fractional bandwidth b for different system parameters. Once we have solved (19) for a given set
of values, we can then use (16) to determine whether we have two real roots or a pair of
complex-conjugate roots.

Application of the Theory to a Discrete Planar Schottky Diode
Table 1 gives the equivalent circuit values for the SC1T5 type planar diode for 5 pm and

20 gm finger lengths (indicated by -S5 and -S20 respectively). These parameters were generated
by matching the equivalent circuit of Fig. 1(b) to the results of finite-element modeling of the
mounted diode performed using Hewlett Packard's High Frequency Structure Simulator over
frequencies from 450-700 GHz [8]. The capacitance ci includes both the finger-to-pad
capacitance Cfp and the time averaged junction capacitance Cj Avg* The capacitance g ran was
found by averaging the capacitance waveform (determined using harmonic balance simulations)
over an LO cycle. The optimum RF and LO diode resistance, R deop„ was estimated to be 100 Q
based on the results of harmonic balance simulations. These circuit values were then used with
(19) to calculate curves of p a versus fractional bandwidth for various planar diode geometries at
different frequencies.

Fig. 7 shows the relation between p a and the fractional bandwidth b for an SC1T5 type
planar diode [4] with a 5 gm finger length plotted at frequencies from 500 GHz to 2000 GHz.
The bandwidth limitation is not a practical limitation at the lowest frequency, and it is only above
about 1000 GHz that the bandwidth limitation significantly effects the coupling of power to the

Table 1. Equivalent circuit values used during bandwidth modeling for the SC1T5 diode
for various finger lengths.

Diode Type CppE.Cp
(fF)

Cfp

(if)
Ci, +cfp z-_- c,

(fF)
Lf

(PH),
SC1T5-S5 2.8 0.4 4.4 20

, SC1T5-S20 2.0 0.8 4.8 _ 29
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Fig. 9. Pa versus fractional bandwidth for various
diode at 1500 GHz.

Fig. 7. p a versus fractional bandwidth for the SC1T5-
S5 diode for frequencies from 500 GHz to 2000 GHz.

Fig. 8. pa versus fractional bandwidth for the SC1T5-
S5 diode at 1500 GHz for C, CL and CLC circuits.

diode. Note that this is a power coupling
bandwidth, not a predicted mixer bandwidth. In
order to illustrate the relative importance of
each circuit element, Fig. 8 compares the
bandwidth limitation for an SC1T5-S5 diode at
1500 GHz considering first the effect of Cf only,
then both C1 and L fmally for the full
three-element circuit. Fig. 9 shows a set of
bandwidth limitation curves comparing
different finger lengths and different junction
capacitances. As the finger length is reduced, L1

decreases while Cp increases; also, the
bandwidth increases, thus indicating the
importance of 1,1 in relation to Cp Also shown
is the improvement in bandwidth as the junction
capacitance is reduced from 2 fF to 1 if.

Conclusions
In this paper we have derived the bandwidth limitation equation for the coupling of power

to a resistor through a three-element CLC circuit. This derivation was made possible by our
extension of the Bode-Fano theory to circuits with three or more zeros of transmission at infinity.
The results of this analysis were then used to examine the performance of a fundamental mixer
built using discrete planar diode chips with semi-insulating GaAs support substrates. The
simulations indicate that at frequencies around 500 GHz the coupling of power to the diode is not
significantly limited by the chip parasitics. However, at frequencies above approximately 1000
GHz, the packaging parasitics impose tight limits on the power coupling bandwidth for this diode
and mixer geometry, thus complicating mixer design. The bandwidth limitation condition
derived here is general, and can be used to explore power coupling limitations for a variety of
devices and structures.
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ABSTRACT

The 300-3000 GHz sub-millimeter-wave (SM/vIW) spectrum offers ample opportunities
for space-borne remote sensing, as reflected in a partial list of US and European planned
space missions—for example, SWAS, MLS, MIRO. Because of these opportunities, the
current shortfalls of SMMW receiver technology underscore the need for its further
advancement.

Mixer technology leads the way in facilitating SMMW receiver—consistently exhibiting
earlier availability and faster maturity—relative to the necessary solid-state local-
oscillators (LO), and desirable low-noise amplifiers SMMW technologies. Such an
uneven rate of progress has created technology "gaps" in which SMMW receivers often
fall victim.

This paper describes the developments of a new class of high performance, higher order
subharmonic (>x2) mixers uniquely suitable to accommodate the present underdeveloped
state of SMMW LO technology.

I. INTRODUCTION

The 300-3000 GHz sub-millimeter-wave (S1VIMW) spectrum offers ample opportunities
for space-borne remote sensing, as reflected in a partial list of US and European planned
space missions—for example, SWAS, MIS, MIRO. Because of these opportunities, the
current shortfalls of SMMW receiver technology underscore the need for its further
advancement.

Mixer technology leads the way in facilitating SMMW receiver—consistently exhibiting
earlier availability and faster maturity—relative to the necessary solid-state local-
oscillators (LO), and desirable low-noise amplifiers SMMW technologies. Such an
uneven rate of progress has created technology "gaps" in which SivilvIW receivers often
fall victim.



This paper describes a new class of high performance, higher order subharmonic (>x2)
balanced mixers, uniquely suitable to accommodate the present underdeveloped state of
LO technology for SMMW receiver.

Subharmonic (x2) mixers, employing readily available up to 150 GHz Gunn LOs, have
successfully facilitated space-borne low-noise receivers throughout the 30-300 GHz
MMW spectrum [1]. But, similar subharrnonic (x2) mixers [2] let alone fundamental
mixers [3], implemented at SMMW frequencies, presently require Gunn-based LO
assemblies, which include efficiency challenged frequency multipliers, or bulky and/or
reliability challenged laser based LOs.

Harmonic (xN) mixers with N>2 constitute an immediate bridge for matching available
up to 150 GHz Gunn LOs, for 450 GHz receivers (harmonic x3 mixers) and for 600 GHz
receivers (harmonic x4 mixers). Furthermore, with a frequency doubler [4] following the
LO such harmonic (>x2) mixers may facilitate SMMW receivers well above 1 THz.

Unfortunately, harmonic (>x2) single-ended mixers exhibit rapid degradation in
conversion-loss and noise-figure performance, and present formidable challenges
matching to broadband IF amplifiers [5].

This paper describes a new class of even-subharmonic (x(2N+1)) balanced two-diode
mixers, featuring performance advantages in comparison with single-diode subharmonic
(xM) mixers (for M=2N+1) at similar SM1MW frequencies.

The paper reports the performance of a 318 GHz subharmonic (x3) balanced mixer
prototype which had been integrated with a 106 GHz LO and an W amplifier to yield a
SMMW receiver. This 318 GHz receiver yields promising performance when tested at
narrow-band or wide-band outputs.

II. MIXER DESCRIPTION

Two mixer diodes connected to a mixer ports as shown in Figure 1—in series to RF port,
and in anti-parallel to the LO and IF ports—constitute a balanced mixer configuration.
We have implemented this mixer configuration, as a SMMW waveguide structure with
RF (WR-2) and LO (WR-6) waveguides, and a pairs of whiskerless mixer diodes
(University of Virginia) on a suspended printed circuit at the IF mixer port. The feedhom
at the RF port is implemented as an integral part of the mixer structure.

The output current (I) of this mixer generally consists of the following series of low-
frequency (IF) current components (i):

IIF(0)) °C EN 1(2N+1)* cos R(2N+ 1)- coLot)-(0)RM
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For N=0, this expression depicts the well known fundamental balanced mixer. but for
N>0, the same expression highlights a family of odd-subharmonic balanced mixers.
Filters at the RF port of the mixer determine the accessible external inputs, the relevant
LO harmonic N, and the mixer's output (to the exclusion of other possible outputs).

A paper by Schuppert [6] provides a comprehensive account for the advantages offered
by such subharmonic (x3) balanced mixers, in comparison to a single ended harmonic
(x3) mixers. Among the most notable advantages are: a lower mixer IF impedance
facilitated by two diodes in parallel, easier matched to IF amplifiers over wide frequency
bands; better conversion-loss, due to the exclusion of all even subharmonic ;6119: by
virtue of symmetry (not filters); and simpler mixer RF circuitry, facilitated by two diode
in series, easier matched to a waveguide with height closer to standard.

111. MEASURED DATA

The 318 GHz receiver had been tuned and tested over a variety of wide-band IF outputs:
with an instantaneous 2-8 GHz IF output (IF amplifier with —2 dB noise-figure) the
receiver features an average DSB noise-figure of 12.2 dB (Figure 3); and with an
instantaneous 6-16 GHz output (IF amplifier with —2 dB noise-figure) the receiver yields
an average DSB noise-figure of 13 dB (Figure 4). Each one of these two different wide-
band receivers represents a mixer with waveguide back-shorts set at different positions.
As a narrow band 318 GHz receiver with an instantaneous IF output of 7-8 GHz (E
amplifier with —2 a noise-figure) the receiver yields 11.5-12 dB DSB noise-figure, with
waveguide back-shorts set for optimum performance with this IF amplifier.

In all tested 318 GHz receiver configurations the 106 GHz ID power requirements
ranged a modest +7±1 dBm, as depicted in Figure 5 for the case of a narrow band
receiver.
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ABSTRACT

Schottky barrier diodes (SBDs) remain an important device for detecting and mixing at

terahertz frequencies, particularly in atmospheric remote sensin g and plasma

diagnostics. The hydroxyl radical (OH), which plays a critical role in all cycles of

ozone destruction and also acts as an oxidant for harmful gases in the atmosphere, has

first significant spectral emissions at 1.8 and 2.5 Thz. Here we will present a new

SBD configuration called a quasi-integrated planar (QUIP) SBD, to be used in

2.5THz receivers for measuring spatial distribution of the hydroxyl radical.

Submillimetre wave and terahertz applications require sub-micron anode SBDs.

Traditionally, whisker-wire contacted diodes, with Schottky and Ohmic contacts at

opposite sides of the device, are used in open structures such as corner-cube mixers.

Here we propose a "planar" SBD with Schottky and Ohmic contacts on the same side

of the device. Instead of mounting a small diode chip on a post, a large chip is used to

form the wall of a waveguide which feeds a corrugated conical feedhorn antenna. A

small area of this chip consisting of SBD anodes is placed near the feed of the

antenna, while the rest of the chip provides the Ohmic contact and acts as a top cover

for the waveguide. Thus, the diode is "integrated" into the mixer block. This greatly

simplifies mixer block fabrication and assembly, and also minimises losses between

the antenna and the diode by allowing the SBD contact to be placed at the feed of the

antenna. The diode is then contacted using a planar whisker with an integrated RF/TI

filter. QUIP SBDs with anode diameters of 0.25 - 0.31.tm have been successfully

fabricated and mounted into a mixer block for RF performance evaluation.

INTRODUCTION

Waveguide devices are now being used with some success in the terahertz region

[1,2] and waveguide mixers are now showing comparable performance to the more

common corner cube mixer configuration at frequencies as high as 2.5THz. The

waveguide devices have the additional advantages of rugged construction, in-situ

tuning capability and radiation properties that are isolated from the diode embedding

circuit. However, the specialist fabrication level of machining required combined with
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the intricate fabrication procedures adopted make this approach one that is intended for

applications where cost and time are not the main drivers.

The 2.5THz waveguide mixers used to date have made use of notch front diodes thnt

have the soldered Ohmic contact on the faces that are perpendicular to the diode array.

In order to realise the sub-miniature dimensions required, the chips are separated

using deep Reactive Ion Etching (PIE) techniques. The fabrication process is therefore

complicated requiring specialist equipment and careful process control. The resulting

chips have dimensions in the order of 401.tm across either as cubes or cylinders [2,3].

This paper describes a new novel approach where the diode chip itself is partially

integrated with the waveguide circuit. In addition, the fabrication process is extremely

straightforward as all processing steps are carried out on a flat or 'planar' surface.

By taking this approach a number of advantages result. Firstly, the chip becomes very

easy to handle as it can be manufactured to be many times the size of the waveguide

circuit rather than having to fit within it. Secondly, all unwanted GaAs is removed

from the RF circuit itself and the soldering procedure is greatly simplified. Finally, the

machining of the waveguide cavity becomes much easier so that when combined with

the use of the planar whisker other types of waveguide device can be realised using

this circuit architecture, for example, frequency multipliers or RTD oscillators.

BASIC CONCEPT

For a more detailed description of the mixer design see [3] in this proceedings. Use is

made of the same circuit architecture. A schematic diagram showing the basic concept

of the QUIP SBD chip is shown in figure 1. The mixer consists of three main

components. The signal is coupled to the waveguide via a conventional corrugated

feedhorn. This can be detached from the main part of the mixer block. The section of

waveguide that contains the backshort and diode chip is machined from copper and

electroplated in gold. A minimum of 21.un of gold is required as the soldering process

used to mate the diode chip to the machined section uses a low melting point (130C)

Indium solder. If an insufficient thickness of gold is used the solder can form brittle

intermetallic compounds that can lead to poor electrical properties and mechanical

failure.

The QUIP chip forms the waveguide lid thus completing the RF circuit.
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Figure 1: The basic quasi-integrated planar diode concept

A working drawing of the QUIP chip showing the relevant dimensions is given in

figure 2. The dimensions of the chip can be set very accurately by using a commercial

diamond dicing saw.

Figure 2: Dimensions of the quasi-integrated planar diode chip used

The diode sits in a 4001..tm wide recess machined into the mixer block above the

channel which eventually forms the 271.1m high by 1051.tm wide RF waveguide. This

means that the 40x401.tm array of diode anodes automatically aligns to the centre of the

RF filter channel in which the planar whisker is housed. The soldering procedure for

the QUIP chip is made very straightforward by its large dimensions.
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A photograph showing a QUIP chip (X69) soldered into a mixer block is shown in

figure 3 (d). The anodes are 0.25-0.311m in diameter.

(a) (b)

(d)

Figure 3: An X69 QUIP chip and soldered into RAL block DW3
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DIODE FABRICATION

The fabrication procedure is very similar to that used for the fabrication of the

conventional back contacted Schottky diode chips used in corner cube mixers. Much

work has been carried out aimed at reducing the intrinsic diode noise. Various aspects

of the fabrication process have been examined to determine if the diode noise can be

minimised [4, 5]. For example, it was found that ECR (electron cyclotron resonance)

plasma etching reduces the the number of defects when compared with RIE, and thus

significantly lowers the 1/f noise. This is particularly important for mixers intended

for Fusion Plasma Diagnostic applications. These mixers typically operate at IF

frequencies of a few tens of megahertz and therefore the l/f noise contribution

becomes significant. Comprehensive results of this study will be published elsewhere

[6

A schematic of a QUIP diode chip is shown in figure 4. The Ohmic contact is made on

the front side of the wafer. In the case of conventional diode chip, GaAs lies between

the diode anode and the Ohmic and hence the bulk GaAs that makes up the chip now

has to be included as part of the RF circuit. Even though it is formed from highly

doped material it must still add extra loss into the signal path so in general the

thickness of the chips has been kept to a minimum, typically 100gm, making handling

difficult. For the QUIP chip the Ohmic contact is on the front face and leaving a

minimum amount of exposed GaAs in the RF circuit. The chip can now be made as

thick as thought practical with no detrimental effects on mixer performance. The

Ohmic contact on the bottom of the QUIP chip is required only to facilitate Au/Pt

plating of the anodes, and it does not effect the diode current. The details of the

fabrication process will be addressed in [7].

Figure 4 : A QUIP diode chip with the Ohmic contact on the front
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RF MEASUREMENTS IN A WAVEGUIDE MIXER

The advantages of a waveguide mixer over a corner reflector mixer are particularly

apparent when the RF embedding circuit is considered. For the corner reflector, the

embedding impedance is theoretically set to be real somewhere in the range 80-200Q.

Knowledge of the absolute embedding impedance is more or less impossible to obtain

and this is mainly because the antenna pattern and embedding impedance both depend

on the whisker/antenna/reflector configuration. Small physical changes in the mount

can modify the beam pattern adding additional optical coupling losses or alternatively

introduce reflections on the whisker/antenna which result in an unknown reactive

component in the embedding impedance. In the waveguide mount the radiation

properties are isolated from the embedding circuit via the use of a corrugated

feedhorn. The signal is matched to the diode via the use of a waveguide matching

probe and a movable backshort tuner. Therefore in principle a complete range of

embedding impedances can be presented to the diode the aim being to eventually find

the optimum value.

RAL mixer DW3 was assembled as described in [3] and tested at 2.5THz. An SEM of

a completed mixer assembly is shown in figure 5.

rigure An assemmea muer iw arcuir
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Preliminary RF results at 2.5THz are very encouraging and are displayed in figure 6.

A double sideband receiver noise temperature of 24,000K was obtained at the first

iteration. This compares with our best receiver noise performance of ---16,000K DSB

obtained using a UVA 1T2 notch front diode. However, these are both very early

results. A full empirical optimisation of the RF circuit is now required before accurate

comparisons can be made between diodes.

Importantly, for the X69 QUIP diode, the LO requirement has been reduced to levels

that are directly comparable to that required by a corner reflector mixer showing that

the loss associated with the waveg,uide mount is not too prohibitive. In addition, this

level of LO requirement is approximately 60% lower than for a UVA 112 notch front

diode mixer. The RF circuit will now be empirically optimised in order to find the best

impedance match for the X69 QUIP diode.

Figure 6: 2.5THz mixer RF peiformance for Tohoku diode X69 in RAL mixer DW3

CONCLUSIONS

A new RF circuit architecture has been demonstrated. A novel Schottky diode chip

configuration that allows it to be partly integrated with a waveguide mount has eased

many of the fabrication and assembly problems encountered in previous designs that

made use of sub-miniature notch front diodes. Good mixer performance has been

obtained at first iteration and the circuit will now undergo further empirical

optimisation.

This approach could be easily modified to accommodate different devices such as

Schottky varactors, whiskered HBVs or RTDs.
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ABSTRACT

The introduction by Padin et al. in 1996 of an SIS mixer with an integrated IF amplifier eliminates the
need for an IF isolator and makes possible SIS receivers with multi-octave IFs. To realize a wide IF
bandwidth, an SIS mixer must be designed with low IF capacitance and inductance. This paper describes
an SIS mixer in which the RF circuit is effectively decoupled from the IF circuit, and a compact high-
impedance RF choke circuit is used, resulting in low output capacitance and inductance.

INTRODUCTION

If an SIS receiver is operated with a 50-ohm cable between the mixer and IF amplifier, impedance
mismatch at the ends of the cable can cause the overall receiver gain and noise temperature to vary
substantially across the IF band. This results from two processes: (i) the IF signal from the mixer
undergoes multiple reflections between the mixer and amplifier, and (ii) the out going noise wave from
the input port of the amplifier is reflected at the mixer and returns to interfere with the ingoing noise wave
with which it is correlated. An amplifier well matched to the cable eliminates mechanism (i), while a well
matched mixer eliminates both (i) and (ii). In practice, SIS mixers do not usually operate with a well
matched output, and in many cases matching the output would lead to undesirable behavior — excessive
conversion gain with a corresponding reduction of dynamic ran ge, and negative RF input conductance
which implies reflection gain at the mixer input. An isolator is often inserted in the cable, and presents a
gdod match to both the mixer and amplifier. The isolator is not without penalty, however, as thermal
noise from its internal termination is partially reflected at the mixer and adds to the IF noise; this can add

The National Radio Astronomy Observatory is a facility of the National Science Foundation operated
under cooperative agreement by Associated Universities, Inc.

** This work was supported in part by the National Science Foundation under grant number AST-9618747
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significantly to the receiver noise temperature, even when the isolator is at 4 K. A more serious drawback
may be the limited bandwith of an isolator, usually no greater than an octave. To achieve a wide IF
bandwidth when using an isolator therefore requires a high IF center frequency. If it is desired to build a
receiver with an IF bandwidth of 8 GHz, as is needed for the NRAO's proposed Millimeter Array, the use
of an isolator would require an IF of 8-16 GHz IF, or higher.

The introduction by Padin et al. [1,21 of an SIS mixer with a built-in IF amplifier makes possible SIS
receivers with multi-octave IF's, and eliminates the need for an IF isolator. It is pointed out in [2] that to
realize a wide IF bandwidth, the SIS mixer must be designed with low output capacitance, and in general
minimizing the output circuit parasitics (capacitance and inductance) will facilitate broadband coupling to
the first IF stage. In many SIS mixers most of the output capacitance is associated with the RF matching
and choke circuits, and the output inductance is mainly in the RF choke circuit. In the present paper we
describe an SIS mixer in which the RF circuit is decoupled from the IF circuit, and a compact high-
impedance RF choke with low capacitance and inductance is used. The mixer operates in the 200-280
GHz range, but the design is suitable for scaling to higher or lower frequencies.

Three RF matching circuits used in SIS mixers are shown in Fig.l. They are: (a) an end-loaded
microstrip circuit, as used in several very successful SAO mixers [3]; (b) a microstrip inductor terminated
with a XR,./4 open-circuit microstrip stub, as used at NRAO [4); and (c), similar to (b), but with the
microstrip inductor terminated in a sectoral stub, as described in [5, 6]. As indicated in the figure, for
operation at —230 GHz, the static (low frequency) capacitance of the three circuits is between 200 and
500 fF.

209 fF C = 490

34 p m
(c)

(b)

Fig. 1. Three RF tuning circuits used in SlS mixers. Dimensions and capacitances indicated are for a
center frequency of -230 GHz. (a) End loaded matching circuit. (b) Tuning inductor with 114 microstrip
stub. (c) Tuning inductor with radial microstrip stub. (Diagrams not to scale.)

For the SAO mixer complete with RF chokes, the static capacitance at the IF port is 470 fF. This consists
of 200 fF from the RF choke, 210 IF from the RF matching circuit, and 60 IF from the SIS junction itself.
The low-frequency inductance of the IF circuit is 1700 pH, of which only 42 pH is from the RF matching,
circuit.
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A NEW DESIGN

It is clear from the foregoing that to reduce the IF output capacitance of an SIS mixer. the capacitance of
the RF matching circuit and/or the RF choke must be reduced. The IF inductance can be reduced by
reducing the inductance of the RF choke. A design which attempts to minimize both these components is
shown in Fig. 2. The mixer is fabricated on a 0.010" fused quartz substrate. thinned after lithography to
0.0035". A 50-ohm suspended stripline, at the left end of the substrate in F12. 2(a), is driven by a
broadband transition [7] from full-hei ght rectangular wavenide. Near the middle of the substrate is a
broadband transition from suspended stripline to capacitively loaded coplanar waveguide (CLCPW) [8].
This transition is almost identical in geometry to the suspended stripline-to-coplanar waveeuide (CPW)
transition described in [7]. The CLCPW has a characteristic impedance of 63 ohms, and is the first
element of the broadband RF matchin g circuit — see Fig. 2(b). The next matchin g elements are short
sections of rificrostrip and CPW in series, followed by a parallel pair of quarter-wave short-circuit
microstrip stubs of characteristic impedance 3.4 ohms. The series array of four SIS junctions is connected
through a capacitor (C A) to ground, and to a high impedance RF choke (RFC) as shown in Fi g . 2(c). Note
that all conductors are on the same side of the substrate. The ground plane extends over most of the right
half of the substrate and has gold pads alon g the edges (indicated in E2. 2 by heavy hatching) which
make contact with the shoulders of the substrate channel via 0.001" gold crush wires.

Operation of the RF tuning circuit is as follows: The series array of four SIS junctions is inductive and is
resonated by capacitor CA to ground. Its input impedance, as seen from the stubs, is plotted as a function
of frequency in Fi

g
- 3(a). Adding the stubs winds up the impedance locus as in Fi g . 3(b). The rnicrostrip

MS1 and the coplanar line CPW1 form a resonant LC transformer which increases the impedance level to
about 50 ohms, as in Fi

g
. 3(c). Finally, the CLCPW, which has an electrical len gth of about half a

wavelength, transforms the locus as in Fig.3 (d). The parameters assumed in these simulations are:
junction diameter a = 1.5 gm, critical current density Jc = 6600 A/cm 2, and specific capacitance Cs = 85
fF4irn2, corresponding to a normal resistance RN = 15.5 ohms per junction and coR,C, = 3.6 at 250 GHz.

The RF choke, shown in Fie. 2(c), is designed to present a hi gh RF impedance to the array of SIS
junctions and capacitor CA. It has two sections, each consistin g of a CPW of 110-ohm characteristic
impedance followed by a capacitor to ground, and has a total static capacitance of 137 IF and inductance
of 235 pH. In most applications one section (line + capacitor) can be omitted, which reduces the
capacitance to 68 fF and inductance to 118 pH.

The RF embedding impedance seen by each junction in the array is shown in Fig. 4. The Smith chart is
normalized to the optimum source impedance' for the junctions, 12.5 ohms (per junction) in the present
case. The junction capacitance is included as part of the embedding circuit in this calculation. The circle
at Ipl = 0.4 indicates the range of embeddin g impedances within which acceptable SIS mixer performance
will be obtained [11].

To accommodate variations from wafer to wafer, particularly in Jc, junction area, and SiO thickness, each
wafer contains twelve mixer desi gns with four values of Wc, and three values of L 3.siu, (see Fi

g
_ 2(b)).

I The optimum source impedance is related to the junction's normal resistance R N by Ron = 0.015 RN fGFt;'72 [9],

which in this frequency range is close to the value of Z0 - given by [10].
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Fig. 2. Diagrams of the low-parasitic mixer. (a) The whole mixer, showing the suspended stripline probe
which couples to the signal/LO waveguide at the left. The ground plane contacts the mixer block along
gold plated contact strips, shown heavily hatched on the upper and lower edged of the substrate. The
bonding pad for the IF connection is at the right end of the substrate. (b) The RF tuning circuit, showing
the end of the CLCPW (at the left), microstrip and CPW (capacitive and inductive) lines, the pair of
microstrip short-circuit stubs, series array of four SIS junctions, and tuning capacitor C A. (c) The right-
hand end of the substrate, showing the RF tuning circuit at the left, the two-section RF choke, and the
DC/IF bonding pad.
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Fig. 3. RF impedance transformation through the broadband matching network. (a) Impedance of the
array of junctions and capacitor CA, (b) including the two stubs, (c) including MS1 and CPW1, and (d)
including the CLCPW input line. All Smith charts are normalized to 50 ohms.

At IF, the pair of microstrip stubs has a very low impedance to ground, effectively bypassing the rest of
the RF matching circuit. The static capacitance of the whole mixer, seen at the IF port on the substrate, is
241 IF, which consists of contributions from the array of junctions (38 fF), the tunin g, capacitor CA (66
fF), and the RF choke (137 fF). The corresponding low frequency inductance is 294 pH of which 59 pH is
contributed by the RF matching circuit. If only a single section RF choke is used, the overall static
capacitance and inductance are reduced to 172 IF and 174 pH.
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Fig. 4. RF embedding impedance seen by the array. The junction capacitance is taken as part of the
embedding circuit. The circle is at Ipl 0.4. (The Smith chart is normalized to the optimum source
impedance.)

FABRICATION

The mixers were fabricated on chemically polished fused quartz wafers 1" diameter and 0.010" thick.
After dicing the individual mixers were thinned to 0.0035" using a dicin g. saw. The new mixer differs in
three ways from those previously made at UVA: (i) the junctions are situated on small islands of trilayer
where it is not possible to use removable anodization lines, (ii) an SiO layer 200 nm thick is deposited
around the junctions, with a thicker SiO layer in the CLCPW sections, and (hi) vias are required to
connect the bridges in the CLCPW section to the base electrode. Our previously established Cr based
trilevel resist [12] and Futurex junction anodization [13] processes were inadequate for requirements (i)
and (ii). For the present mixers we adapted JPL's Au overlayer technique [14] to our processes. Since Au
does not naturally oxidize, an in-situ physical cleaning of the surface of the junction counter electrode is
not needed prior to depositing the Nb interconnection layer. Omitting the usual physical cleaning step has
two advantageous: any native Nb and Al oxides which have grown after deposition of the junction SiO
insulation will remain, and the SiO insulation layer will not be disturbed. Both these factors tend to
prevent micro-shorts between the wiring and base electrodes, and we have been able to fabricate junctions
with 200 nm insulation layers without resorting to anodization techniques.

In the Au overlayer process we used a separate DC magnetron sputtering system to deposit layers of Au(1-
2 nm)/[Cr(4% wt.)-Au](28 nm) on top of the trilayer wafer after an ion gun clean. The Cr-Au mixture
was used to increase the physical durability of the over-layer. Prior to the trilayer etch, the Cr-Au layer is
etched in a solution of 10 g I, 40 g INH 4 , 400 ml DI water, and 600 ml ethanol, which we have found
etches Cr-Au films containing as little as 0.4% (wt.) Cr more repeatably and uniformly than pure Au
films. Before the junction etch, the Au/Cr-Au layer is removed with an ion beam inclined at 45° which
cleans the surface around the perimeter of the polyimide etch mask. After the junction etch and SiO
deposition, a liftoff of the self-aligned trilevel resist is performed. It was found that the (CH 3 )4 NO4 in our
usual 300T resist stripper attacked the counter electrode/overlayer interface, resulting in the loss of the
Au/Cr-Au overlayer from the tops of the small junctions. The 300T stripper was replaced with OCG Inc.
QZ-3321 or NMP, both of which have been found satisfactory.

200



WII[RH03] R0.4

41•.■■••••••■ 1.,■■•■■•■0

MMICAD — Tue Mar 03 17:37:24 1998

115 20lb
my

UVA5-L35313-E7-03-1-373-2

R N = 93 ohms

Frequency [GHZ]

250 -

200 -

150 -

100-

50-

0. 

0

The vias, to connect the bridges in the CLCPW section to the base electrode, can be accomplished in two
ways. The first is to use large area junctions, and the second uses a direct contact from counter electrode to
base electrode. We have chosen the second approach to avoid possible internal resonances in large-area
junctions used as vias. Since an in-situ cleaning step is not used in our Nb wirin g process, a second Au
overlayer was defined on top of the base electrode after removing the Au/Cr-Au and Nb counter electrode
from the via sites.

INITIAL RESULTS

The mixer described here had a normal resistance of 93 ohms for the array of four junctions, and the
junction diameter, measured by SEM, was 1.6 gm, corresponding to a critical current density of 3900
A/cm' and aNC/ = 6.2. The I-V curve at 4.2 K is shown in Fig. 5 with and without LO power applied.
With appropriate choice of tuning elements CA and 1.5.swg, the embedding impedance seen by the array is
as shown in Fig. 6, in which impedances are normalized to the optimum source impedance for this
particular mixer (74 ohms).

The mixer was tested in a liquid helium cooled vacuum cryostat containin g 4.2 K IF calibration
components, similar to that described in [15]. The incoming RF signal enters the cryostat throu gh a
plastic film vacuum window supported by polystyrene foam [16]. It passes through a PTFE infrared filter
at 77 K into a scalar feed horn at 4.2 K. LO power is injected through a 20 dB branch-line directional
coupler, also at 4.2 K. A 50-ohm 1.4 GHz IF was used with a 50-MHz bandwidth and no IF impedance
transformer between the mixer and amplifier. The IF noise temperature, including a coaxial switch, two
isolators, and a directional coupler, was 6.3 K. A DC ma gnetic field was applied to the mixer to suppress
the Josephson currents in the junctions.

Fig. 5. I-V curve for the mixer at 4.2 K without LO power Fig. 6. RF embedding impedance seen by the array.
(heavy line), and with LO power at 245 GHz (light line).  The junction capacitance is taken as part of the
The operating bias voltage is indicated by the vertical embedding network. The circle is at Ipl = 0.4. The
line. Smith chart is normalized to the optimum source

impedance (74 ohms).
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The overall receiver and mixer noise temperatures are plotted as functions of LO frequency in Fie. 7. The
mixer noise temperature includes contributions from the vacuum window, IR filter, horn, and LO coupler,
but does not include contributions from the IF amplifier, reflected noise from the termination on the IF
isolator, or injected noise from the LO. Fig. 8 shows the mixer conversion loss and VSWR at the IF port
of the mixer (with respect to 50 ohms) as functions of LO frequency . The conversion loss includes
contributions from the vacuum window, IR filter, feed horn, and LO coupler.
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250

200 •

y 150 •

c�"'

2-100

Sc

0
200 210 220 230 240 250 260 270 280 290 300

LO Frequency (GRz)

Fig. 7. DSB receiver noise temperature (solid line) and

UVA- L3539
.
 V D3- ,3:73-2

20•

—1*— L( 813) 1F-SW
15•

,c210

-5
200 210 220 230 240 250 260 270 280 290 300

LO Fre
q

uency (Gi-i4

Fig. 8. DSB conversion loss (lower curve) and IF port
mixer noise temperature (open squares). Shown for VSWR.
reference is the line 4hf/k.

CONCLUSION

The new mixer has output capacitance and inductance lower by factors of about 2 and 6 than typical SIS
mixers in this band. These parasitics could be further reduced by using a single-section RF choke as
discussed above. The initial measurements presented here gave overall receiver noise temperatures of
45-89 K (DSB) over the LO ranee 200-280 GHz, with correspondin g mixer noise temperatures of 22-55
K (DSB). By increasing the critical current density of the junctions to —6600 A/cm 2 we hope to improve
the performance and cover the full 200-300 GHz band.

We have not yet operated this type of mixer with an internal wideband IF amplifier, but only with an L-
band IF. While the present mixer operates in the 200-300 GHz waveguide band, the design should be
suitable for scalin g to higher or lower frequencies. Note that, with frequency scaling, the IF output
capacitance and inductance will change, both increasing as the design is scaled to lower frequencies.
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ABSTRACT
In this paper we describe the design and preliminary results of testing
a tunerless finline mixer over the frequency range of 330-360 GHz. The
mixer is fed by a conical horn-reflector antenna, machined into an alu-
minium split block to ensure that the mixer has low sidelobe level and
high aperture efficiency, without the employment of a phase correcting
lens. The mixer chip itself comprises an antipodal finline taper and a
miniature microstrip line, which contains an Nb/Al-oxide/Nb junction.
Our preliminary test of the mixer at 4.7 K yielded receiver noise temper-
ature of about 90 K DSB which includes some IF and RF losses. The
measured beam pattern of the conical horn reflector antenna was in ex-
cellent agreement with the computed results.

INTRODUCTION

We have already reported the successful operation of an antipodal finline mixer
at 230 GHz. We showed that the mixer is easy to use and has a noise tem-
perature which is comparable to best waveguide mixers, despite that it does
not have any mechanical tuning (Yassin et al, 1997a). Another feature of the
finline mixer is that it operates over a remarkably wide band. We have already
demonstrated that the finline mixer can operate well over one octave provided.
the junction tuning remains effective. In this paper we shall describe an im-
proved design and test results of a tunerless fuiline mixer which is designed to
cover the frequency range of 320-390 GHz. The mixer is fed by a horn-reflector
antenna, machined into an aluminium split block to ensure that the mixer has
low sidelobe level and high aperture efficiency, without the employment of a
phase correcting lens. The mixer chip itself comprises an antipodal finline taper
and a miniature raicrostrip line, which contains an Nb/Al-oxide/Nb junction.
The two superconducting films are deposited on one side of a 90 pm thick quartz
substrate and are separated by 400 nm thick oxide layer. The antipodal finline
taper is then transformed into a microstrip line of characteristic impedance of
20-30 ohms which is ideal for SIS junctions. The inductive tuning stub was
fabricated as part of the IF microstrip transmission line rather than at right
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FIGURE I A photograph of the split Aluminium block

angles to it, as in our previous designs. In this way, the stub both tunes out the
junction capacitance and also acts as an RF choke.

MIXER DESIGN

The mixer block and antenna: The mixer block comprised a horn-reflector an-
tenna, machined into an Aluminium split block. We have chosen wave guide
dimensions of a= 700pm and b= 350pm, a horn semiflare angle of 9.46°, a horn
diameter of 10.0 mm and a parabolic reflector of focal length of 17.7 mm. This
gave a -3 dB beamwidth of about 4.5 degrees depending on polarisation and
plane of observation. A photograph of the lower part of the split block including
the IF bias board carrier is shown if Fig. 1.
We have chosen to start our first tests employing a horn-reflector antenna which
is fed by a smooth-wall (rather than a corrugated) conical horn, keeping in mind
that the horn will be corrugated at a later stage. This antenna has four principal
copolar radiation patterns of different beamwidths and sidelobe levels, since the
field distribution over the aperture of a smooth-wall (unlike the corrugated )horn
depends on the input polarisation, and since the radiation pattern of the horn-
reflector antenna can be observed either in the longitudinal plane (the plane of
symmetry, which includes the horn axis) or in the transverse plane (which is
perpendicular to the horn axis). This choice therefore gives us the opportunity
to verify the accuracy of our design and the precision of our machining tech-
niques by comparing several computed and measured beam patterns of similar
yet distributions. We have computed the far field pattern of the antenna in the
usual manner by first projecting the field over the horn aperture into the pro-
jected aperture, using conformal mapping (Withington et al, 1997) . The field
distribution of the horn aperture was assumed to be that of a TEll circular
waveguide and the far field of the projected aperture was calculated using either
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FIGURE II A magnified view and a photograph of the finline mixer chip

the Kirchoff scalar integral or Gaussian modes.
The mixer chip and IF assembly: A magnified view and a photograph of the
mixer chip are shown in Fig. 2.
The finline taper and mixer circuits were deposited on a quartz substrate of
thickness d=90 pm. The transmission-line tapers were designed using quasi-
TEM techniques, and the electrical properties of the finline and microstrip were
calculated using methods which we have described previously (Yassin et al,
1997b). As was mentioned above the tuning radial stub was fabricated as part
of the main microstrip transmission line rather than at right angles to it, as in
our previous designs. The main reason for this choice is to eliminate the effect
of the IF circuit on the junction tuning, and to make the radial stub act as an
RF choke. This means that the old RF choke structure (three inductive and
three capacitive pads) may now be removed, resulting in a significant decrease
in the chip capacitance at IF frequencies. The mixer chip was manufactured
at KOSMA, university of Cologne, using four mask layers. The first forms the
base finline electrode and the ground plane for the raicrostrip, the second defines
the tunnel junction and a 200 pm of SiO, the third allows the addition of of an
additional 200 pm layer of SiO and the forth forms the wiring finline layer, the
microstrip, the RF choke and the tuning stub. The area of the the junction
which was employed in our tests (w1s3) is 0.6pm 2 , current density of 14000
A/cm2 and a normal resistance of 25 S2. The IF signal is extracted by bonding
30pm wires to the three pads on the chip and connecting those wires to the bias



FIGURE III A photograph of the IF assembly

board as shown in Fig. 3.
The bias board itself was a ground plane backed coplanar waveguide which was
preferred to the more commonly used microstrip in order to make the bonding
pads on the chip level with the IF board metallisation. We designed the coplanar
waveguide using the electromagnetic modelling software "Sonnet" in order to
take into account the finite width of the ground planes which was made relatively
small so that the IF board could be fitted within the coil former. Fig. 4 shows
that the measured transmission and return loss of the coplanar waveguide are
remarkably good over a wide range of IF frequencies.

EXPERIMENTAL RESULTS

We started our mixer tests by investigating the far field pattern of the horn-
reflector antenna. The local oscillator horn was used as a transmitter and its
output power was modulated electronically. A radiation pattern was taken by
placing the Dewar on a rotary table and rotating the table about a vertical
axis which passed through the apex of the horn. Since at this stage we were
only interested in measuring the main beam, no special effort was made to
increase the dynamic range or to eliminate wide-angle reflections. In Fig. 5
we show a measured pattern when the input polarisation was longitudinal and
the observation was made in the longitudinal plane. This configuration yields



Oca_rata
360 NETIMINK Me.

:ATE:
OEV:CE: OPERATOR:

START: 1.0000 GH START: RAOR C.- ORR: :2 — TER!,
STOP: 8.0000 GATE STOP: AVERAG:NG: .TS
STE. : 0.0420 G4. GATE: 3N0v427,-,,REZJOE0

w:NZOW:

5:1 FORWAR3 REFL-ECT:0.4
LOG 'AS. ,REF-0.0000B 1. 0.00003/Z:V - S::

0.0000 Itn,

._ 0_000_j
521 FORWARZTASMiSSC

>,ARKER
4.5700
—36.216 05

,,ARKER TO V.AX
MARKER TC

LOG MAG. 0.40005/=V

•■■■••■■••••■•■■•■••■■••■■
1.0000 9.0000
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relatively high sidelobes since the electric field is not truncated. This can clearly
be seen in Fig. 5 which also shows excellent agreement between the computed
and measured main beams. Work is in progress to measure the other copolar
and cross- polar radiation pattern configurations, and the far out sidelobes. We
would like to emphasize yet again that in the final design, the horn will be
corrugated so that the antenna will have a circular beam and low sidelobes.
To test the noise temperature of the mixer we injected power into the signal
path using a 30 jim thick Mylar splitter. In the first attempt the temperature
of the mixer block was 5.5 K and in Fig. 6 we show three unpumped curves
corresponding to three different temperatures (the 4.2 K curve was measured on
the dip-stick with zero magnetic field). In addition to the expected change in
the energy gap we clearly notice the increased sloping of the high temperature
curve.
In Fig. 7 we show the pumped I-V curve and the hot/cold IF response of the
mixer at a temperature of 5.5 K and a frequency of 338 GHz. The receiver noise
temperature measured in this case was 130 K (DSB).
In Fig. 8 we demonstrate the efficient tuning of the junction capacitance by
the radial stub by plotting pumped I-V curves at two different frequencies. The
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FIGURE V 350GHz conical horn-reflector beam pattern

Josephson effect could easily be suppressed at the first null with a coil current of
88 mA. Although the slope of the photon step at 344 GHz appears to be slightly
negative, we did not observe any instabilities in the IF output. Instabilities
however may still exist at frequencies below 330 GHz and we shall investigate
this later.
We show the IF response of the mixer at 356 GHz in Fig. 9 which gives a
noise temperature value of 90 K. Similar values were obtained at all frequencies
between 333-360 GHz range which was determined by the availability of local
oscillator power. The above quoted values of noise temperature, which are higher
than expected at those frequencies, include the losses of the IF amplifier, the
Mylar splitter and the cryostat window whose width was in fact designed to
test a 500 GHz mixer. In addition, these results represent our first attempt
to test the mixer and we expect them to improve on them by modifying the
experimental setup and trying different devices.
Finally we intend to modify the finLine chip in order to design an image separ-
ating mixer. The design will be based on two back-to-back finline tapers, where
the signal is fed through one side, and the LO through the other. The IF can be
taken from the side, through the waveguide wall without affecting the electrical
properties of the transmission line since the electromagnetic field is well confined
in the microstrip (Kerr, A. It., and Pan, S-K., 1996). An obvious advantage of
this design is that the RF signals are fed to the device without using highly
inductive probes. Moreover, there will be enough space on the chip to design
the required integrated circuits.
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CONCLUSIONS

We reported the successful operation of an antipodal finline mixer in the fre-
quency range of 330-360 GHz. The preliminary measured results of DSB receiver
noise temperature are 90 K which include IF and RF losses in the test system.
The measured beam pattern of the horn reflector antenna are in excellent agree-
ment with computed results which illustrates the integrity of both our design
and manufacturing techniques of these antennas.
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ABSTRACT

Separate waveguides for the signal and LO are connected via suspended striplines to a 2 x 1 mm quartz
substrate which contains all the RE components of the sideband separating mixer: quadrature hybrid, LO
power splitter, two LO couplers, and two SIS mixers. These components are realized in capacitively-
loaded coplanar waveguide, which minimizes stray coupling between adjacent components and coupling
to undesired modes in the thick quartz substrate. Over the 200-280 GHz band, the mixer noise
temperature was 50-150 K and the overall receiver noise temperature was 60-200 K (both measured
outside the vacuum window). The sideband separation was . � 9 dB, which we hope to improve by
reducing leakage of LO power under the substrate into the signal port, and by improvin g the match of the
cold termination of the fourth port of the input quadrature hybrid.

INTRODUCTION

With noise temperatures of SIS receivers now in the ranee 2-4 times the photon temperature (hf/k), the
overall sensitivity of radio astronomy measurements can be seriously degraded by atmospheric noise. In
spectral line measurements, atmospheric noise in the unwanted (image) sideband can be eliminated by
using a sideband separating scheme. The benefits of such a scheme, in the context of interferometers and
single-dish radio telescopes have been explored in [1] and [2].

An experimental 100 GHz sideband separating mixer using discrete components — a waveeuide magic-T
and two SIS mixers, with an adjustable phase-shifter in the LO path to one mixer — was described in [3].
At shorter wavelengths, the signal and LO phasing can be done quasi-optically using various
configurations described in [3]-[5], but even at 250 GHz the quasi-optical schemes are physically
cumbersome and require a large cryostat if several receivers are to be attached to the same refrigerator. At
the 1996 THz Conference we proposed a desi gn for a sin gle-chip sideband separating SIS mixer [5], and
the present paper gives our first results.

*The National Radio Astronomy Observatory is a facility of the National Science Foundation operated
under cooperative agreement by Associated Universities, Inc.
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In the microwave range, sideband separatin g mixers have been available commercially for many decades.
The usual implementation is to divide the signal and LO power between two mixers usin g a quadrature
hybrid in either the signal or LO path; here the former option is used as shown in Fie. I. The IF outputs
from the two mixers are combined in an IF quadrature hybrid, with the result that, ideally, all the
downconverted power from the upper and lower sidebands appears separately at the two output ports of
the IF hybrid.

RF

Fig. 1. Schematic diagram of a sideband separating mixer of the type used in this work.

The image rejection of such a sideband separatin g mixer depends on the amplitude and phase imbalance
through the parallel signal and LO paths, including the IF quadrature hybrid, as analyzed in [5]. For
radio astronomy applications, the primary reason for usin g a sideband separatin g mixer is to reduce
atmospheric noise in the unwanted sideband to an acceptable level, and this is accomplished with .110 dB
of image rejection. An amplitude imbalance of 5.7 a (for the whole circuit) or a phase imbalance of
35° results in an image rejection of 10 dB, so the required tolerance on components should not be a
practical obstacle. An image rejection of 20 dB would result from an amplitude imbalance of 1.7 dB or a
phase imbalance of 12°, numbers which may well be achievable usin g Nb integrated circuit technology.

DESIGN

The design of the sideband separating mixer was described in detail in [5]. The complete RF circuit is on
a 2 x 1 mm fused quartz substrate, connected to si gnal and LO waveguides via suspended striplines on
separate substrates, as shown in Fi g . 2. Connections between the probes and the main substrate are by
thin gold ribbons soldered to the bonding pads. A Nb ground plane extends over most of the upper side of
the substrate, and has gold contact pads along all four sides. These pads contact the mixer block through
gold crush-wires which are compressed as the block is assembled.

Fig. 2. The image separating mixer, showing the signal and LO waveguides, suspended stripline coupling
probes, and the main substrate.

All the components and interconnections on the mixer chip are realized using capacitively loaded
coplanar waveguide (CLCPW) — see Fig. 3. CLCPW has several advantages over microstrip and
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coplanar waveguide (CPW): On a quartz substrate it can have characteristic impedances in the ranee 10-
100 ohms with dimensions convenient for standard optical lithography. All conductors are on the same
side of the substrate and the energy is confined to a region close to the center conductor, which allows the
use of a conveniently thick substrate. The periodic bridges are grounded at their ends, which effectively
suppress coupling to the odd-mode which can occur in lone CPW lines, and reduces coupling between
adjacent components.

z

Bridge cor,tected
to gro•,,C plcne

Fig. 3. A length of capacitively loaded coplanar vraveguide (CLCPW). Dimensions are in microns.

A detailed view of the mixer substrate is shown in Fi g . 4. The RF signal enters at the left CPW which
makes a broadband transition to CLCPW. It is divided in the quadrature hybrid and passes into the
mixers via the LO couplers. Similarly, the LO enters at the right CPW, then passes through a Wilkinson
power divider to two –17 dB LO couplers and into the SIS mixers. The individual components were
designed using an electromagnetic simulator (Sonnet em) and a microwave circuit simulator (MivE[CAD)
as described in [5].

Fig. 4. Substrate of the sideband separating mixer, showing the main components. Most of the surface
is covered by a ground plane.

To facilitate (eventual) operation with a wide IF bandwidth, the individual mixers are designed to have
low output capacitance and inductance, and are similar to those described in a companion paper [6].
Target parameters for the tunnel junctions were a diameter of 1.6 pm and critical current density of 6000
A/cm2, corresponding to a normal-state resistance of 15 ohms and coRNCi = 4 at 250 GHz. To allow for
uncertainties and variation in the processing, twelve designs were included on the masks — three tuning_
stub lengths and four series capacitor widths.
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FABRICATION

The mixers were fabricated on 0.010" thick, chemically polished Infrasil 301 fused quartz wafers 3" in
diameter. A five mask Nb/A10,/Nb trilayer process was used, similar to those described in the literature.
All photolithography was performed with a 5x i-line wafer stepper.

The resistors — needed to terminate the quadrature hybrid, LO power splitter, and the LO couplers —
were fabricated by liftoff prior to depositin g the trilayer. The resistor material was Au(53 wt%)Pd(47
wt%) deposited usin g a technique similar to that described in [7]. To achieve the tar get sheet resistance of
12.5 ohm/square required films approximately 25 nm thick.

The tunnel junctions were patterned usin g reactive ion etching in a mixture of CC12F2, CF,, and 02, and
electrically isolated using 200 nm thermally evaporated SiO. The vias between the wiring layer and the
ground plane, required at the ends of the RF tuning stubs and CLCPW brid ges, were actually large-area
tunnel junctions fabricated simultaneously with the smaller mixer junctions. A second SiO layer, of
thickness 270 nm (for a total two-layer thickness of 570 nm), was deposited and patterned by lift-off to
achieve the appropriate capacitance for the bridges. The final wiring layer of Nb was deposited in the
same system as the trilayer and patterned usin g RIE.

After lithography the wafers were diced into approximately 1" squares which were lapped to a thickness of
0.0035", and then diced into the final 2 x 1 mm chips.

We had difficulties in achievin g the target sheet resistance due to poor thickness control. As a result we
have performed several experiments that suggest substoichiometric NbTiN may be a better resistor
material for this application. Its base resistivity is approximately six time larger than AuPd, and thickness
control is less of an issue.

INITIAL RESULTS

In the particular sideband separating mixer described here, each of the component mixers has four SIS
junctions in series, with a total normal resistance of 70 ohms and a critical current density -7000 A/cm'
corresponding to (DR,C, = 3.4. The I-V curves of the two component mixers at 4.0 K are shown in Fig. 5
with and without 225 GHz LO power applied. Note the difference between the curves with LO applied.

250

200

JPL-L97-0126.1-V1-87-CC-ISM371-1
1,4 = 70 ohms

250 -

200 -

JPL-L97-0126.1-V1-B7-CC-ISM371-1
R = 74 ohms

F = 225 GHz F 225 GHz
T = 4.0 K = 4.0 K

150 150 -

100 100 -
Ems

50 50 -

:jos

■INIM1111■1
0

5 10 15 20 0 5 10 15 20
V mV V mV

Fig. 5. I-V curves of the component mixers at 4.0 K without LO power (heavy lines), and with LO power
(light lines) at 225 GHz. The operating bias voltage is indicated by the vertical line.
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The mixer was tested in a vacuum cryostat cooled to —4 K by a Joule-Thompson refri gerator. The
incomin g RF signal enters the cryostat throu gh a plastic film vacuum window [8] supported by a 0.125"
sheet of expanded F'TFE [9]. It passes throu gh a 50-K infrared filter, also made of 0.125" expanded
PIFE, a PT14E lens at 4 K, and into a scalar feed horn, also at 4 K. LO power is connected to the mixer
through an (overmoded) stainless steel waveguide. A 4-K IF plate containin g a coaxial switch and 50-
ohm IF calibration components, similar to that described in [10], enables the noise temperature at either
port of the sideband separatin g mixer to be measured. The IF noise temperature. includin g the coaxial
switch, two isolators, and a directional coupler, was 3.6 K at 1.4 GHz.

The sideband separating mixer has separate SMA DC/IF connectors for each component mixer. These
were connected through cables of equal length to the 4 K IF qualrature hybrid [11]. Bias-Ts [12] on the
other side of the hybrid were connected through isolators to the IF switch. No IF impedance transformer
was used between the junctions and the 50-ohm IF plate. A DC magnetic field was applied to the mixer
to suppress the Josephson currents in the junctions.

Measurements were made usin g RF hot and cold loads (room temperature and liquid nitro gen) in front of
the receiver, with the IF switch connected in turn to each mixer output. The calibrated IF plate enables
the mixer noise temperature and conversion loss in each channel to be deduced, and also the overall
receiver noise temperature; these are all DSB quantities. The image rejection was determined usin g a CW
input signal, first in one sideband then in the other, and measuring the relative IF output levels in both
channels with a spectrum analyzer. From the DSB measurements it was then possible to deduce the SSB
conversion loss and noise temperatures. These quantities are plotted in Figs. 6-8 as functions of LO
frequency. Fig. 9 shows the DC mixer currents as a function of frequency. Note that the noise
temperatures and conversion losses include all the input components (vacuum window, IR filter. etc.).

0 
200 220 240 260 280 300

LO frequency GHz

Fig. 6. SSB receiver and mixer noise temperatures.

0
200 220 240 260 280

LO frequency GHz

Fig. 7. Image rejection (dB).
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DISCUSSION

The SSB receiver noise temperatures in Fi g . 6 are, as expected, approximately twice the DSB values
obtained by a simple mixer similar to one of the component mixers of the sideband separatin g mixer.
With some improvement in tuning it should be possible to obtain a flatter noise temperature over the
desired frequency band. The image rejection is � 9 dB, which is sufficient to remove ima ge frequency
atmospheric noise in radio astronomy applications, but is lower than expected. The variation of the image
rejection with frequency suggests that LO leakage entering the signal port of the mixer may be spoiling
the LO phasing at the component mixers. Because —17 dB LO couplers are used, LO leaka ge to the signal
port at the -20 dB level would appear at the individual mixers only —3 dB below the desired LO and could
account for the poor image rejection. We believe this LO leakage is throu gh a mode under the quartz
substrate, excited by the suspended stripline to CPW transition at the LO end of the substrate, and
coupling into the similar transition at the signal end. To suppress such leakage, the present mixer
contains a small piece of absorbing material. After the mixer measurements described here, it was
realized that this absorber was too small and remote from the mixer substrate to have a si gnificant effect.
We are in the process of replacin g it with a larger piece positioned closer to the substrate, and made of
material with a hi gher attenuation constant [13].

An additional contribution to the poor image rejection arises from the (image) termination on the input
quadrature hybrid. Because of the difficulty of achievin g a given sheet resistance usin g AuPd, resistors on
the present wafer were 36% too high — 68 ohms rather than 50 ohms. SIS mixers are seldom well
matched to the LO, nor to signals in either sideband, and a mismatched termination on the hybrid can
spoil the phasing of those waves at the two mixers throu gh multiple reflections. Assumin g identical
component mixers with signal reflection coefficient Ps' the effect of a mismatch pH at the input hybrid is
to produce an output at the IF image port corresponding to an image rejection Ipsp,1 2. Hence the present
68 ohm termination can contribute an image rejection no worse than 16 dB. LO power reflected at
identical mixers, arriving at the mismatched termination, returns to the mixers with a phase 4)„ ,
dependent on the electrical distance between mixer and termination, plus a 7r/2 difference (between
mixers) contributed by the quadrature hybrid. ckm ii changes with LO frequency, causin g the amplitude and
phase of the LO at the mixers to vary. We expect the phase variation to have the more substantial effect
on the image rejection. For the 68 ohm termination the maximum phase error between mixers is
correspondin g to an image rejection of —22 dB. We deduce that the high resistance of the termination on
the quadrature hybrid is unlikely to account for more than about half the measured minimum image
coupling.

The DC currents in the two mixers exhibit unexpected frequency dependence, as evident in Fi g. 9. Above
—250 GHz, the currents differ by almost a factor of two. We do not yet know whether this is a
characteristic only of the particular chip measured here, or whether it is caused by some error in the
design.

An interesting and potentially useful property of this type of sideband separating mixer occurs when the
mixer elements have anti-symmetrical I-V curves, as do SIS junctions. Then, reversin g the polarity of the
bias on one of the component mixers interchanges the sideband outputs. Hence a sideband separating
mixer connected to a single IF channel can be used to receive signals in either sideband.
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Abstract — The heterodyne mixing performances of three distributed junction arrays (i.e., a number

of SIS junctions distributed along a thin-film transmission line) involving two, five, and ten

junctions, respectively, are experimentally investigated in the frequency range of 320-540 GHz, and

are compared to their Fourier-Transform-Spectroscopy detecting responses. In addition, the

Josephson resonance effects of the three distributed junction arrays are examined. Finally, other

possible applications of distributed junction arrays, such as harmonic mixing and direct detecting, are

addressed.

1. Introduction

SIS mixers have exhibited as low a receiver noise temperature as three times the quantum limit at

submillirneter wavelengths [1]. In developing submillimeter-wave SIS mixers, ones usually adopt

SIS junctions of a relatively large canCi product (Rn and C are junction's normal-state resistance

and geometric capacitance, respectively), say four, to avoid the limitation of the junction's critical

current density (Jr, approximately 10 kA/cm2 for Nb junctions), which is proportional to the ratio of

dcoRnCj. Hence, submillimeter-wave SIS mixers with a single junction, a junction array in series,

or twin junctions in parallel. have a limited bandwidth according to such a relation wido oRnCj. On

the one hand, broadband junction devices are highly desirable for tuneless SIS mixers, are suitable to

direct-detecting applications, and are beneficial to some complex systems such as millimeter-

isubmillimeter-wave interferometer arrays in reducing the cost and complexity.

Theoretical simulations have demonstrated that like non-linear transmission lines [2], distributed

junction arrays, which are a number of SIS junctions connected in parallel with every two junctions

separated by a short thin-film transmission line like a conventional tuning inductance, have a

bandwidth performance nearly independent of the junctions' coRnCi product [3]. While adopting
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low-Jc (say less than 4 kA/crn2) SIS junctions, distributed junction arrays are still applicable to

submillimeter-wave SIS mixers. In this paper, the bandwidth performance of distributed junction

arrays is experimentally studied.

2. Distributed junction arrays and a 470-GHz SIS mixer

Three distributed junction arrays involving two, five, and ten SIS junctions, respectively, have

been fabricated to investigate the bandwidth performance of such a type of junction device

experimentally. Their photographs are displayed in Fig. 1. The SIS junctions in the three arrays

were designed to be identical for simplicity and for convenience of comparison. The junctions'

critical current density was taken as 4 kA/cm 2 (relatively low for submillimeter-wave applications),

while the junction area and the normal-state resistance for a single junction were 1.51=2 and 31 1-2.

With the assumption of a junction specific capacitance of 60 fF4tm2, the junctions' aRnCj product is

equal to 8.2 at 470 GHz. The transmission line housing the SIS junctions was a Nb-based

superconducting microstrip line of a 4.5-gm width and of an insulator layer as N1D205(1000

fis.)/Si02(2700 A)/AI203(900 A). The length of each section separating every two junctions of the

microstrip line was optimized in connection with a 470-GHz waveguide SIS mixer, which

was employed to measure these junction arrays. The optimum microstrip-line lengths for the ten-,

five-, and two-junction arrays were equal to 17, 22, and 26 gm (approximately A/13.2, 2g/10.2, and

Ag/8.6 at 470 GHz), respectively. It is understandable that these lengths do not differ significantly,

considering that the resonance frequency of the circuit made up of two junctions and the raicrostrip

line between them approximately defines the upper frequency limit of a distributed junction array.

The 470-GHz waveguide tuneless mixer mount used here is similar to that described in [4,5], but

has a larger waveguide and a larger SIS-chip slot to fit the broadband characteristic of distributed

junction arrays. Its detailed structure, together with the integrated circuits on the SIS chip, is

displayed in Fig. 2a. The RF and LO signals are transmitted to the distributed junction array

through a diagonal horn, a waveguide-to-microstrip transition, and a quarter-wavelength impedance

transformer. The diagonal horn [6], of a feed waveguide just as the mixer's input waveguide, has an

aperture measuring 3.5 mm x 3.5 mm and a length of 16 mm. The waveguide-to-microstrip

transition, featuring a 'built-in' DC/IF return path and an offset probe (for larger bandwidth) [7],

transforms the waveguide impedance (-289 S2 at 470 GHz) to an output impedance of 75 E2, which

is just equal to the characteristic impedance of the output microstrip line. Transforming the 7542

output impedance to the input impedance of the distributed junction array ( approximately equal to

RnIN, here N is the number of junctions), the quarter-wavelength impedance transformer is

composed of three sections, with one being a conventional microstrip line of a 44.7-a characteristic

impedance and the other two a thin-film microstrip line (of different characteristic impedances for
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the three distributed junction arrays). The calculated RF embedding impedance seen before the

distributed junction array is demonstrated in Fig. 2b for the three instances. The IF signal is

outputted through the IF choke filter, which has an RF impedance nearly equal to zero at 470 GHz

and is not followed by any IF impedance transformers whereas distributed junction arrays may

have an output impedance around 50 owing to a small equivalent normal-state resistance (several

ohms).

3. Experimental results and discussions

3.1 Josephson resonance effects

The fabricated junction arrays have a critical current density of about 3.4 kA/cm2 (slightly lower

than the desired value, 4 kA/cm2), while their normal-state resistances are equal to 2.2, 4.4, 11 Q,

being apparently smaller than the respective design values of 3.1, 6.2, 15.5 f2. The resistance

difference, together with a lower junction current density, suggests that the actual junction area is

66% larger than the designed one. An over-estimated margin for junction shrinking (in photomask

design) and imperfect fabrication process might account for the enlargement of the junction area.

Nevertheless, it appears that the junctions have been identically defmed because the arrays' equivalent

normal-state resistances scale exactly with the number of junctions.

In case of twin SIS junctions connected in parallel (with a tuning inductance between them), it has

already known that two Josephson resonance steps will appear on the junction I-V curve [5]. The

resonance steps are the dc responses of the Josephson ac currents through the two SIS junctions,

indeed indicating two resonance frequencies for two respective circuits — one consists of the tuning

inductance and one junction, and the other the tuning inductance and the two junctions. Here we have

examined the I-V characteristics of the three fabricated junction arrays (from the same batch). Their

resonance effects are shown in Figs. 3a-c with respective I-V curves (enlarged for Figs. 3b and 3c).

Note that the resonance steps for both the five- and the ten-junction array are not completely exhibited

because they are very sensitive to magnetic field. It can be observed from Figs. 3a-c that for the two-

junction array a resonance step (higher one) occurs around 0.7 mV (corresponding to 339 GHz, a

low frequency obviously due to an enlarged junction area), whereas for the five- and ten-junction

arrays multi-steps (>2) occur with the highest voltage being around 0.9 mV. Apparently, the more

the junctions, the more the resonance steps. Such a multi-step structure, indeed arising from the

multi-resonance loops of a distributed junction array, suggests that distributed junction arrays can

perform over a large bandwidth, which will increase with the number of junctions. This conclusion

is coincident with the simulation results plotted in Fig. 3d, which are the calculated input Si

parameters for the three distributed junction arrays with the assumption of that each junction is a

parallel combination of its actual normal-state resistance and geometric capacitance (i.e., 22 C2 and 90
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fFx1.66). Notice that for Su-parameter simulations, the parameters of the thin-film microstrip line

are kept the same as the design values.

It should be pointed out that for mixing applications with distributed junction arrays, especially in

the terahertz regime, the Josephson current must be completely suppressed as the resonance steps

may extend to a relatively high voltage so as to affect the IF response of the mixing considerably.

3.2 FTS responses and heterodyne mixing performances

Prior to measure the heterodyne mixing performances of the three distributed junction arrays, we

have studied their Fourier-Transform-Spectroscopy responses with the aid of the 470-GHz

waveguide mixer (acting as a direct detector here), in which the distributed junction array is mounted.

The measured direct-detecting responses are presented in Fig. 4a. The upper- and lower-frequency

limits of these responses are caused mainly by the adopted mixer mount, while the dips in the

response curves are partly the intrinsic behaviors of the distributed junction arrays and partly due to

the measurement system (i.e., spectrometer itself). These direct-detecting curves predict the RF-

coupling behaviors of the three distributed junction arrays, though not exact ones. As can be clearly

observed from Fig. 4a, the response curve for the two-junction array is peaked around 375 GHz,

which is very close to the displaced center frequency due to an enlarged junction area (i.e., 470

Gliz/1.66 112=365 GHz). Note that the difference between this frequency and the two-junction-

array's resonance frequency (i.e., 339 GHz) is caused by the embedding impedance (of a negative

susceptance around 339 GHz, refer to Fig. 2b) of the adopted 470-GHz mixer mount. In addition,

its 3-dB bandwidth is approximately 60 GHz, apparently defined by the junctions' coRnCi product

(i.e., 470 GHz/8.2=57 GHz). On the contrary, the response curves for the five- and ten-junction

arrays have a larger bandwidth and are centered around 450 GHz, even though the junction area in the

two instances is similarly enlarged. Obviously, the frequency responses of distributed junction arrays

become less sensitive to the junction area and the junctions coRnCi product with the increase of the

number of junctions. Being in good agreement with the simulation results described in [3], the direct-

detecting results are very encouraging for the development of SIS mixers with distributed junction

arrays.

Using the conventional Y-factor method, we have measured the noise performance of the 470-

Gliz waveguide SIS mixer for the three distributed junction arrays. The measured receiver noise

temperatures (DSB) are plotted in Fig. 4b. Notice that the noise contribution due to the quasi-optical

system for measurement, which is located just in front of the measured SIS mixer and consists of a

25-gm thick Mylar vacuum window, and an elliptical mirror and a 25-gm thick Mylar beam splitter

both angled at 45 degrees, were not calibrated out, and that the equivalent noise temperature of the IF-

chain following the 470-GHz SIS mixer was found to be about 15 K. The noise performance in the
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frequency range of 360-470 GHz was not measured for lack of LO sources. Nevertheless, the

general trends of the three noise-temperature curves should not be changed if looking into the results

shown in Fig. 4a. Of the three measured instances, the ten-junction array has the best noise

performance, giving a minim= noise temperature of 150 K at 470 GHz and being less than 400 K

from 320-540 GHz. The frequency response of the receiver noise temperature for the two-junction

array is clearly centered at a frequency of lower than 360 GHz, in like manner proving that the actual

junction area is larger than the desired one. This frequency displacement attributes to a high receiver

noise temperature in case of the two-junction array, as the junction device and the mixer mount were

optimized at completely different frequencies (-365 and 470 GHz). The results shown in Fig. 4b are

generally in good agreement with those in Fig. 4a.

Another five- and ten-junction arrays of a critical current density and equivalent normal-state

resistances equal to 3.8 kA/cm2 and 6.6/3.3 52 (very close to the respective design values), have been

fabricated with an improved fabrication process. As demonstrated in Fig. 5, their measured noise

performances are improved considerably compared to those given in Fig. 4b. The receiver noise

temperature for the ten-junction array is less than 220 K from 325-535 GHz (namely, of a relative

bandwidth approximately equal to 50%), and has a minimum value of around 95 K at 485 GHz,

which is four times as large as the quantum limit. It should be pointed out that the LO pumping

power level was insufficient around 425 GHz somehow in the case of the ten-junction array.

Similarly, the ten-junction array has shown a larger bandwidth than the five-junction array.

3.3 Discussions

Both the five- and the ten-junction array have demonstrated a relative bandwidth of much large

than 1/coRnCi (-12% for the two instances), namely, the relative bandwidth for a single junction or

twin junctions. In fact, their bandwidths might be even larger if eliminating the effect of the adopted

waveguide mixer mount, which has a smaller bandwidth. Therefore, the RF bandwidths of

distributed junction arrays (for N>5) are nearly independent of the junctions' coR nCi product (the

more the junctions, the less the dependency). Accidentally, it has been observed that for distributed

junction arrays the junction area is no longer as critical to the mixing performance as for a single

junction or twin junctions. This conclusion is similar to such a simulation result that the performance

of SIS mixers with distributed junction arrays is insensitive to the tuning inductance {3] (not

experimentally confirmed here). The measured receiver noise temperature is already quite low, but

could be further reduced if using an IF chain of a lower noise temperature.

Regarding the LO power level necessary for distributed junction arrays, it has been found that the

optimum LO pumping current for the ten-junction array is typically one-tenth of the current at the gap

voltage, a level lower than for a single junction (i.e., of a smaller reduced LO voltage). Hence, the
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necessary LO power level may not increase to some degree with the increase of the number of

junctions. Moreover, it has been observed that though the junctions in a distributed junction array are

quite separated, suppressing the Josephson current is just as easy as in case of a single junction.

As distributed junction arrays can offer a very large bandwidth, it is likely to have a good

matching at the fundamental and harmonic frequencies simultaneously, thereby being possible to use

distributed junction arrays for harmonic mixing, which requires both the fundamental and the

harmonic frequency port well matched [unpublished simulation results]. It is already known that

there are some ripples in the RF-response curves of distributed junction arrays. Increasing the

number of junctions may reduce the ripples, but will make RF matching difficult (or degrade the RF-

matching bandwidth) because of a smaller equivalent normal-state resistance. Adopting non-identical

junctions (i.e., of different areas) and non-uniform separations between every two junctions might be

a good alternative. Additionally, distributed junction arrays should be applicable to direct-detecting

applications as far as the bandwidth is concerned.

4. Summary

The noise performance of distributed junction arrays has been experimentally investigated with the

help of a 470-GHz waveguide mixer mount. Measurement results clearly demonstrated that the more

junctions the array has, the larger the bandwidth is. Though adopting junctions of a relatively low

current density (i.e., 3.8 kAJcm 2), the ten-junction array has exhibited a good performance, giving a

minimum receiver noise temperature of 95 K at 485 GHz (-4 hcolk) and as large a relative bandwidth

as 50%. It has also been found that in comparison to a single junction, distributed junction arrays

have a frequency response much less dependent on the junction area. Good agreement between FTS

responses and heterodyne mixing responses has also been observed. Distributed junction arrays

should be of good use for heterodyne mixing (either fundamental or harmonic) and direct detecting in

the terahertz frequency regime.
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(a)

(b)

Fig. I Photographs of three distributed junction arrays. with (a) two junctions,
(b) five junctions, and (c) ten junctions.
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Fig. 4 (a) Measured FTS responses and (b) measured receiver noise temp-
eratures (DSB), for the two-, five-, and ten-junction arrays of a —66%
enlarged junction area and a current density of 3.4 kA/cm2
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DOUBLED SHOT NOISE
IN NIOBIUM SIS MIXERS'

P. Dieleman2 , J.R. Gaot3, and T.M. Klapwijk

University of Groningen, Department of Applied Physics and Materials Science Center
(MSC) Nijenborgh 4, 9747 AG Groningen., The Netherlands.
t Space Research Organisation of the Netherlands. Landleven 12, 9747 AD Groningen,
The Netherlands.

Abstract

The electrical and shot noise characteristics of high current density niobium su-
perconductor - insulator - superconductor tunnel junctions suitable for heterodyne
detection of THz radiation are studied. It is found that a significant part of the
current at voltages V < 2ilie is carried via barrier defects (pinholes). Due to the
transport mechanism in these pinholes, the shot noise is considerably increased.
The data presented clarifies an often-observed discrepancy between measured and
expected heterodyne mixer noise temperatures and predicts a 25 % increase in
the receiver noise temperature of Nb SIS heterodyne detectors at 1 THz.

1 Introduction
The standard procedure to calculate the gain and noise of Superconductor - Insulator
- Superconductor (51S) heterodyne detectors is by means of the Tucker theory[1]. A
fundamental assumption of this theory is that the current transport mechanism is
single - electron tunneling through the insulator. It has recently been shown that
this assumption does not hold for high current density NbN SIS junctions[2]. Conse-
quently the measured noise can be more than twice as large as theoretically predicted.
This discrepancy is also of interest for Nb junctions for two reasons. First, a discrep-
ancy of equal magnitude has often been observed in Nb junctions but has never
been understood[3, 4, 5, 6]. Second, since junctions with progressively thinner oxide
barriers are used to improve the w RC product at THz frequencies[7]. An intrinsic

'This work has been accepted for publication in Applied Physics Letters
'e-mail: Dieleman@phys.rug.n1
3e-mail: Gao@phys.rug.n1
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dependence exists between the oxide thickness and the current carried by barrier im-
perfections (pinholes). This is shown in Fig. 1 in which values for the subgap current
in junctions fabricated by several groups are normalized to the theoretically expected
thermal current[8]. Fig. 1 demonstrates that at a commonly used current density
(Jo) of 10 Ic.A/cm2 the subgap current is at least 4 times larger than the expected
thermal current, indicating that 80 % or more of the current is carried via higher
order processes4 . The charge transport mechanism in these pinholes is multiple An-
dreev reflection (MAR){9, 101, which causes the current to flow in multiply charged
quanta (Andreev clusters). Therefore, with increasing current density the generated
shot noise increases as the current flowing through pinholes increases. Moreover, the
shot noise associated with this current is much larger than theoretically expected[2].
To investigate the impact of this effect on the heterodyne mixing performance of Nb
SIS junctions we measure the shot noise as a function of bias voltage and compare it
with the theory of Ref. [2].

2 Junction characteristics

The tunnel junction used is fabricated by sputtering 100 rim of Nb and 8 nra. of Al.
The Al is oxidized in situ, after which a top electrode of 100 nm Nb is deposited. The
junction size is defined by optical lithography. Fabrication details are described in
Ref. [11]. The junction has an area of 0.8 iim 2 and a resistance of 20.5 Q, correspond-
ing to a critical current density of 13 kA/cm2 . The current-voltage characteristic
measured at 3.6 K is plotted in Fig. 2(a), together with the differential conductance
curve. The subharmonic gap structure indicated by the arrows is clearly visible,
showing that a considerable part of the subgap current is carried by MAR.

3 Measurement setup
The junctions are connected via an integrated low-pass filter, a circulator with 0.5 dB
loss, to the amplifier chain with a noise temperature of 3.2 K and a gain of 80 dB at
1.5 Gliz with 85 MHz bandwidth. The output power is given by[16]:

1
GampB (--

4
Si Rdyr, (1 — r2 )Giso• kBTGiso r2 + kB o. — Gisog + Tamp ) (1)

in which Gamp is the amplifier gain, B is the bandwidth, I, V and Rdy, are the current,
voltage and the differential resistance c117 I a of the junction respectively, T is the
measurement temperature, r is the reflection coefficient IR dyr, — Ramp 1 I (Rdyn± Ramp))
Cis° is the isolator gain, and Tamp stands for the noise temperature of the amplifier
chain.

4 The slope of the line is most likely influenced somewhat by the fabrication techniques used, but
the general trend clearly is an increase of the subgap current with increasing J.
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J,(kAlcm2)

Figure 1: Subgap current at 2 mV (./2„:1;) as a function of the current density J.
The current is normalized to the thermal current theoretically expected at 4.2 K.
The solid line shows a linear least squares fit to the data. (Data extracted from
Refs. [4, 5, 12, 13, 14, 15]).

4 Noise measurements
In Fig. 2(b) and (c) the measured and calculated junction noise contribution after
amplification, Pfl jS =S1 - Rdyn (1 r2 )GisoGampB, is plotted as a function of voltage
for temperatures of 3.6 and 6 K. respectively. The dotted lines show the shot noise
of the junction if the subgap current is attributed to single - electron tunneling.

5 Shot noise calculation
The dashed noise curve is calculated as follows. Two conduction channels exist in par-
allel; the tunnel barrier carrying hum and the pinholes carrying 'MAR via higher-order
processes. Hence, the shot noise spectral density S1 is the sum of two contributions:

Si (V) = 2 e itun (V) ± 2 q(17) ImAR ( V) (2)

The effective charge of an Andreev cluster is approximately given by q(V) = (1 ±
)e[2]. The pinhole transmission is measured to be 0.2 from the relative magni-

tude of the current steps at the subharmonics{17, 18]. The corresponding shot noise
suppression calculated from this transmission value is a mere 1 %[2, 19], hence Eq. 2.

The tunnel current, /tun , is calculated[8] and subtracted from the measured current,
yielding the pinhole current, 'MAR• The shot noise is obtained by using / tun. and 'MAR
as inputs for Eq. 2. The magnified currents in Fig. 2(a) give an impression of the
ratio of those currents.
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2.2

Figure 3: Correction factors to the Tucker[1] mixer noise due to the presence of
MAR as a function of critical current density. At low frequencies the mixer noise
is close to the shot noise at the bias voltage (the solid line). At higher frequencies
the correction factor decreases because the contribution from voltages Vbias t 4. / e
becomes important where single electron transport is dominant.

The shot noise is increased by 63 % at a voltage just below 2A/e when half of the
current is tunnel current (See Fig. 2(c)) and the noise is doubled when only 20 % is
tunnel current, as shown in Fig. 2(b). Clearly, high current density junctions exhibit
single and multiple electronic charge transport mechanisms which have to be treated
separately to obtain the total junction noise contribution.

6 Implications for the noise temperature
The noise temperature of a device when operated as heterodyne mixer is calculated
by modifying the Tucker equations[1] to include noise arising from multiply charged
current transport. The current correlation matrix element H 00 becomes:

n=oo n=oo

H0 2 E J7,2 (a) q AR coth
V eV E .172, 2 (a) e coth

n=—oo B TkB T kn=—oo

The remaining matrix elements, 1/10 , H11 and H1 _1 , are rewritten similarly by sub-
stituting q for e in the noise calculation of /MAR • The ratio of the mixer noise
temperatures calculated with the modified theory and the original theory is plotted
in Fig. 3. The relation between J and the pinhole current contribution of Fig. 1 is
used to obtain the input currents for Eqs. 2 and 3. The values shown are calculated
for an optimized radiation power level at 4.2 K.

(3)
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A common method to improve the mixer noise temperature is to lower the operating
temperature from 4.2 to 2 K. As a result the thermal current becomes nearly negligi-
ble, but the pinhole current remains unaffected. Therefore the shot noise correction
factor is increased when the temperature is lowered.

7 Effects on the receiver characteristics

With the results of Fig. 3 the receiver noise temperature can be calculated to obtain
an optimum design value for the current density. In the calculation we assume a
double junction aluminum coupling circuit[12] with a resonance frequency of 1 THz,
junctions with areas of 0.8 p,m2 and .T-V curves as modeled in [20]. The receiver noise
is given by

Tm f Tamp 
TREC (4)

Lf LT opt 2GmGisoGopt

in which Topt and Gopt , respectively, stand for the total noise and gain of the dewar
window, heat filter and aluminum stripline together, the vacuum fluctuations Tqf

contribute 24 K at 1 THz, the mixer gain GM and noise TM are calculated from
the model /-17 curve. The resulting receiver noise temperature is shown in Fig. 4
with, and without, a correction for the Andreev reflection enhanced shot noise. The
initial improvement in the noise with increasing J is due to a lower loss in the
Al stripline. The minimum noise is clearly shifted towards lower J because of the
increased influence on the noise of MAR at high 4, where the mixer noise dominates.

0 10 15 20 25

(kA/cm2)

Figure 4: Receiver noise temperature calculated for a Nb junction at 1 THz with an
Al tuning structure. The dashed line is calculated ignoring MAR.
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8 Conclusions
In conclusion, Nb tunnel junctions with moderate critical current densities exhibit
subgap currents which are much larger than the thermal current due to the presence
of pinholes in the tunnel barrier. Since the pinhole current is carried in Andreev
clusters with charge q e the associated shot noise is significantly enhanced. Due
to this effect, the mixer noise can be more than twice as large as expected from the
Tucker theory. This causes a 25 % increase in the receiver noise temperature at THz
frequencies.
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LOW NOISE FIXED TUNED 490 GHZ SIS MIXERS
MADE OF EPDXY RESIN

M. Sahr, D. Hottgenroth, S. Haas, K. Jacobs, C. E. Honingh

Abstract: 

We developed a method to make identical copies of a master mixer block, using a simple
molding technique [1]. A 490 GHz copper mixer block with a fixed backshort [2] was
used as the molding form. The structures with critical dimensions in the mixerblock, the
waveguide cavity and the substrate channel, are copied into a silicone negative. An epoxy
resin is used to mold these structures from the negative. The resin is placed as an inlet in a
copper block. After sputtering a 1 gm gold layer onto the resin, we thicken this layer to 3
gm using a standard galvanic gold bath. Both the silicone and the resin show detailed
reproduction of the original mixer block down to 1 jim dimensions. Experiments show
that the copper block with the gold plated epoxy inlet stands multiple cooling to 4.2 K.
The thermal conductivity of the resin proves to be sufficient for cooling SIS junctions.
We achieve receiver noise temperatures of about 110 K DSB in the frequency range of
440-500 GHz, which compares well to our results with copper mixer blocks [2]. The
method presented here is a promising technique to manufacture mixer blocks for imaging
array applications in submm wave astronomy.
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Results from a 3 x3 micromachined millimeter-wave focal-plane imaging array with superconduct-
ing tunnel junctions as mixing elements are presented. The array operates in the 170-210 GHz fre-
quency range. The array uses 9 ym2, low impedance (3.5 — 4.5 S2) junctions, commercially available
from Hypres Inc. Integrated tuning structures are implemented to match the devices to the antenna
impedance. Noise measurements show a lowest DSB noise temperatures of 52 K (@190 GHz) (for the
central element). Lowest noise temperatures from the off-axis elements are in the range of 60-100 K
DSB, with a unzform bandwidth of 30 GHz. Antenna beam patterns with a high Gaussian profile have
been measured for on- and off-axis elements.

I Introduction
Imaging arrays of SIS-receivers are of great benefit for the observation of spatially extended sources in astronomy,
but the high cost and mechanical difficulties of building an array of wav%Tuide mixers and the poorer beam-quality
of open-structure antennas have thus far limited the efforts of actually developing such arrays [1, 2, 3, 4, 5]. SIS-
mixers made with micromachined horn antennas offer a relatively easy, low cost fabrication, excellent Gaussian
beam properties, and compactness, and are therefore well suited for the development of imaging arrays. Because
of the specific structure of the micromachined horn antenna, interference of IF and DC-bias lines with RF antenna
is avoided and also there is no limitation on the element spacing, which are problems of concern in waveguide and
open structure antennas. Further advantages for the use of micromachined horn antennas in high frequency imaging
arrays are the absence of substrate losses, and the possibilities of integrating a mixing element with super- or semi-
conducting electronics (e.g. SQUID N I-amplifiers or Flux-Flow oscillators) [6, 7, 8]. To demonstrate the feasibility
of micromachined horn antennas in imaging arrays, we have developed a 3 x 3 focal plane SIS imaging array for
the 170-210 GHz frequency range (the choice of the frequency range is mainly determined by the availability of
the Local Oscillator and the dimensions of the cryostat). In parallel we have developed two room-temperature
imaging arrays with thin-film Nb as bolometers for the 70-110 GHz and 170-210 GHz frequency range [9].

Micromachined horn antennas consist of a dipole antenna fabricated on a thin (— 1 pm) Si 3 N4 dielectric mem-
brane inside a pyramidal cavity etched in silicon (see Fig. 1)[10, 111 We previously developed a single-element
micromachined SIS receiver for the W-band frequency range, which showed a sensitivity comparable to the best
waveguide and quasi-optical open-structure receivers [12).
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Figure 1: (a) Details of a single element of the micromachined array, showing the pyramidal cavity, the membrane,
the through holes for the IF/DC connections, and the dipole antenna. (b) Details of the central region of the dipole
antenna. The junction and tuning structure are located on the DC/if coplanar bias lines.

This paper describes the design and fabrication of a 3 x 3 170-210 GHz imaging array receiver, and the DC and
noise characterization of the array performance.

2 Receiver Design
An expanded view of the receiver and some details of the individual elements are shown in Figs. 1 and 2. A detailed
description of the receiver is given in [131

The micromachined array is made of a stack of 4 Si wafers with a total thickness of 1.7 mm. The dipole
antenna on the membrane is 038 mm long (0.37 X). In order to have access to the contact pads on the device
wafer, through holes are etched in the two wafers forming the apex of the horn (see Fig. la). A detailed description
of the individual micromachined antenna elements and the quasi-integrated horn antenna is given in [14, 15].

A single Nb/Al203/Nb SIS junction is used as mixer element. The device has an area of 9 ,r.m/ 2 and a current
density of 5 kA/cm2 . The coupling of the relatively large-area and low impedance (33-43 g2) junction to the 35 LI
antenna impedance is optimized by an on-chip tuning circuit, shown in Fig. lb. The tuning circuit uses an inductive
length of microstrip to tune out the junction capacitance, and a 244 microstrip impedance transformer to match the
junction impedance to the antenna impedance. The microstrip is 6 pan wide and its characteristic impedance is 8.5
Ci. Devices with a microstrip length of 190 gm for the inductive stub and 140 gm for the impedance transformer
show a maximum coupling around 190 GHz, which is the center frequency of the dipole antenna.

The geometry of the machined horn section is similar to the diagonal horn described in Ref [16]. Arrays of
diagonal horns can be made with a high packing density and are relatively easy to fabricate on a milling machine
with a split block technique. The array is formed by a stack of six gold plated tellurium copper blocks and
fabricated at MIT Lincoln Laboratory

As shown in Fig. 2, the minimum spacing of the individual elements of the array is determined by the aperture
dimensions of the machined diagonal horn section. For the 200 GHz array the element spacing is 6.5 mm, which
is — 3.5 beam waist (the 1/e2 beam angle of the horn is 16°). The angular separation er of the parallel beams from
the array, separated by a distance d, in combination with a lens or reflector of focal length f is P.1 dl f, whereas
the 3d13 beam angle emg of a beam with input beam waist w in is 0.59 win/f. A maximum sampling of the sky
requires a 3 dB beam overlap and thus O r = 2 93dB which gives an element separation of d = 1.18 win. Our array
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Figure 2: Expanded view of the array receiver showing
the machined horn array, the micromachined array, the
magnet, and the DC/IF-board

therefore undersamples the sky, as any horn array will do since the beam waist of the horn is always considerably
smaller than the aperture dimensions of the horn [2]. Quasi-integrated horn antennas can be used as a feed for
reflector antennas without additonal lenses. Because of the limited diameter (5 cm) of the 77 K radiation filter (a 5
mm thick PTFE disk) and the dewar window (a 25 Azm thick sheet of polypropylene) in the measurement set-up, a
PTFE lens with a focal length of 37 mm is used in our set-up, to avoid truncation of the array beams. This lens is
at 4.2 K.

A single magnet coil (made of copper) with approximately 2500 turns of superconducting 100-f.m1 thick Nb
wire (Supercon T48B) is used to suppress unwanted Josephson effects. The geometry of the micrornachined array
allows the magnet to be in very close proximity of the junction  1.5 mm). Although the positioning of the
magnet (with the magnetic field lines perpendicular to the junction surface) is not preferable, a magnet current of
200-300 mA is sufficient to suppress the Josephson effects

In order to have local access to the array elements, through holes are etched in the backing wafers. This
avoids the use of long coplanar lines on the device wafer (to bring the signals to the border of the wafer) and
thereby increases the available space for mixer elements, reduces possible cross-talk between different elements,
and increases the flexibility of the receiver design. Contact between the array elements and the DC/IF board is
made by Servometer bellow contacts (type 2510), mounted on top of a miniature screw. The screws are mounted
either directly in the core of the magnet (for the ground contact) or as the center conductor of a short section of
semi-rigid cable which is also mounted in the core of the magnet. This allows individual adjustment of all contacts
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Figure 3: (a) DC I-V curve of 5 SIS devices of the 9 element array. (b) Measured antenna beam patterns for two
elements on the diagonal of the imaging array. The inset shows the device numbering.

and has proven to be a reliable contact at cryogenic temperatures.
The IF/DC-board is made of Duroid 6010 material and contains a T-bias circuit for each array element. Contact

between the contact screws and the IF board is made by using tight fitting sockets, soldered on the IF-board.
The array operates with a single IF-amplification stage. Noise measurements on different elements of the array

are done by connecting the IF-amplifier to the different IF-ports on the DC/IF Board. The cold stage of the IF-
chain consists of a Pamtech LTE 1268K isolator, and a Berkshire Technologies L-1.5-30HI IF-amplifier (40 dB).
A further amplification of 60 dB is provided by room-temperature amplifiers outside the dewar. The IF-power
is measured in a 35 MHz bandwidth with an HP-436A power sensor at a center frequency of 1.5 GHz (set by a
tunable bandpass filter).

3 Device fabrication
The micromachined SIS arrays are made partially at Hypres and partially at MIT Lincoln Lab. The SIS devices
are fabricated on 0.38 mm thick (100)-oriented silicon wafers, covered on both sides with a 1-gm thick, low-
stress Si3N4 layer. The junctions and antennas are defined with the standard Hypres fabrication procedure. The
freestanding membrane is formed by etching the silicon in a solution which contains 20% KOH by weight at 80 °C
for 4-5 hours and another hour at 60 °C. The last step is used to create smooth sidewalls of the aperture. The final
fabrication step is the deposition by E-beam evaporation of a 400-nm Ti/Au layer on the sidewalls of the aperture
through a ceramic shadow mask.

248



1000

800

600

400

20

.0

0.5 1 1.5 2 2.5 3 3.5
V (mV)150 200 250 300

Frequency (GHz)

35

30—

2

20—

15—

1

5

0
100

Figure 4: (a) FTS Measurement of an array element with a tuning structure as shown in Fig. lb. (b) Pumped I-V
characteristics of element #5 at a LO frequency of 190 GHz and the measured IF-output power with a 295 and 77
K input load.

4 Results
4.1 DC measurements
Results of typical DC I-V measurements of 5 SIS devices in the array are shown in Fig. 3a. The measurements
are performed with the mixerblock mounted in the vacuum dewar (at a bath temperature of 4.2 K). As shown
in Fig. 3a the I-V characteristics show 'back bending' at voltages above the 23 mV gap voltage. This is not
observed if the devices are measured on a dip-stick submerged in liquid helium and therefore it indicates heating
of the devices due to the poor thermal conductance of the membrane. Previous measurements with smaller (2.5
gm2 , R = 40 f2) devices did not show this heating effect. Although the back bending does not severely deteriorate
the mixer performance, future designs can have an improved cooling by extending the tuning structure (with an
extra length of 7./2), which will locate the devices on the solid silicon region. The device resistance ranges from
3.5 to 4.5 f2. A drawback of SIS arrays fabricated on one single chip is the possible failure of one of the elements,
which then cannot be replaced. We have measured the  characteristics of several arrays and always found all 9
elements operating.

4.2 Antenna Pattern Measurement
As a preliminary test of the antenna patterns of different array elements, we previously measured the 45-degree
antenna patterns of two elements at a frequency of 182 GHz.. The 45-degree plane antenna are obtained by mea-
suring the video response of the elements while rotating the dewar with a rotation stage. Due to the 45 degree
angle of the array with respect to the optical table, a combined co- and cross- polarisation is measured. The two
elements are at the center and outermost postion on the diagonal of the array, with the antenna beams parallel to the
optical table. This measurement includes the cold lens inside the dewar. The measured antenna patterns are shown
in Fig. 3b, together with a Gaussian beam profile. The measured radial separation of the beams is 12.5°, and the
10 dB beamwidth of the central beam is 6.8°. Calculated values (using a thin lens approximation) for the beam
separation and beam width are 14.4° and 5.2°, respectively. with The off-axis element has a wider beam and it has
an assymmetric shoulder at -17 dB, which we attribute to abberations caused by the lens. Previous measurements
of single element quasi-integrated horn antennas [11] and single element [17] and arrays of diagonal horns with
waveguide feeds (16] have shown excellent Gaussian antenna beam profiles at frequencies close to I THz. Recent
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measurements on our 95 GHz room-temperature bolometer also show excellent beam properties [18].

4.3 FTS measurements
The frequency response of the integrated tuning structures is measured with a Fourier Transform Spectrometer
(FTS). The FTS uses a Hg-arc lamp as a broadband millimeter wave source, and is operated in the step-and-
integrate mode. In these measurements the devices are biased at a voltage just below the gap voltage and used as
a video detector. Fig. 4a shows the result of a measured frequency dependent coupling of a device with a tuning
stub length of 190 gm and a transformer length of 140 gm. The calculated bandwidth for this tuning structure
(assuming a frequency independent antenna impedance) is about 60 GHz. The measured bandwidth of 30 GHz is
therefore limited by the 15 % bandwidth of the dipole antenna

4.4 Noise measurements
Results of a heterodyne measurement on the central element (device # 5, see inset of Fig. 3b) of the array are
shown in Fig. 4b. The signal and LO-power are combined by a 97% transmission beam splitter and the IF-power
is measured in a 35 MHz bandwidth at a center frequency of 1.5 GHz. Fig. 4b shows the pumped DC I-V curve
and IF-output power measured at a 190 GHz LO frequency. The minimum uncorrected receiver noise temperature
is 52 K DSB, measured at a bath temperature of 2.7 K. Although the device shows some heating effects above
the gap-voltage, this noise temperature is still comparable to the best results obtained in tunable waveguide mixers
[19, 20, 21].

The measured noise temperatures as functions of frequency for 9 elements of another array are shown in Fig. 5.
In this array the minimum noise temperature of the central element is 62 K (see the inset). The measured noise
temperature of the different elements is fairly uniform, with minimum noise temperatures for 8 elements ranging
from 62 to 90 K and one element with a somewhat elevated noise temperature of 101 K. The 3-dB noise bandwidth
of the elements has a uniform value of around 30 GHz across the array. We contribute the differences in the noise
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temperature across the array partly to the effect of the limited size of our dewar window and the need of usin g a
rather thick lens inside the dewar. Measurements of different arrays always showed a lowest noise temperature for
the central element. As shown in Fig. 4b, the lens deteriorates the off-axis beam pattern and because the 9 beams
enter the dewar under different angles, it complicates the coupling of the LO and the Hot/Cold source. The LO and
signal coupling is now optimized by tilting and rotating the beam splitter or the dewar. Further optimization of the
optical coupling will most likely make the noise temperature across the array more uniform.

Our measurements therefore indicate the feasibility of compact, low-cost micromachined SIS focal plane imag-
ing arrays, with competetive noise temperatures. Furthermore, the scalability of the machined and rnicromachined
sections show the promising prospect for the use of micromachined focal plane ima ging arrays for frequencies up
to 1 THz.

5 Summary
We have described the design, fabrication, and testing of a SIS micromachined 3 x 3 focal-plane imaging array for
the 170-210 GHz frequency range. Heterodyne noise measurements on the array elements showed a lowest DSB
noise temperature of 52 K for a central element, with a 3-dB bandwidth of 30 GHz. The noise temperature of the
off-axis elements ranges from 71 to 101 K, with a uniform bandwidth of 30 GHz.
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Abstract. The swedish-french PIROG 8 project
(Pointed InfraRed Observation Gondola) has been
developped in 1996/1997 in order to try to detect the
presence of molecular oxygen in two molecular
clouds of the interstellar medium: NGC7538 aid
W51. PIROG 8 consists of a 500 kg gondola
carrying a 60 cm diameter Cassegrain telescope
equipped with a 425/441 GHz SIS heterodyne
receiver at its focus. This balloon-borne
submillimeter SIS experiment successfully flew in
september 1997 from the south-west of France. An
overview of the technical experiment behaviour
during flight is presented along with some performed
measurements.

I - Introduction

The scientific goal of the PIROG 8 project
(Pointed InfraRed Observation Gondola) was to
observe simultaneously the 02 line at 425 GHz and
the 'CO3  line at 441 GHz in the molecular clouds of
the interstellar medium by heterodyne spectrometry.
The main scientific interest is to detect molecular
oxygen which has never been observed in the
interstellar medium so far. The theoretical models
predict' that the line emissivity is weak: about
500 mK.km .s- 1 in dark molecular clouds.
Consequently, it is necessary to use a sensitive
receiver with a good spectral resolution. The
simultaneous observation of the 13C0 line allows to
verify the correct operation of the receiver and the
pointing of the telescope.

In order to be free from the Earth atmosphere,
the experiment must observe at high altitude so it
has been embarked on the PIROG gondola, run by

the Swedish Space Corporation, which flew 7 times
in the past.

The heterodyne receiver developped for the
PIROG 8 project consists of a sensitive front-end
cooled at liquid helium temperature which feeds an
autocoxrelator spectrometer (back-aid). The cryostat
used to cool the receiver front-end operates at ambient
pressure (p--- 3 mbar at 39 km altitude) so that the
SIS mixer is at a physical temperature of about
1.5 K. The cryostat has been provided by ESTEC
along with the autocorrelator spectrometer. Both have
been successfully used during former flights.

The PIROG 8 instrument has been developped
at the Observatory of Paris between september 95 and
June 96 in order to be ready for a flight initially
scheduled for september 96 and postponed to may 97.
This delay has allowed some additional tests to be
performed on the instrument. in particular some tests
of the receiver behaviour in the real low-pressure
environment (measurements of cryostat hold time,
receiver noise temperature and of physical
temperature profiles of most sub-systems) have been
made during winter 96 at the Observatory of Paris.
The integration of the instrument on the PIROG 8
gondola took place in march 97 in Trosa (Sweden) at
the ACR facility where the gondola was designed art
built. Final integration including control of the
receiver by the PIROG ground station has been ma&
at the CNES balloon base in Aire-sur-l'Adour
(France) during april and early may 97. Payload check
and flight simulations procedures have been defined
and tested during the same period. The flight, planned
in may 97 has been delayed to september 97 due to
bad weather conditions and balloon-flight safety
regulations. Payload check procedures and flight
simulations have been fine-tuned in early september
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and the flight occurred on september 25th, 1997. The
flight duration was 11 hours from take-off to cut-
down with more than 8 hours at the ceiling altitude
of about 39.5 km.

II - Technical features of the PIROG
heterodyne SIS instrument

11.1. General design

The PIROG 8 receiver is based on the
technology of SIS mixers. The mixer block 2 uses a
reduced-height waveguide and has an integrated Potter
hom3. It is sensitive to signals of horizontal
polarization at frequencies of 425 and 441 GHz on an
instantaneous bandwidth of 320 MHz. The SIS
mixer uses one mechanical contacting backshort
which has been fixed after proper optimization in the
laboratory. It is cooled in a cryostat at liquid helium
temperature, along with the HEMT amplifier Owed
at the mixer output. The cryostat has one helium
tank of about 2 liters and one intermediate thermal
shield, at a physical temperature of 20 K, screens
the helium tank from external thermal radiations. A
block diagram of the receiver is shown in figure 1.

to room-tempeniure
LOCAL I IF processor

OSCILLATOR CRYOSTAT g w signal •

The signal coming from the secondary minor
of the 60 cm Cassegrain telescope is directly injected
in the cryostat through a quartz window with an
antireflexion coating. Then it meets a biconvex
teflon lens cooled at liquid helium temperamre which
couples the secculary mirror with the mixer horn.
The quasi-optical coupling has been calculated so that
the beam-waist is located in the plane of the cryostat
window in order to reduce the window size aid
impulse the hold time of the cryostat. Two one-
wavelength-thick (450 gm) infrared filters made with
fluorogold are installed on the beam path to prevent
infrared radiations from heating the mixer. Tlx first
one is installed on the intermediate thermal shield at
about 20K, the second one is directly fixed in front of
the lens and mixer on the stage at liquid helium
temperature. A beamsplitter, made with a 9-pm-thick
mylar sheet, is located at room-temperamre in front
of the cryostat window to glow the coupling of a
few % of the local oscillator (LO) power in the
cryostat. The remaining LO power is absorbed by a
submillimeter absorber.

II.2. Controlled phase-krked Local Oscillator

The local oscillator consists of a Gunn
oscillator at 72 GHz stabilized in frequency by a
dedicated electronics with a phase-lock loop. The
frequency of the Gunn output signal is multiplied by
6 by a doubler followed by a frequency tripkr2 in
order to generate a few lamdrecis it.W around
433 GHz. The center frequency of the Gtmn
oscillator is electrically controlled as follows: a
17-bit frequency synthesizer, centered at about 1053
MHz, tunable from the ground, drives a PLL
oscillator at about 3.8 GHz (x 36). The PLL
oscillator output signal is injected with a tiny
fraction of the Gunn signal in an harmonic mixer.
The signal at the intermediate frequency of the
harmonic mixer is generated at about 100 MHz by
mixing the Gunn signal with the 19th harmonic of
the PLL oscillator signal. It is compared with a
reference oscillator at 100 MHz by a dedicated
electronics which reacts on the Gunn voltage. The
phase-lock electronics works over a 600 MHz
bandwidth centered at the LA frequency of 433 GHz.
This frequency allows the simultaneous detection in
the double side-band mode of the 02 line at 425 GHz
and the CO13  line at 441 GHz with a receiver
intermediate frequency of 8 GHz. The local oscillator
power is also tenable from the ground through the
bias voltage of the whisker-contacted varactor diode
of the frequency doubler. The local oscillator with its
phase-lock electronics is installed on a plate directly
fixed on the cryostat in order to simplify and ease the
quasi-optical coupling. Moreover, this allows to
make the receiver quite compact which is necessary
for a balloon-borne experiment where constraints in
mass and volume are strong (see figure 1).

from cryostat
8 Gib IF output

ROOM-TEMPERATURE IF PROCESSOR total IF
output power 

V
to autocorrelator

spectrometer system
160 - 480 MHz

Fig. 1: General block diagram of the PIROG 8 receiver
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11.3. SIS mixer and SIS junction

The mixer uses a 2 gm 2 round-shaped
superconducting tunnel junction made in NbiAl-
Al203/Nb4. This junction has a high current density
(about 13 kA/cm) which corresponds to an toRNC
product of 6 at 433 GHz and eases the coupling of
the junction with its microwave environment. The
associated normal resistance is RN == 12 SI Moreover,
the subgap leakage current is low: the leakage
resistance at 2 mV is R,= 150 K2, which corresponds
to a ratio Rst/RN = 12.5 and a factor of merit
Vm = 3 5.

A tuning circuit', using niobium
superconducting electrodes, is integrated to the
junction in order to resonate out, at the frequency of
operation, the high intrinsic capacitance of the
junction estimated6 to 95 fF4un2. The tuning circuit
is made of a microstrip line terminated by a 90-degree
radial stub and provides, at the frequency of
operation, an inductance in parallel with the SIS
junction to compensate for its capacitance (see figure
2). The SIS junction, with its integrated tuning
circuit, has been fabricated with a low-pass
microstrip filter which propagates the mixer output
signal at the intermediate frequency of 8 GHz but
rejects the mixer input signals at 425, 433 and
441 GHz. All these elements are deposited on a
quartz substrate polished at a thickness of 50 gm at
diced at the final dimension of 200 grn by 2 mm.
The substrate is installed transversally in the
waveguide of dimensions 120 by 700 gm.

substrat

Fig. 2: SIS tunnel junction with an integrated parallel
microstrip tuning circuit and low-pass filter. a) general
view showing quartz substrate, low-pass filter, SIS
junction and tuning circuit. b) Top view showing tuning
circuit dimensions. c) Cross section view showing film
topology.

The low-pass filter, connected at one end to
the mixer ground, is wire-bonded to the input of an

impedance transformer at the intermediate frequency.
The transformer is realized in microstrip technology
on a 1.27 mm-thick Duroid substrate (relative
dielectric constant = 10.2), it is used to transform the
mixer output impedance to 50 O. It also allows the
SIS junction to be DC biased.

On the other hand, a Helmholtz coil, made
with niobium-titane superconducting wire, is able to
produce a tunable magnetic fiekl in the plane of the
SIS junction (up to 1000 Gauss). This is in order to
suppress the Josephson currents which all some
noise and create instabilities on the receiver. The
magnetic field is also tunable from the ground.

11.4. SIS junction fabrication process

The SIS junction has been fabricated' by
sputtering a inlayer of Nb/Al-A1,0 3/Nb on a flised
quartz substrate. The thickness of the niobium
electrodes is about 2000 A. Then, the low-pass filter
is shaped by Reactive Ion Etching of the trilayer in a
plasma of SF6. In a third step, the shape of the
junction is defined by photolithography and etched by
Reactive Ion Etching in a plasma of SF6 and 02. Two
gold pads are deposited by evaporation on the ends of
the low-pass filter in order to ensure good electrical
contacts with the mixer. Then, a 2000 A-thick SiO
layer is evaporated so that the junction perimeter is
electrically insulated, this layer is also used as a
dielectric for the integrated tuning circuit of the
junction. At last, a niobium counter-electrode, which
connects the top electrode of the junction to the low-
pass filter, is sputtered. This counter-electrode is also
used as the top electrode of the integrated tuning
circuit.

11.5. Processing of the mixer output signal

The signal coming out of the impedance
transformer at the intermediate frequency is amplified
by about 20 dB by a low-noise two-stage cryogenic
HEMT amplifier located on the cold stage of the
cryostat (at the temperature of liquid helium). The
average noise temperature of the amplifier is 9 K
over a 320 MHz bandwidth centered at 8 GHz. The
output signal of the amplifier propagates through a
coaxial cable out of the cryostat and is amplified at
room-temperature, filtered over a 500 MHz bandwidth
and down-converted to the center frequency of the
spectrometer, which is 320 MHz. The room-
temperature amplification is tunable from the ground
from 55 to 70 dB by steps of 1 dB in order to obtain
an output level of about -7 dBm, which is the
optimal level for the autocorrelator. A
telemeasurement of the total output power is also
made to control the correct behaviour of the receiver
from the ground during the flight and to determine
the beam pattern with moon measurements.
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11.6. Control electronics

A specific control electronics has been
developped to interface the receiver with the gondola
electronics. It consists of 5 boards which allow on
one hand to teleconunand the different modules of the
receiver SIS junction bias voltage, superconducting
coil current, HEMT amplifier status (on/off), gain of
the room-temperature chain at the intermediate
frequency and gain and frequency of the local
oscillator.

On the other hand, some telemeasurements at
made through this electronics: current and voltage of
the SIS junction, total output power, control of the
state (on or off) of every module and check of the
local oscillator phase-lock status. A portable
computer allows to teleconunand and control the
status of the receiver during the flight.

11.7. Autocorrelator spectrometer

The spectrometer used was an autocorrelator of
the hybrid type, and was developed and built at
Onsala Space Observatory in Gothenburg for the
Astrophysics Division of the European Space
Agency. "Hybrid" refers to the fact that the IF band is
initially split into several subbands by a set of
downconversions using tunable local oscillators.
Each subband is then fed to an autocorrelator based
on the chip developed7 by the Netherlands Foundation
for Research in Astronomy (NFRA). The maximum
bandwidth of the IF is 320 MHz in the range 160-
480 MHz; the user may select configurations with
bandwidths of 20, 40, 80, 160 and 320 MHz, covered
by either 200 or 400 channels. The spectrometer is
built into a vessel pressurized with nitrogen gas at
0.5 bar, and cooled by a circulating liquid system. Its
mass is around 9 kg, and it consumes about 120 W
at peak power. It is controlled by telemetry
commands from a dedicated PC (on the ground),
which also processes the data from the level of lags
up to that of a spectrum.

11.8. Thermal control

Several temperature sensors have been fixed
on different subsystems of the receiver to monitor
receiver components during flight. Two heating
resistors have been installed in order to warm up the
receiver if necessary during the balloon ascent when
air temperature drops below -50°C.

11.9. Power, volume and mass budgets

III. Ground measurements

IBA. Noise temperature & cryostat hold time

The cryostat hold time has been measured on
the ground (Thth. = 4.2 IC) and was about 20 hours
with receiver off and longer than 14 hours with
receiver on. A 180 K DSB receiver noise has been
measured using the Y-factor technique between room
and liquid nitrogen temperatures (see figure 3).

At a helium temperature of 1.5 K. obtained on
the ground by pumping on the cryostat helium tank
to simulate an external pressure of about 3 mbar, the
cryostat hold time was longer than 11.5 hours with =
8.5 hours at ceiling. The best measured DSB receiver
noise temperature was 130 K in the laboratory.

Velocity (cm/s)
0 -50 -100

-•

• •424706 •- .• 424806 • 424900
Rest Frequency (MHz)

Fig. 3: DSB receiver noise temperature versus lower
sideband frequency at 4.2 K helium temperature.

Remark: the variation of the receiver noise
temperature in the useful bandwidth, seen in fig. 3, is
due to an unfortunate resonance in the impedance
transformer at the intermediate frequency, which
appears only at low physical temperatures. This does
not pose any problem during operation since the
lines to observe are located "in the edges" of the
bandwidth and take advantage of the lowest receiver
noise.

A DSB receiver noise temperature of about
270 K has been measured on the ground before flight.
And a noise temperature of about 200 K DSB was
expected during flight from the measurements at low
pressure (= 3 mbars) performed in the laboratory.
Note: The increase of the receiver noise temperature
(from about 180 K to 270 IC) has been observed in
the end of 1996 and is likely due to some slight
change of the mixer backshort position caused by
repeated thermal cycles between 4 K and room-
temperature.
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The total receiver consumption has been

measured to be about 45 watts, the receiver mass,
excluding spectrometer, was lower than 28 kg. The
front-end is 60 cm high x 23 cm x 30 cm and the
electronics boxes overall volume is 19 cm x 18 cm x
18 cm.

Measurements in the laboratory have shown
that the average resonance frequency of the SIS
junction with its microwave environment (at which
the mixer is supposed to better work) is about
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400 GHz, i.e. lower that the normal 433 GHz cent

frequency of operation.
Some measurements of DC I-V curves

pumped at frequencies in the lower and upper mixer
sidebands have been performed. The I-V curves have
been compared with theoretical predictions based on
Tucker's theory in order to determine the mixer gain
in each sideband. It appeared that the sensitivity of
the mixer is better in the lower side-band where the
weak 02 signal is supposed to be seen. But the
sideband gain ratio could not be determined accurately
and has been estimated to be between 0.5 dB to 3 dB
(gain ratio between 1.1 and 2).

111.3. In-flight calibration setup

A hot and cold load calibration setup has been
installed between the telescope and the cryostat to
calibrate the receiver in flight. The "cold" load is at
ambient temperature and the "hot" load is heated at
about 70 °C by a resistor fixed on its backside. Both
are made of a submillirneter absorber and can be
inserted in the beam path any time during the flight.
The low temperature difference (� 50 K) between the
two loads did not allow us to make accurate noise
calibrations but was sufficient to verify the correct
behaviour of the receiver. Moreover, ground
calibrations showed that the measured hot load
temperature had to be decreased by 12 K to account
for the "real" receiver noise temperature (measured
more accurately with a 77 K liquid nitrogen and a
300 K room temperature set of loads and always used
in the past to calibrate the receiver).

III.4. Influence of Josephson currents

One of the main problems encountered with
SIS mixers is the presence of Josephson currents8 in
the SIS junction. Also, they depend on the magnetic
flux trapped inside the junction. The phenomenom of
flux trapping is random and can be provoked by
electromagnetic or electrical perturbations. When
Josephson currents are present in the junction, some
additionnal Josephson noise add to the receiver noise
and some instabilities in the output signal make the
operation difficult or impossible. Usually, a
magnetic field is applied in the plane of the junction
in order to suppress the Josephson currents and make
the receiver less noisy and more stable. Nevertheless,
the currents reappear randomly and the magnetic field
needs to be reajusted, which is done on ground or
airborne receivers by the operator. In our case, for a
balloon-borne experiment, or for some future space
applications, this problem becomes overwhelming
since there is no operator aboard. It becomes
necessary to fully understand the interaction of
Josephson currents with the quasiparticle mixing in
order to suppress them in a safe way. Consequently,
PIROG 8 is a good test bed for such an objective.

Figure 4 displays unpumped and pumped I-V

curves along with DSB receiver noise temperature
versus the SIS junction bias voltage at 42 K
physical temperature.

0
0 1 2 3 4 5

V (my)
Fig. 4: Unpumped and pumped /-V curves and
receiver noise temperature versus bias voltage

Though the Josephson currents have been
suppressed the best we could by applying the proper
magnetic field of about 250 Gauss, one clearly sees
that the noise is higher by about 100 K arotmd
1.8 mV. Moreover, the receiver is unstable around
this voltage which corresponds to the second Shapiro
step at 433 GHz. It turns out that, at 433 GHz, the
optimum voltage for lowest receiver noise
temperature is about 2.3 mV, i.e. not too close to
the Shapiro step. Consequently, the presence of
Josephson currents does not hurt too much the
operation of the receiver for this particular bias
voltage and we observed a very good stability with
low receiver noise for more than 8 hours in the
laboratory. Nevertheless, the stability depends on the
perturbations around the receiver and may be different
during the flight clic to the different receiver
environment (motors, RF transceivers on the
gondola, ...)

III.5. Problems with telemetry

Full experiment has exhibited ccrrect
behaviour on the ground EXCEPT in presence of real
TeleMetry antenna which caused a big perturbation
on the front-end and the back-end. Front-end was
unstable and could not be operated properly. A few
tests with microwave absorbers close to the antenna
and with gondola outside the building lead to the
conclusion that the receiver should work at ceiling
due to the absence of TM power reflected on the
experiment

III.6. Telescope alignment and attitude control

The telescope was aligned with the two TV
cameras (a fixed one with a 2° field of view and a
movable one with a 0.5° field of view) using a laser
and remote light sources. The radioastronomical (RA)
focus (' waist') of the telescope was defined using the

450
400

350
300

250
200
150

100
50

05C
j, 450

400
350

' 2300
250 c55)
200 g,

E-

-■ 150
1CO

-1 5C

DSB

257



optical focus as a reference and then relying on the
calculated difference. The optical/radio alignment of
the telescope was done using a 30 cm collimator.
The set-up was not fully satisfactory and the
alignment was judged to be within 2 arcminutes. The
RA beam was measured using the 30 cm collimator
and it was in agreement with expectations - basically
determined by the small size of the collimator (it was
planned to use the 1m collimator at Toulouse, but it
was occupied by ODIN). The angular position of the
sun sensor relative to the telescope was measured
using a theodelithe. The software and hardware
controlling the azimuth position of the gondola AVM

checked by daytime "observations" of Polaris. The
elevation software and hardware were checked by
guiding on a star for a couple of hours. The gondola
reference horizontal plane deviates from the true one,
and two inclinometers are used to measure this
deviation. The software is constructed to take care of
this effect and this was confirmed by looking at a
double star, while tilting the gondola.

IV - Test procedures

Some payload check procedures have been
defined during the integration period to verify the
correct operation of the receiver, including backend.
Some specific routines have been implemented in the
software which controls the front-end PC: calibration
routines, routines to digitize I-V curves of SIS
junctions, routines to use the frequency switch
observation mode.

Receiver noise calibrations were performed
both by the autocorrelator PC, using power levels
measured by the correlator, and the front-end PC,
measuring the total output power versus hot and cold
loads. Also, a cold against sky calibration routine has
been implemented.

Payload check procedures have been defined to
verify the correct receiver operation at different
frequencies of interest and for different resolutions and
bandwidths of the autocorrelator mainly for
observation of 02 for all scheduled astronomical
sources, for observation of ozone lines in order to
calibrate the mixer sideband gain ratio, and with
frequency offset for sky dip.

Also, routines for frequency switch aid
position switch modes of observation have been
implemented. Several flight simulations have been
performed to verify the correct operation of the entire
experiment including ground control station aid
"human interfaces".

V - PIROG 8 flight

V.1. General considerations

The preparations before launch went
smoothly, but due to a delay we decided to refill the

cryostat in order not to run out of helium in case of a
long-duration flight. The Launch was smooth.

The duration of the flight was unexpectedly
long, leaving 8 hours of observation at ceiling. But,
because of repeated TM drop-outs caused by the long
distance between gondola and ground base in the erd
of the flight, the last hour of observations at altitude
was essentially lost.

Laimch occurred at 5:38 am on september
25th, 1997 from Aire-sur-l'Adour, ceiling was
raiched at about 8:30 am. Cut-down was decided by
CNES at 4:48 pm. Gondola landed in the trees in
Massif Central 45 mn after cut-down and was
brought back to the base the day after in fairly good
conditions.

V2. Receiver behaviour in flight

The cryostat stayed cold up to the end of the
flight. It started to warm up during the descent after
cut-down of the balloon. The hold time, higher than
11.5 hours, was a little longer than expected and just
enough not to shorten the long flight

The receiver, front-end and back-end, behaved
very well during the entire flight and the fact that it
was fully remote-controlled was totally Imharmful
during the whole flight. Nevertheless a few problems
have been observed, fortunately they caused only very
minor troubles. First, there has been a few
unexpected total power shut-down of the receiver on
the ground pal (gondola on batteries) before launch,
during the ascent and during the flight when an I-V
curve was being digitized. The origin of the
shut-down is not known so far but it seems to be
correlated with a big number of commands sent to
the receiver in a row. Hopefully, the receiver was
powered again every time with no damage for the SIS
junction.

An expected failure of the phase-lock loop of
the synthesized local oscillator happened during the
ascent during 1 hour and 40 mn between 10 km
altitude (6:20 am local time) and 31 km altitude
(08:00 am local time). The outside air temperature
was between -40°C and -60°C. The outer shield of the
gondola went down to -50°C and the local oscillator
plate, which was heated during the ascent, went down
to 0°C. The phase-lock stopped functioning below
+8°C at 10 km altitude and worked again when it
reached +7°C at 31 km altitude. Consequently, the
phase-locked system behaved better than expected and
made the operation of the receiver possible before
reaching ceiling. Figures 5 and 6 show the general
temperature variations during flight for different parts
of the receiver and gondola. In particular, one can see
in figure 6 that heating of the Local Oscillator base
plate during ascent has been quite helpful in
preventing the phase-lock electronics from cooling
down below 0°C, which could have harmed the
receiver operation at the beginning of the
observations.
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At last, the total output power value at the
intermediate frequency was corrupted during the same
period, very likely by a malfunction of the associated
ambient temperature electronics (different gain for
operational amplifiers, etc...). It recovered at about
08:15 am local time, again before reaching ceiling.

Fig. 5: Temperature variations on different gondola
places and altitude profile during PIROG 8 flight.

Fig. 6: Temperature variations of receiver components
during PIROG 8 flight.

V.3. Stabilizing at altitude

The azimuth stability was achieved as planned
and a bright star was quickly found. However, a
pendulum motion - not seen in previous flights - was
noted. As the inclinometers were useless to trace this
motion it could not be compensated for by the
control system. We had just to wait for a slow
decline. Post-flight analysis with statistical methods
of the fme pointing phase shows that pointing was
achieved with a RMS value of 0.4 arcminute.

V.4. Alignment

Once the gondola was stabilized, the guide
camera was confirmed to be aligned with the fixed
camera.

V.5. In-flight receiver calibration

Calibration in flight between sky and ambient
calibration load showed that Tr (DSB) was about
295 K. The system DSB noise temperature
(including the telescope) was about 500 IC The
receiver noise temperature, higher than expected, is
likely due to the presence of additional Josephson
currents which were hard to suppress. Also, one
pumped I-V curve has been digitized at ceiling, it
shows that there is a low frequency noise on the SIS
junction which smooths the I-V curve non-linearity,
hence reducing the performance of the mixer (see
figures 7 and 8). Moreover, this noise, which is
likely due to the TM power emitted by the antenna
and reflected on the gondola structure, may increase
the influence of the remaining Josephson currents
and, then, contribute to the lower mixer sensitivity.
We had to increase the magnetic field in the plane of
the SIS junction to about 500 Gauss during flight, to
be compared to 250 Gauss on the ground.

Just before launch

during flight

1 2 3 4 5
Voltage (mV)

Fig. 7: Experimental pumped I-V curves digitized on
ground and during flight.

Fig. 8: Experimental output power versus bias voltage
curves digitized on ground and during flight. Smoothing
of I-V curve is clearly seen. It resulted in degraded
performance of the SIS mixer.

V.6. Dip scan.

As planned, the atmospheric emission was
measured at a few different elevations. The expected
lines were seen, verifying the frequency calibration of
the receiver. The dip scan confirms that there is no
continuous atmospheric extinction, which means that
the low elevation of our main target (down to 18

400
350

:re 300
.50- 250
-a" 200 1
t
5

,- 150 t
100 -

50 +
0

0

259



5 15 25

1 .2 E , • •

7r-. r77, t•grzi
• rnod3(4PW.5.0)

-

-0 .2
- 2 5 - 1 5 .5

art-rri n

Fig. 10: Experimental and theoretical data of normalized
brightness ternperanze of the moon versus moon
position. Date agrees very well with observations.
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degrees) does not imply any additional damping of
the signal to that given by the telluric 02 line wing.

V.7. Ozone line fit

Another way of measuring the sideband gain
ratio in order to improve the accuracy obtained by
laboratory measurements has been suggested'. It is
based on the observation of two atmospheric ozone
lines, one in each sideband, for which emission
temperatures are blown (or at least for which the
ratio of their emission temperatures is known). It
tuns out that the tunability of the local oscillator
allows the observations of two ozone lines,
respectively centered at about 425.16 and 441.34
GHz. With this technique, the sideband ratio has been
estimated to range between 1.2 and 1.25 which is a
big improvement compared to the 1.1-2 range
obtained in the laboratory. A fit of observations of
measured ozone lines at ceiling with theoretical
models based on different sideband ratios is shown in
figure 9.

3292: 4 OZONE 03(425+441) PtROG8 C9 9< 0-. 25—SER-1997 R: 4— MR- 199
0.0 0.0 Ea
8.1237E-02 El: 34.59

.5640 LSR
441240.775

0
Velocity (km/s)

Fig. 9: Experimental spectrurn obtained with PIROG 8
receiver at ceiling altitude. Three theoretical fits with
different LSB/USB sideband ratios (0.8, 1 and 1.25) are
also shown (dashed lines). Best fit is for LSB/USB gain
ratio of 1.25

In fact, when the Local Oscillator is tuned to
observe the two ozone lines, the ratio is in the range
1.2-1.25 but, once the receiver is tuned at the 02
frequency, the sideband ratio seems to change but vve
have no direct evidence of this (no 03 line in the
upper sideband). Indeed, we need a ratio of I to
explain the telluric 02 line intensity. The
discrepancy may come from the ATM model being
not precise enough, from the receiver behaviour itself
or from some other reason we could have overlooked.
Thus, the overall uncertainty is between 1 and 1.25.
It is not due to the method but on the way we can
interpret the results in this particular case.

V.8. Calibrations on the moon.

The purpose of the moon observation was to
determine the beam efficiency, the beam profile and if
possible, to confirm the alignment of radio/optical
beams. For some reason - not yet identified - it took
a while to find the moon and then in order to gain
time, the pL3nned step-by-step scan across the moon
was replaced by a few continuous scans, leaving the
optical/radio correlation for the post-analysis. The
total output power at the intermediate frequency of
the receiver has been measured versus moon position.
In order to relate the observations with a model, the
brightness temperature variation (at 0.7 mm
wavelength) across the moon has been derived ani
convolved with a gaussian beam with a width of 5
arcminutes. The observed data agrees very well with
the observations (see figure 10).

PIROG8-moon

From this observation, it is also possible to
derive the main beam efficiency. If one assumes that
the brightness temperature of the hot load is 12 K
less than the measured one (as was found on the
ground) one calculates a main beam efficiency equal
to 0.42. This is slightly lower than our goal (0.6),
but in view of our crude ways to align and focus the
system, it is not bad. The most probable reason for
the low efficiency is that the secondary minor is a
bit over-illuminated (half of the integrated beam from
the receiver passing the edge of the mirror). This is
in fact not so bad as the sky is transparent and one
only sees the cosmic background outside the mirror.
This would also mean a slightly lower tapering than
usual (10 dB at the edge), which in turn would give a
slightly worse side-lobe situation.

VI - Astronomical observations

Two sources have been observed: N007538
and W51. A map of the 441 GHz 4-3 13C0 line of
NGC7538 in the upper sideband has been made.
Molecular oxygen has not been detected.
Observations will be detailed elsewhere.
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Some attempts to observe W51 have been
made in the end of the flight but, because of repeated
TM drop-outs, the observations were essentially lost.
We could, however, confirm the presence of the
13C0 line (brighter than in the case of NGC7538),
and it may become possible to recover something
from the analog recordings of the TM data 

VII. Conclusion

The SIS heterodyne receiver developped for the
PIROG 8 balloon project is the first fully
remote-controlled submillimeter SIS receiver to have
successfully flown on a balloon gondola. It behaved
very well during the flight (except for 1 hour and 40
mn during the ascent), which is above expectations.
The receiver noise temperature was slightly degraded
compared to what was expected from measurements
performed on the ground (= 300 K instead of 200 K
DSB). Some investigations are necessary to safely
assess the real causes of this degradation but they
seem to be partly due to low-frequency noise in the
SIS mixer generated by the TeleMetry antenna.
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IMAGING RECEIVER AT 500 GHz
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New integrated receiver chips with a superconducting FFO on a Si substrate are designed in order to match
silicon optics. A solution for the problem of spatial mismatch between the silicon-immersed double-dipole
antenna and the Si02-based microstrip tuning circuit is found and tested experimentally. A number of single
mixer pixels for the imaging array receiver are fabricated and tested. Preliminary results of a balanced SIS mixer
are given. The integrated lens antenna was tested with a reference SIS mixer showing sidelobes at approximately
- 17.5 dB and a DSB receiver noise temperature T Rx 130 K. A T Rx = 200 - 300 K and 110 - 150 K is
obtained at 480-520 GHz for the single and balanced mixers respectively using the internal LO. A prototype of
the FFO shield was tested with the magnet of 1000 Gauss. A computer system "IRTECON- is developed
based on LabWindows for precise computer control of the chip device and the receiver complete characterization.

Introduction

A low-noise imaging array receiver (TAR) for the radio
astronomy or monitoring of the atmosphere pollution
is of general interest since it may save observation
time and most of related technical and financial
resources. IAR may contain pixels based on the
Superconducting Integrated Receiver (SIR) chip which
consists of a low-noise planar antenna SIS mixer and a
flux-flow oscillator (FF0) as a local oscillator [1, 2].
This concept of chip-size, light-weight and low-power
consuming SIR is very attractive for most imaging
applications because dense packaging of such chips is
possible. The independent control of each pixel seems
to be an advantageous feature either for optimization
of LO power or for multi-frequency operation of the
array receiver.

We present here results of the experimental study of
recently developed SIR device intended for a nine-pixel
JAR [2] with silicon optics. The goal of the study is
to demonstrate that each pair of pixels can work at
about 500 GHz independently and equally good. The
detailed study of the phase-lock (or frequency-lock)
loops [3] for the integrated LO is the last option that
has to be accomplished for the practicable receiver.

A few problems were found in going from quartz to
the silicon substrate. The design principles developed
for SIR on a silicon substrate/lens are discussed
below. The main optical cryostat with a large (array)
input window is being assembled. Test data reported

1 )e-mail: sergey @hitech.cplire.ru , sergey @sron.rug.n1

here were obtained with a special single-pixel
assembly cryostat.

I. Design of New Silicon Device

The simplified electrical diagram of the new SIR on
silicon and a photograph of the chip are shown in
Fig. 1 and Fig. 2 respectively.

Antireflection coated optics

Each pixel of IAR has its own elliptical silicon lens
( R, = 5 mm, R1 = 5.228 mm). This lens has to be
the only optical element providing a beam f/10 at
450 - 550 GHz [4, 5]. The silicon lenses with
antireflection (AR) coating from Stycast epoxy have
been fabricated by diamond turning. Two epoxy
compounds art. 2850 FT and art. 1264 were tested
for the AR-coating using FTS technique. We have
found for a number of different tests that AR-coating
made from epoxy 2850 FT has 5.2 instead of 4
reported in [6]. Extra absorption was also suspected
because of unspecified carbon filler in this epoxy. The
AR-coating of 87 m fits the requirements [7] for
epoxy 1264 ( 2.9). However, the data reported here
were measured only for the lenses with the 75 m AR-
coating from 2850 FT epoxy.

b) Antenna mixer

We continue with the concept of a quasi-optical
double-dipole antenna SIS mixer [1, 2, 4]. This kind
of integrated lens antenna must have a back reflector
installed at the quarter-wave distance to achieve the
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beam of good symmetry. The back reflector is a
silicon chip (800 m 800 m, thickness 44 m) which
is one-side covered with a film of Nb/Au. To install
the back reflector onto the SIR chip, a tiny drop of the
vacuum oil was used. A double-dipole antenna with
the back reflector could be treated as a four-dipole array
immersed into a homogeneous silicon medium
(r

= 11.7). Center of the antenna array has to be
placed in the focus of the elliptical lens. Because of
homogeneity of the medium surrounding the antennas,
one may hope that the relatively simple analytical
formulas developed for a thick wire dipole antenna are
accurate enough to estimate the main properties of the
real device. The beam inside the silicon media was
estimated analytically taking into account the mutual
interference of all four antennas. The calculated main
lobe was found to be consistent with the results
obtained via the method of moments. Since the
microstrip feeders connecting the antennas may
somewhat change the impedance of the dipoles, the
experimental samples are designed with three slightly
different lengths of their antenna (84 m, 92 m and
100 m).

c) SIS mixer tuning

To achieve a low noise performance of the receiver,
the mixing SIS junction has to be tuned to cancel its
capacitance. A modified concept of the end-loaded stub
is used in the tuning structure. The mixing junction
can be treated as a shared load placed in the center of a
microstrip line half-way from two antennas. Each half
of the microstrip feeder is acting as an inductive tuner
which cancels capacitance of the half-junction at the
specified frequency of about 500 GHz.

The insulation film of Si02 (. 3.8) is currently used
that defines an optimal length of the tuning lines as
2 60 m while the optimal distance between the
antennas is 2 35 m 11.7). Unlike a double-slot
antenna [8], it seems not possible to bend the tuning
lines freely in the space available between two dipole
antennas. This problem was solved by tuning each
dipole antenna with an additional capacitive tuner
(Fig. 1 and Fig. 3). To make length of the complete
tuning structure as short as possible, thinner
insulation of 150 nm is used for the tuners instead of
250 nm for the rest of the chip circuitry. The same
tuning microstrip is used for supplying the magnetic
field to the junction. A strip of narrower width can
give a stronger magnetic field in the vicinity of the
junction. The width of 3 m is chosen

for the tuning strip because of the limited mask
alignment accuracy. A fabrication misalignment not
more than 0.5/1 m is desired/allowed for the proper
operation of the device. A microphotograph of the
double-dipole antenna SIS mixer is shown in Fig. 3.

d) LO power coupling

To couple the LO power from FFO with an estimated
output impedance of about 0.4 [1, 2], the two-stage
impedance transformer has been synthesized
empirically as a stair-type rnicrostrip connection. The
SiO, insulation of 150 nm is used for the widest
section of the transformer. The LO power is supplied
from FFO to the mixing junction via a microstrip
transmission line of about 900 m long and 4 m wide.
The characteristic impedance of the line is about 14 .
A dc/IF break in both leads [9] is inserted at about
half-way between the LO and the mixer (Fig. 1 and
Fig. 2).

To couple the LO power from FFO to the mixing
junction, a rnicrostrip T-connection working similar
to a cold beamsplitter is implemented. The LO port is
presented by a 1 m wide strip which acts as a section
of a quarter-wave transformer providing high
impedance of the LO path ( 60 ) in parallel to the
mixing SIS junction. The impedance of the LO port
allows about 20-30 % of the signal to be lost.

To avoid the signal loss, the concept of a balanced SIS
mixer have been developed [2]. The balanced device
can use 100 % of both signal and LO power that may
result in the lower noise temperature of the receiver.

II. Single Pixel Test Unit

A special unit is developed to test each pixel for the
array separately (Fig. 4). The SIR chip device
(4 mm 4 mm 0.5 mm) is centered within an
accuracy of 10 m and then glued to the lens at the
corners with soft epoxy art. 2216 from "3M". All
electrical contacts are provided by the wire bonding (Al
wire 50 m) to a printed circuit board which presses
the lens down against a cold metal frame. The
pentagonal frame of the pixel is mounted on a copper
"leg" which is holding the chip far enou gh from the
opening of the shielding can. The shield of the test
unit is made similar to one described in [2], but
smaller in size. The shield and the "leg" are thermally
isolated from each other having independent heat
contacts to the bottom of the liquid helium bath. The
external layer of the shield is bent from -metal;
internal one is made from copper galvanically covered
with 100 m layer of led. Both the internal
superconducting shield and the chip can be heated
independently above their superconducting transition
temperature point to remove trapped magnetic flux.
All wiring of the chip (including IF cable) is made
through the same and only opening of the shielding
can.

III. Experimental Data and Discussion
a) Magnetic shield test

A shield around the integrated receiver chip is
necessary because any current or magnetic field noise
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influences the LO frequency of integrated FFO. The
magnetic shield (Fig. 4) was tested qualitatively by
placing a magnet with strength 1000 Gauss near the
cryostat window at the distance of 5 cm from the
opening of the shield. The effect of about 4 V shift of
the FFO bias point has been measured that is equal to
the LO frequency shift 2 GHz. This effect can be
compensated by the FFO control line current of
approximately 50 A that in terms of magnetic field
means a suppression factor of 10 3 - 104 . As a
consequence the flux trapping only seldom occurred for
the experimental chips.

b) SIS mixer control line test

It is known that superconducting strips of a few
microns most efficiently generate a local magnetic
field. However, is has been found experimentally that
for the Nb film of 3 m wide and 0.6 m thick, the
critical current can be reduced to about 10 mA due to
the non-rectangular (diffused) profile of the film fringe.
To get the rectangular profile of the fringe, the
fabrication procedure for the wiring layer has been
improved. Third minimum of I(H) is achievable now
with the control line current of 80 - 100 mA for
1 - 2 m 2 junction.

c) FTS test

To learn about the instantaneous bandwidth, a FT'S
test is performed for each SIR chip assembled into the
cryostat. The preliminary dipstick test does also show
a frequency response of the SIS mixer since the
internal FFO is emitting approximately equal if power
within the 450 - 650 GHz frequency range [9].
However, this estimate is usually a bit higher than
one made in the cryostat because the installation of the
backing reflector is decreasing the antenna resonant
frequency 15 - 20 GHz. The FTS experiments have
demonstrated the central frequency of the new silicon
SIRs within 490 - 520 GHz and the instantaneous
bandwidth of 70 GHz and 90 GHz for the single and
balanced mixers respectively that agrees well with the
design values.

d) Antenna beam test

The typical antenna beam pattern of the new silicon
SIR is shown in Fig. 5. The SIS mixer was operating
in the video-detection mode that limits the dynamic
range to 25 - 30 dB. Taking into account the
radiation pattern of the 2 mm aperture used to obtain
the wide-angle illuminating, the following data are
obtained for the SIR chip H7341 at 490 GHz: the
sidelobe level of about - 16 dB, the full 3 dB
beamwidth of about 3.7 and the full 10 dB beamwidth
of about 6.7. The first minima in the radiation pattern
occurs approximately at 4.5. This corresponds roughly
to a f/9.4 beam with a waist size w, 3.6 mm.

The antenna beam of a reference SIS mixer without
LO path was similar, indicating that LO circuitry has

a minor effect. The choke filters are connected now to
the capacitive tuners at more distant position that may
reduce the distortion of the antenna beam pattern. To
minimize the space occupied by the choke filters
without reducing their quality, the high-impedance
section is designed as a coplanar two-wire line while
the low-impedance sections are made as overlaps
(microstrip line) that provides desirable discontinuity
(variation) of impedance. The antenna beam had a
gaussian profile with sidelobes at the level of
about - 17.5 dB that is close to the theoretical
prediction [5]. The receiver DSB noise temperature
measured for the reference SIS mixer is about 130 -
140 K at 490 - 495 GHz (corrected to the 20 m

Mylar beamsplitter). The goal of the study is to
achieve the same noise temperature with the complete
Integrated Receiver.

IV. "IRTECON" System
for Data Acquisition and Receiver Control

The experimental study of the Integrated Receiver
devices was started with manually controlled bias
supply comprising four floating dc sources adjusted
separately (Fig. 1). It took hours even for the short ck.
check. A data acquisition system called IRTECON was
developed for the integrated R eceiver Test and
Co ntrol (Fig. 6). It collects dc and if data
automatically. The program is written under
LabWindows. Two computer cards from "National
Instruments" are used: 16 bit resolution card for FFO
and 12 bit resolution card for the SIS mixer. The
GPIB interface for SR510 lock-in amplifier, 4 DAC
and 10 ADC are used in the system to hookup the
analogue bias supply and HP436 power meter to the
computer. The complete test run takes now about 45
minutes per device including mounting into dipstick
and printing the selected data-graphs (Fig. 7).

One of the routines does optimization of magnetic
field for the FFO and the best bias for the SIS mixer
providing minimum of the receiver noise temperature,
TRx, at particular frequency, fw, related to the FFO
voltage, V FF0 , with the Josephson's relationship

f Lc. = 2eV FFo/h.

Here e and h are the charge of electron and Plank's
constant respectively.

The LO power supplied to the SIS mixer is varied via
FFO bias current while the LO frequency is kept
constant being adjusted via magnetic field (control
current of the FFO). The Y-factor is measured at
IF 1.5 GHz with a fast if detector, lock-in amplifier
and running "hot/cold" chopper. Since the traces of
TRx versus mixer bias are not usually crossing each
other, the lowest noise figure always belongs to the
lowest curve. It means that optimum pump level can
be found using any bias voltage, Vs Is , within the
range of about 1-2.5 mV. The data on the receiver
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DSB noise temperature at the level of 250 K
optimized by IRTECON are presented in Fig. 8. For
the balanced SIS mixer [2] a noise temperature of
110 - 150 K at 515 GHz has been measured recent1.7.

Conclusion

The performance of the Superconducting Integrated
Receiver (SLR) with a silicon lens/substrate has been
demonstrated as following: center frequency is about
500 GHz, instantaneous bandwidth 15 %, DSB
receiver noise temperature 200 - 250 K at the center
frequency, the antenna beam f/10 with sidelobes
below - 16 dB.

The shielding of FFO was tested and found to be
sufficient at the magnetic field about 1000 Gauss.

Recent results of a balanced SIS mixer [2] are
promising: T Rx 1 1 0-150 K at 515 GHz and
instantaneous bandwidth 20 % (FT'S data).

The system IRTECON is proven to be a useful tool in
selection and operation of Superconducting Integrated
Receiver.
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IF output
1.3 - 1.8 GHz

Fig. 1. Simplified equivalent diagram of the single mixer Integrated Receiver
chip for 500 GHz; SISJ presents the mixing junction. Typical power
consumption of the chip is defined mainly by FFO and estimated as 20 - 40 OV.
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oscillat

Fig. 2. Microphotograph of central part of the silicon Integrated Receiver chip; all main
elements presented; the backing reflector is not installed; some details of wiring and contact
pads are out of the field of view which is about 1 mm x 1.5 mm.
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Fig. 3. Microphotograph of the double-dipole antenna SIS mixer of the Integrated
Receiver; both antennas are tuned by special inicrostrip tuners; the local oscillator feed is
shown. Complete field of view is about 100 m x 150 gm.
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Pixel holder
(copper
"leg")

Chip receiver on
elliptical silicon
lens (invisible)

Bottom of the
LHe bath

Pentagonal single
pixel mount

i// /i/////////////////////////////,//////-////\\
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DC/IF connector SMA
of SIS mixer
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/

A

Shield section A - A

Heatable
superconducting
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SIS H-control I FFO H-control and bias

Fig. 4. Schematic drawing of the test mount for single pixel measurement. Note that
the optical axis of the silicon lens is not centered in respect to the shielding can. This
configuration should simulate the antenna beam conditions for a side pixel of the
array receiver. Coaxial IF cable and bias wiring are not shown for simplicity.
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Fig. 5. Far field beam pattern of the Integrated Receiver sample with 92 pan lon g antenna:
contour step is 2.5 dB; covered area is 150 mm x 150 mm: distance from the chip is 33 cm.

Fig. 6. Photo of the experimental setup: optical liquid Helium cryostat with the receiver. bias
supply unit and controlling, computer are shown.
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IV-curves (top-left); unpumped and pumped IV-curves of SIS mixer (top-right); receiver
noise temperature vs. mixer bias voltage (bottom-right); receiver control panels (bottom-left).

Fig. 8. Receiver noise temperature optimized by IRTECON (print-screen colored copy).
The search process is presented by the light "bubbles" of intermediate (non-optimal) points.
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Abstract

We have developed a low-noise quasi-optical NbN/A1N/NbN SIS mixer that operates

at terahertz frequencies. The mixer uses a MgO hyperhemispherical lens with an anti-

reflection cap, a single-crystal NbN log-periodic antenna, and two-junction tuning circuits

which employ Al/SiO/NbN microstriplines. The NbN/A1N/NbN junction size was about 0.9

in diameter, and the current density was about 45 kA/cm 2. The frequency-dependence of

the receiver noise temperature was investigated by using an optically pumped far-infrared

laser and a backward-wave oscillator as a local oscillator at several frequencies from 670 GHz

to 1082 GHz. The experimental results showed that the center frequency was around 800 GHz,

and the receiver noise temperature measured by the standard Y-factor method was 457

K(DSB) at 783 GHz including a 9 p.m-thick Mylar beam splitter loss and other optical losses

at the physical bath temperature of 4.2 K. This is the first SIS mixer based on NbN with low-

noise performance (12h v/KB) above the gap frequency of Nb.
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1. Introduction

Until now, the most sensitive elements in heterodyne mixers are the superconductor-

insulator-superconductor (SIS) tunnel junctions. Both high BY-to-if conversion efficiency and

low noise are predicted for these mixers from theory [1J, and ultra-low noise SIS mixers using

Nb/A10x/Nb tunnel junctions approach —hv/kB in the millimeter and submillimeter wave

regions [2]. This good performance is mainly a result of using an Nb SIS junction with a ideal

current-voltage (I-V) curve and a low-loss Nb tuning circuit to resonate out the junction

capacitance. However, the low gap frequency of Nb (about 700 GHz) essentially limits its

application as an ultra-low noise SIS mixer in the sub-terahertz band because the onset of pair

breaking above the gap frequency results in a rapid increase in RF loss in the superconducting

electrodes and tuning circuits. Therefore, the mixer noise performance is greatly degraded at

frequencies above the gap frequency [3]. In order to develop a low-noise SIS mixer at the

terahertz band, it is necessary to make SIS junctions based on materials which have energy

gap higher than that of Nb. In addition, tuning circuits have to be high-quality

superconducting films with a higher gap frequency of Nb, or high-conductivity normal-metal

films.

NbN is the best candidate for developing a low-noise terahertz SIS mixer because it

has large gap frequencies up to 1.4 THz. We have recently developed a process to grow

single-crystal NbN thin films on MgO substrates [4] and to fabricate high-quality

NbN/A1N/NbN tunnel junctions that have high current densities, up to 54 IcA/cm 2, for high-

frequency device applications [5]. Excellent noise characteristics in the 300-GHz band habe

been obtained using these junctions with low-loss Nb/SiO/NbN microstrip tuning circuits [6].

However, an all-NbN SIS mixer designed for 1 THz operation has shown poor noise

performance that was much worse than the value calculated using Tucker's quantum theory of

mixing with measured I-V curve of the NbN SIS junction [7]. The large amount of noise was

possibly caused by the large RF losses in the tuning circuits of polycristalline NbN on the SiO.

In this paper, we report on the fabrication and testing of a quasi-optical NbN/A1N/NbN SIS

mixer with Al/SiO/NbN microstrip tuning circuits that is capable of terahertz frequency

operation. The low-noise operation above the gap frequency of Nb was the best ever reported

for SIS mixers based on NbN.
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2. Mixer Design

In our mixers, a quasi-optical structure employing a substrate lens was used to couple

the RF radiation to the junctions. An optical micrograph of our mixer chip is shown in Fig. 1.

Four NbN/A1N/NbN junctions and an Al wiring were integrated with a single-crystal NbN

log-periodic antenna on a 0.3-mm-thick single-crystal MgO substrate. The tuning circuit

consisted of two junctions separated by an inductor for tuning out the junction capacitance and

a X/4 impedance transformer for matching the resistance of the two-junction circuit to the

antenna impedance [8]. A mirror-symmetrical-circuit pattern at the feed point of the antenna

was employed in order to reduce the antenna source impedance of about 80 O. We designed

the tuning circuit at the center frequency of 900 GHz for the NbN/A1N/NbN tunnel junctions

with the size of 0.9 gm in diameter and the current density of 30 IcAJcm 2. Because the kRNA

product is about 350 for such a NbN SIS junction, the normal state resistance is 18 O. Here,

J is the current density in kA/cm2, RN is the normal state resistance in S2, and A is the area of

the junction in 1.1m2. The capacitance of the junction was 78 if. This value was calculated

from the following expression that was obtained from measurements on our high current

density NbN SIS junctions

LogCs = 1.85 + 0.16logk,

where Cs is the specific capacitance in fF/4m2 {91 AUSiO/NbN rnicrostriplines were utilized

for timing circuits. The ground plane of the raicrostripline which is the arm of the antenna was

a 200-nm-thick single-crystal NbN base electrode, while the microstripline was a 120-nm-

thick Al wiring layer. A 250-nm thick insulator layer of SiO was used to electrically isolate

the NbN/A1N/NbN tunnel junctions. The loss, slow wave factor, and characteristic impedance

of the microstripline were calculated from incremental inductance considerations described in

Ref. [10]. The calculation included the surface impedance of the superconducting NbN thin-

film and the normal metal Al thin-film as given by the Mattis-Bardeen theory and the theory

of the skin effect. Figure 2 shows the calculated loss per wavelength as a function of

frequency for the Al/SiO/NbN and A1/SiO/A1 microstriplines that have widths of 3-p.m. The
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parameters used for the calculation are described in Table 1. Our calculations showed that the

loss of the Al/SiO/NbN microstripline at 900 GI-1z was 0.86 dB/wavelen gth which is about 2.5

dB better than the A1/SiO/A1 microstripline. This result sug gests that the power coupling

efficiency of the Al/SiO/NbN microstrip tunin g circuits from the feed point to the junctions

should be approximately twice as good as that of A1/SiO/A1 microstrip tuning circuits at

frequencies below the gap frequency of NbN. The calculated coupling efficiency is shown in

Fig. 3. The maximum coupling efficiency achieved was about 70 % at a center frequency of

900 GHz.

3. Results and Discussion

The mixer devices were prepared by the fabrication process described in Ref. [11].

The thickness of the NbN, SiO, and Al was 180 nm, 230 nm, and 300 mm, respectively. The

Al wiring layer was deposited by thermal evaporation. The conductivity of the Al film at 4.2

K was able to be estimated from the slope of the supercurrent branch of the I-V curve. We

obtained a high conductivity of about 2.8 x 10 8 ST inf l , which is better than the design value

by a factor of 1.4. The Josephson critical current of two junctions in parallel was 570 IA, and

the junction size was about 0.9 pun in diameter. This gave a current density of about 45

IcA/cm2 for these junctions.

The heterodyne receiver noise measurements were made using the standard Y-factor

method for room-temperature (295 K) and liquid-nitrogen-cooled (77 K) loads. The receiver

set-up was basically the same as described in Ref [7]. The incoming radiation entered the

dewar through a 0.5-mm4hick Teflon vacuum window and Zitex infrared filters cooled to 77

K and 4.2 K, respectively. Local oscillator (LO) power was introduced into the signal path

through a 9-gm or 25-pm-thick Mylar beam splitter. No corrections were made for losses in

front of the receiver. Figure 4 shows I-V characteristics of the receiver at 783 GHz with and

without local oscillator (LO) power. The LO source was an optically pumped CH 2F2 laser and

the 9-gm4.hick Mylar beam splitter was used. The receiver IF output in response to hot and

cold loads is also shown in Fig. 4 as a function of bias voltage. The gap voltage was 4.9 mV,

corresponding to a gap frequency of 1.19 THz. The normal state resist:Ince was about 13 S2.

Photon-assisted tunneling steps were clearly observed when LO power was applied. The
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distinct IF responses to hot and cold loads showed a maximum Y-factor of about 1.41, which

corresponded to a double sideband (DSB) receiver noise temperature of 457 K. This value is

the best ever reported for SIS mixers based on NbN at frequency above the gap frequencies of

Nb.

The frequency dependence of the receiver noise temperature was investigated at

several frequencies from 670 GHz to 1082 GHz by using the optically pumped far-infrared

laser and a backward-wave oscillator (BWO) as the local oscillator. A CH3I laser was used for

the 670 GHz measurement, and the CH2F2 laser was used for 760 and 783 GHz measurements,

respectively. The other measurements were made by using the BWO. At all measured

frequencies, the 25-pm-thick Mylar beam splitter was used. Figure 5 shows the receiver noise

temperature as a function of frequency. Although it can be seen from the figure that the center

frequency of the receiver is around 800 GHz, which is slightly lower than the design

frequency of 900 GHz, the experimental results are in good agreement with the designed

tuning properties. The main reason for the shift of the center frequency can be attributed to the

lower gap voltage of the fabricated device. Since the thickness of the NbN film was

comparable to the London penetration depth, the slow-wave factor of the microstripline was

strongly affected by the effective penetration depth near the gap frequency. In fact, the

calculated center frequency of the power coupling efficiency using the actual parameters

including the microstrip size, the NbN gap, the current density, and the Al conductivity, was

almost the same as the experimental result. This indicates that the properties of the NbN

junction and the tuning circuits were well characterized in our design process, and that the

parameters of the fabricated mixer were also well controlled.

4. Conclusion

We have designed, fabricated, and tested a quasi-optical NbN/A1N/NbN SIS mixer

that has low-loss Al/SiO/NbN microstrip tuning circuits and is capable of operating at

terahertz frequencies. A double sideband receiver noise temperature of 457 K has been

achieved at 783 GHz (above the gap frequency of Nb). The frequency dependence of the

receiver noise agreed well with the calculated frequency dependence. These results suggests

that our well controlled NbN SIS mixer is capable of low-noise operation at frequencies
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below the NbN gap frequecy of about 1.4 THz. We are developing a process to fabricate

NbN/A1N/NbN tunnel junctions with low-loss NbN tuning elements or self-tuned NbiC SIS

junctions with the hope of obtaining even better performance.
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Table. I Parameters used in the design process.

NbN gap frequency: 1.27 THz

NbN film thickness: 200 nm

NbN conductivity at 20 K: 1.5 x 10 6 EI:rn-:

SiO film thickness: 250 nm

SiO dielectric constant: 5.5

Al film thickness: 120 mm

Al conductivity at 4.2 K: 2.0 x 10SQm

Ea. 1. An optical micrograph of the NbNiAININbN mixer. NbN junctions with integrated

AISSRYNbN microstrip tuning circuits are fabricated with a self-complementary log-periodic

antenna as their ground plane. Each junction is approximately 0.9 1.tm in diameter.
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Abstract

Recent results at I THz using normal-metal tuning circuits have shown that SIS mixers

can work well up to twice the gap frequency of the junction material (niobium). However,

the performance at 1 THz is limited by the substantial loss in the normal metal films. For

better performance superconducting films with a higher gap frequency than niobium and

with low RF loss are needed. Niobium nitride has long been considered a good candidate

material, but typical NbN films suffer from high RF loss. To circumvent this problem we

are currently investigating the RF loss in NbTiN films, a 15K Tc compound

superconductor, by incorporating them into quasi-optical slot antenna SIS devices.

Keywords: NbTiN superconducting films, SIS junctions, Niobium bandgap

I. Introduction

There is a strong astronomical interest to construct sensitive heterodyne receivers above

700 GHz, which is the bandgap energy of niobium. Niobium is the material of choice in

nearly all Superconducting-Insulating-Superconducting tunnel junction (SIS) mixers.

Niobium has a bandgap energy of (2d) of 700 GHz. Above this frequency the photons

have enough energy to break Cooper pairs within the superconductor. This results in a

very steep increase in the absorption loss of niobium films, as is shown in Figure 1. To

circumvent this problem, up to 1.2 THz at least, we are developing quasi-optical SIS

devices with NbTiN films[I]. Many of these devices show I-V resonances up to 1 THz,

indicating that the loss continues to be low up to the gap frequency (1.2 THz).

Comparison of circuit simulations and FTS measurements indicate that the resistivity of

the NbTiN just above Tc is about 601.112-cm, which computes to a phase velocity of 0.21c

for NbTiN microstrip lines with a 200 nm SiO dielectric. The critical temperature of the

NbTiN films is around 15K and the gap voltage about 5.2 mV. Several different devices

have been tested up to 650 GHz, all of which can be categorized in the following three

groups.
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Fig. 1 RF loss of microstrip lines made with several different materials.

II. NbTiN Ground Plane, Nb Wiring and a Nb/A1 -0„./Nb Junctions

Since we did not know the material properties (mechanical and electrical) of the NbTiN

superconducting films, we first fabricated double slot antenna devices with an existing

mask designed for niobium [1, 2]. The devices had a NbTiN ground plane, Nb/A1-0x/Nb

junction, and niobium wiring. We have made direct detection Fourier Transformer

Spectrometer (FTS) measurements and hot/cold heterodyne measurements near the peak
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of the FITS response, at 639 GHz. The frequency response measured with the FTS fits

quite well with our circuit calculation if we assume that the NbTiN films have essentially

no loss. Significant discrepancies arise between theory and experiment if the surface

resistance of the NbTiN film is assumed to be 0.1 S?./square. We also deduce from our

circuit simulations a phase velocity of about 0.21c and a penetration depth on the order of

230 nm. For comparison, niobium films have a penetration depth of 80 nm. As an

interesting side note, the heterodyne result of 110K at 639 GHz proved to be one of the

most sensitive un-corrected receiver measurements at this frequency to date. Clearly the

loss in the NbTiN ground layer is very low. A 91.1m mylar LO injection beamsplitter was

used during the duration of the heterodyne measurement.

200 400 600 Boo
Frequency (GHz)

Fig. 2 FTS measurement of a Nb/Al-Ox/Nb junction with NTiN groundplane.
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Fig. 3 Heterodyne response of a Nb/A1-0x/Nb junction with NTiN groundplane at 639 GHz.

Once an understanding of the phase velocity and penetration depth of the NbTiN films

was gained, we designed two different double slot antenna circuit layouts for further

experimentation.

The first design was for an all NbTiN device with a NbTiN/MgO/NbTiN junction, and

the second design was optimized for an Nb/Al-O x /Nb junction. The difference being that,

according to our computer simulations to FTS fits, the specific capacitance of a MgO

barrier is on the order of 140-160 fF/p.m 2. Nb/A1-0x /Nb junctions with similar current

density have a specific capacitance around 85 fF/i.un2.
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The RF capacitive impedance of a 0.5 pun2 NbTiN/ME-0/NbTiN SIS junction at 1 THz is

less than 2 Ohm, which makes it very difficult to match. Due to its lower capacitance, Al-

Ox would be a preferred bather except that we were not successful in fabricating high

quality NbTiN junctions with Al-Ox barriers. A third barrier was used, Al-N. which has

a reported specific capacitance similar to that of Al-O x but is better suited to the

fabrication process. There are good indications that Al-N has a lower barrier height than

Al-Ox, and is thermally more stable.

NbTiN Ground Plane and Wiring, NbTilsi/MgO/NbTiN Junction

As discussed, a 0.51=2 NbTiN/MgO/NbTiN SIS junction at 1 THz presents a mere 2

Ohm of reactance and the I/V characteristics are similar to the well known "washed-out"

NbN IN curves. Nonetheless, these devices are still of interest because of the relatively

high energy gap, (2k) = 1200 GHz, and low RF loss. To verify that these films do indeed

show improved performance over NbN devices, we have measured several of these

devices over a wide range of current densities. Figure 4 shows the FTS response with

three different circuit simulation fits for a junction with a RnA product of 42 04=2.

Though the fits are not perfect, it does enable us to put a upper limit on the loss (0.03-

0.060/square), get an estimate for the junction capacitance (132fF/I.trn 2 for a RnA product

of 42 fl-gm2) and resistivity (601112-cm). We have also measured MgO devices with RnA

products as low as 8 and as high as 60 0-1.un2. The specific capacitance, according to

circuit simulations fits to the FTS data, for these particular device were 163 fF/1.um 2 and

125 fF/pm2 respectively.

The NbTiN/MgO/NbTiN SIS junction heterodyne measurement presented in Figure 5 has

a receiver noise temperature of 250K DSB. This is several factors better than results

reported with NbN devices at similar frequencies.
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IV. NbTiN/Nb Ground Plane, NbTiN Wiring, Nb/Al-NINWriN Junction

A promising technology for THz applications is the use of an Al-i six barrier rather than

MgO barrier. This should result in a reduced specific capacitance, making the RF match

to these evices at 1 THz more realistic. Josephson resonances in the I/V curve of many of

these devices show resonances up to 2.1 mV. In Figure 6 we present a device that shows a

rather nice resonance at 800 GHz. Unfortunately the IN curve showed a weak-link break

around 5 mV, and no heterodyne data is available for this particular device. Note that the

junction gap voltage is at 3.5 mV. The devices discussed here were fabricated with a 100

Angstrom niobium layer on top of the NbTiN ground plane. This was done because

Aluminum can readily be deposited on top of a niobium base electrode, but not easily on

NbTiN. The sum gap of the 100 Angstrom niobium and NbTiN counter electrode is 3.5

inV as shown in Figure 6. Our calculations show that the absorption loss in the very thin

niobium film is significant enough to effect the RF performance above 700 GHz, the gap

frequency of niobium.

Fig. 6. Josephson resonance at 800 GHz of a NIVAI-NiNbTiN junction
Horizontal scale: lmV/division, Vertical scale: 2011A/division
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A new process is currently under development at JPL which will etch completely through

the 100 angstrom niobium layer on top of the NbTiN base electrode, except for where the

junction is patterned. This should solve the RF loss issue in the niobium film, yet still

allow good quality W curves with gap voltages around 3.5 mV. This technology is

therefore particularly interesting for THz applications.

RF circuit simulations show a 3 dB bandwidth of about 120 GHz for these devices, which

is in good agreement with the measured FWHM bandwidth of 115 GHz on our FTS. The

small RF bandwidth is indicative of a low loss RF tuning circuit. In fact the 3 dB

bandwidth of a similar device with aluminum wiring is 450 GHz [3].

Fig. 7 Direct Detection response of a 950 GHz designed Nb/A.1-NxiNbTiN
junction with NbTiN groundplane and wire layers.

291



1.0
Jurction taa4 .80na

0 .9 - Rnik=26 Ohm-A=2
Wits = 2.5 nxii, 12.6 yA

0.8 - Ile 1931C DSB 582 1311z
DSB 588 Miss

lia-2641C DSB 600 Gliss
0.7

Ii€ 3331C DSB 612 Glis

0
ai 0.6

0.5

0.4

0.3

0.2

0.1

• •
• •

300 400 500 600 700
0.0 •

200 800 900

Since no more high quality 950 GHz devices were available for this fabrication run, we

turned our attention to a 650 GHz device. The direct detection response is shown in

Figure 8. The measurement was made at two different resolutions and it shows a

resonance that is shifted down from the 650 GHz design frequency to 590 GHz,

approximately 10%. Heterodyne measurements at 588 GHz gave a 195K DSB noise

temperature.

Frequency (Gliz)

Fig 8 FTS response of an Al-N barrier junction designed to resonate
at 650 GHz. RnA=26a-gm2
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The standard IF shot noise calibration technique[4] gave a mixer noise temperature of

129K and a mixer gain of -9.6 dB. The mixer conversion loss is somewhat higher than

expected. The reason for this is not very clear since we are below the gap frequency of

niobium. However if the loss in the NbTiN tuning circuit were significant would have

expected a broadened RF response.

V. Conclusion

Clearly, our preliminary measurements demonstrate that NbTiN films show great promise

for use in low-loss tuning circuits for SIS mixers at 1 THz. However, much work remains

to be done to turn this promise into reality. Numerous technical difficulties must be
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overcome before a stable, reproducible fabrication process is available, which is

necessary for the production of optimized devices. Several different junction

configurations are currently under investigation as it is not clear which one will perform

best up to 1.2 THz.

New devices have recently become available, and we anticipate testing them at 800 GHz

in the very near future.
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FABRICATION OF NB / AL-NI / NBTIN JUNCTIONS
FOR SIS MIXER APPLICATIONS ABOVE 1 THZ

B. Bumble, H. G. LeDuc, and J. A. Stem
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ABSTRACT

We discuss the material processing limits of superconductor-insulator-
superconductor (SIS) junctions with an energy gap high enough to enable THz
heterodyne mixer detection. The focus of this work is a device structure which has Nb
as a base layer, a tunnel barrier formed by plasma nitidation of a thin Al proximity
layer, and NbTiN as a counter-electrode material. These SIS junctions typically exhibit
3.5 mV sum-gap voltages with the sub-gap to normal state resistance ratio Rsg / R N = 15
for resistance - area products RNA = 20 pm'. This process is developed such that
junctions will be integrated to mixer antenna structures incorporating NbTili as both
ground plane and wire circuit layers. Run-to-run reproducibility and control of the RNA
product is addressed with regard to the conditions applied during plasma nitridation of
the Al layer. RF plasma nitriciation of the aluminum is investigated by control of DC
floating potential, N2 pressure, and exposure time. Processing is done at near room
temperature to reduce the number of variables. Stress in the metal film layers is kept in
the low compressive range. Recent receiver results will be discussed in another work
presented at this symposium. [1]

INTRODUCTION

High quality Nb/Al-Ox/Nb Josephson junctions have produced the lowest noise
temperatures in heterodyne receivers up to 1 THz.[2] Low noise temperatures have
been achieved above the energy gap frequency of Nb (2.61h 700GHz) by using high
conductivity normal metal (Al) tuning circuits. However, the ideal superconductor-
insulator-superconductor (SIS) junction for THz heterodyne receivers should incorporate
a high transition temperature (Tc), lows-loss superconductor. Applications of tunnel
junctions fabricated with NbN/ MgO/NbN and NbN/A1N/NbN have been reported, but
performance seems to be limited by either gap rounding in the current- voltage (I-V)
characteristic or surface resistance in the NbN. [3,4]. Thin films of NbTiN used in RF
accelerator cavities have shown an improvement in surface resistance over NbN.[5]
Recent measurements from mixers fabricated with NbTiN have shown that losses can be
quite low. [6] However, the integration of Nb/A1-0x/Nb junctions with NbTiN ground
planes and wires suffers from gap reduction due to quasiparticle trapping at the Nb/
NbTiN interfaces on both sides of the junction. There is also a problem with getting an
insulator - NbTiN interface clean enough such that the superconducting energy gap does
not degrade over the distance of its coherence length. Junctions which have deposited
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barrier layers are prone to tunneling irregularities due to thin spots or "pin-holes."
Transmission electron microscope (TEM) images of Nb/A1-0x/Nb junctions clearly
show that aluminum smoothes out over the granular niobium surface. [7] Thermal
oxidation of the aluminum surface produces a dense and uniform insulator. The niobium
counter-electrode may degrade slightly at the interface, but not over the distance of its
relatively long coherence length.

Below is a table of the enthalpy of formation for some compounds of interest for
this work: [8] The information is useful in that it helps to predict the direction of surface
reactions which may occur. Note that the oxides tend to be more stable than the nitrides.
Thus, excess oxygen on an Al 203 surface will tend to react with a deposited NbTilsl layer
to degrade the superconductor at the interface.
Depositing NbTiN on a layer of AIN should
have less of an ill effect on the superconductor.
However, depositing pure Al on a NbTiN base
depletes the superconductor of nitrogen at the
interface. We also want to point out that
thermal oxidation of Al is much easier than
thermal nitridation because the triple bond of
N2 is harder to break than the double bond in
02. Producing a nitride requires either higher
temperatures or creating a plasma to break the
N2 molecule. Another method is to get free
nitrogen from a gas such as NH 3 which is
more reactive.

The work presented here deals only with plasma nitridation at near room
temperature by driving the substrate with an RF generator. AN is an insulator of similar
properties to Al203 with band gap energy —4 eV and dielectric constant of 8.5. [8]
Nb/Al-Nx/Nb Josephson
junctions produced by
plasma nitridation of 1.o
aluminum have been
previously investigated by
Shiota, et al and shown to 0.5

exhibit improved annealing
stability over oxide barriers. 0.0

[10] Replacing the
counter-electrode with
NbTiN has the advantage of
moving the sum-gap
voltage out by 0.6 mV.
Thus, a THz receiver would
have a substantial
improvement in bias range.
Figure 2 shows a
comparison of a

-1.0

Figure 2. Nb/Al-Ox/Nb compared to Nb/Al-Nx/NbTiN
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Nb/A10x/Nb junction with 2.9 mV gap to a Nb/Al-Nx/NbTN junction with 3.5mV gap.
Both junctions have RNA — 20 0-1=2 and are plotted with arbitrary units for the current
scale so that the gap voltages and step features can be compared.

EXPERIMENTAL TECHNIQUE

Junctions for this set of experiments are fabricated by a trilayer deposition and self -
aligned processing technique. Details of the pattern and etch steps of this technique are
reported in another paper in these proceedings.[11] The point of focus presented here is
on trilayer deposition which involves plasma nitidation of the Al proximity layer. A
brief description and illustration of the process steps for trilayer deposition are given
below:

1.DC magnetron sputter deposition of 150 nrn of Nb.
2.DC magnetron sputter deposition of 7 nm of Al.
3.Growth of nitride barrier using pure N2 plasma exposure of Al layer.
4.DC magnetron reactive sputtering 50 nm NbTiN in Ar +N 2 gas mixture.

Figure 3. Diagram of Nb/Al-Nx/NbM1 layered structure as studied.

Our process development is investigated for two separate vacuum systems. We
have produced devices for receiver testing in system #1 and are currently attempting to
transfer the process to system #2. Although the two cylindrical chambers are similar in
many respects, system #1 is 46 cm in diameter and 36 cm high whereas system #2 is
76 cm in diameter and 48 cm high. Sputtering sources are all DC magnetrons with 7.6
cm diameter targets which are positioned to sputter upward with a target to substrate
throw distance of about 6 cm. Samples are inserted through a vacuum load-lock
chamber. A manipulator arm rotates about the chamber center to place the sample over
the various sources located around the circumference. All depositions are done without
extra heating such that substrate temperature is between 30-60 °C. Samples are held on
a metal platform which is grounded for all process steps except the plasma nitridation.

Trilayers are deposited in-situ with a base pressure lower than 1. 0 Pa. Substrates
used in this experiment were thermally oxidized Si wafers. They were cleaned in-situ
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prior to film deposit with mild Ar ion beam exposure of 150eV, 20mA for 45 seconds in
system #2 and Ar plasma cleaned with comparable conditions in system #1. The base
layer of Nb is deposited under sputter conditions which produce slight compressive
stress in the film of 2-5 X lir dynes/cm 2. Typical deposition rates are 50 nm/min. in 10
mTorr Ar ambient. These conditions have resulted in the best results for Nb/Al-Ox/Nb
junctions and we have seen indications that it is desirable for junctions with subsequent
nitride layers as well.

The aluminum layers are deposited by oscillating the sample over the target such
that a 7 nm thick film is grown with about 75 passes for system #1 and about 10 passes
for system #2. This method produces a more uniform thickness distribution than by
remaining stationary over the target.

Plasma nitriciation of the aluminum layer is done at a chamber location which
allows about 15 cm of free space between the wafer face and the grounded chamber
bottom. The substrate manipulator is a grounded cylindrical assembly with capabilities
for 13 MHz RF biasing of the bottom chuck which the substrate is held to. Nitrogen
gas of 99.999 % purity is flowed into the chamber at —10 sccm and the pressure is
controlled by throttling a turbomolecular pump. RF power of less than 10 W is applied
through an impedance matching network to the substrate platform. The DC floating
potential developed on the substrate is feedback controlled for the required exposure
time.

Counter-electrode deposition of 50 nm thick NbTili is done by reactive DC
magnetron sputtering from a Nb78 Ti22 (wt. %) target in an ambient of Ar and N2 . The
flow ratio for optimum properties of NbTiN is integrally related to deposition rate, total
gas pressure, target and substrate temperature, and plasma dynamics which involve
fixture geometry. Furthermore, there is a compromise to be made between the
properties of film stress, Tc, and resistivity. Typical values for films in this study are Tc
= 1445 K P20K 75-85 j.t. CI cm, and compressive stress ( a ) = 540 x 10 9 dynes/cm2.
A more detailed description of the NbTili film deposition process is given in a separate
paper in these proceedings. [111

PROCESS VARIATIONS AND RESULTS

Junctions are characterized by low frequency electrical testing in liquid He at
near 4.2 K in temperature. Test chips each have 12 various sized square junctions with
side dimensions on the lithography mask designed from 0.8 gm up to 5 gm. We have
chosen to use the parameter RNA (product of normal state resistance and junction area)
rather than current density because this value is derived by statistically fitting the
measured RN with the junction dimensions. Since the gap voltage (Vg) is typically 3.5
mV, current density (Jc) can be calculated by the Ambegaokar-Baratoff relation
JcRNA = aVg/4. [12]
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a. Bias variation

Figure 4 is a plot of junction R NA product for DC floating potential values
ranging from -35 to 40 V. This data only exists for system #2 at the present time. The
background nitrogen pressure is held constant at 20 mTorr and exposure time is between
1-2 minutes. Corresponding junction quality is also plotted as the ratio of sub-gap
resistance at 2 mV to normal state resistance (Rsg/R N). Increasing the floating potential
means that both ion energy and density will be increased. The RNA value does increase
and it is inferred that AIN thickness grows faster by increasing bias. Junction quality (
Rsg/RN) improves up to the point near 75eV where sputtering thresholds cause surface
damage. The RNA values presented in Figure 4 are rather low, therefore, this apparent
improvement could also simply result from reducing "pin-hole" density as the AlNx
grows.

30 40 50 60 70 80

(-) DC Floating Potential (volts)

Figure 4. (a) RNA and corresponding (•) Rsg/RN as bias voltage is varied.
1-2 minutes at 20TnTorr N2 in System #2
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b. Exposure time

We also investigated the effect of the duration of plasma exposure as a control
parameter for RNA. Figure 5 shows how RNA varies with exposure times from
30seconds up to 5 minutes for two different vacuum systems. Nitrogen pressure is again
held at 20 mTorr for both systems. DC floating potential is held at -3W for system #1
and -25V for system #2 Lines are drawn to guide the eye only. Data for system #1
seems to show a higher rate of Allix formation than for system #2. Both systems were
driven by low energy plasmas, but the substrates did come out of system #1 at a hotter
temperature. Scatter in the data for 60 second exposure times demonstrates the
difficulty with run-to run reproducibility. Corresponding Rsg/RN is not plotted , but it
should be noted our highest quality junctions (Rsg/R te-20) were produced with
exposures between 1 to 2 minutes in system #1.

0 50 100 150 200 250 300

Nitridation Time (seconds)

Figure 5. Junction RNA vs plasma exposure time for (o) system #1 and
(a) system #2 , 20mTorr N2 and approximately -30V.
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C. N2 Pressure variation

Figure 6 demonstrates the result of nitrogen pressure variation between 5 to 25
mTorr for system #1 and between 20 to 40 mTorr for system #2.. Pressure ranges were
determined by plasma constraints and a desire for RNA values near 20 gm'. Here the
DC floating potential is held constant at approximately -30V and exposure time is fixed
to 1 minute since those conditions seemed to be optimum from previous data sets for the
current density of interest. RNA is presented on a logarithmic scale because of its range.
Data for system #1 is inconclusive since there is so much scatter, but data for system #2
does exhibit a vend between 25-37 mTorr. A value at 35 mTorr was reproduced once.
Here the general vend of increasing RNA with nitrogen pressure is expected
thermodynamically since the nitride growth should increase with pressure.

3

10 20 30

N2 Pressure (mTorr)

Figure 6. N2 pressure effect on RNA product for (o) system #1 and (a)
system #2 60second exposure, approximately -30V.
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d. Junction quality

Quality of junctions produced under many different nitriciation conditions is
plotted in Figure 7 as the resistance ratio Rsg/RN against junction RNA product. Most of
the data for both vacuum systems is clustered arotmd R NA = 20 f� gm' since that is the
current design target for mixer applications. Values plotted for Rsg/RN are obtained
from statistics on 10 or more junctions of the size range given above which do not have
extraneous processing flaws. System #1 produced the best junctions with the highest
average ratio of 18 for RNA gm' Larger RNA junctions may show higher
quality, but processing in not optimized around high R NA in this set of experiments.
System #2 has never produced a junction with Rsg/RN above about 10. There is a trend
exhibited in both systems to rapidly change junction quality in the range between 10 to
30 CI 1=2. Junctions down to 4 SI pm' have been made with resistance ratio of more
than 5.

50 100 150 200

RNA (n lim2)

Figure 7. Resistance ratio vs RNA for (o) system #1 and (o) system #2
for various RF plasma nitridation conditions.
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CONCLUSIONS

We have presented our results from process development of Nb/A1-Nx/NbTiN
junctions which is focused on RF plasma nitridation of the aluminum proximity layer.
System #1 is shown to produce the higher quality junctions , but system #2 seems to
have more controllable and reproducible results. SIS mixers with RNA = 20 K2 gm' and
resistance ratios of 15 can be fabricated by this method if run-to-run variations are
acceptable. Other experimental data on temperature control are needed. It is anticipated
that nitride junctions will benefit from higher temperature processing because of
improvement in the NbTiN quality, but there is still is a question of control for RNA
valves of interest. Another avenue of investigation is to thermally nitride the aluminum
with NH3 . We think that the voltage gap of 3.5mV will bring a significant improvement
in bias range for THz SIS receivers. Low noise temperatures should result from low-.
loss NbTiN tuning circuits combined with the junction's sharp I-V behavior.
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FABRICATION AND DC-CHARACTERIZATION OF NbTiN BASED
S1S MIXERS FOR USE BETWEEN 600 AND 1200 GHZ.

J. A. Stern, B. Bumble and H. G. LeDuc, Center for Space Microeletronics Technology—
Jet Propulsion Laboratory, Pasadena CA 91109.

J.W. Kooi and J. Zmuidzinas, California Institute of Technology, Pasadena, CA 91106.

SIS mixers incorporating two-junction, NbTiN tuning-circuits have been designed and
fabricated using two different types of tunnel-junctions. The first type of tunnel junction-
NbTiN/MgO/NbTiN--has the advantage of a large gap voltage (5 mV), but has a
relatively soft I-V characteristic and high specific capacitance as compared to
Nb/Al-Ox/Nb tunnel-junctions. The second type of junction—NbiAl-ALNIx/NbTiN, is a
hybrid structure, which has many of the advantages of Nb junctions, with a slightly larger
energy gap voltage (3.5 mV) and more robust thermal properties. A detailed description
of the deposition techniques used in making the AlNx devices will be given in a separate
paper'. In this paper, we discuss the deposition of high-quality NbTiN films, and the
trade-off between stress and quality in these films. We also discuss the deposition details
for the NbTiN/MgO/NbTi.1•1 junctions. We measured the magnetic-penetration-depth of
our NbTiN films with SQUID circuits. Using long resonators coupled to Josephson
junctions, we measured propagation velocities for our microstrip-line circuits; this
measurement gave us an independent estimate of the NbTiN magnetic-penetration-depth
and a qualitative measure of RF-losses in the microstrip-lines.

Introduction
With the upcoming construction of the Far
Infrared Space Telescope (FIRST) and of
NASA's new airborne observatory
(SOPHIA), low-noise heterodyne
receivers are needed for the frequency
band of 700 to 1200 GHz2'3 . For
frequencies below 700 GHz, niobium-
based SIS mixers provide nearly quantum
limited performance.4 However, above
700 GHz, Nb has significant RF-losses, so
although Nb-based SIS tunnel junctions
are still viable mixer elements, the Nb-
tuning circuits used to tune out the
junction capacitance do not perform well.

One alternative is to use Nb tunnel-
junctions with normal metal tuning
circuits.5 A better solution is to use a
superconductor with a larger energy-gap
that will be nearly lossless, for the tuning
circuit. Previously we demonstrated that
NbTiN was an excellent candidate for low
loss tuning circuits at these high
frequencies, and we achieved state-of-the
art mixer results at 649 GHz, with a
hybrid Nb-mixer using a NbTiN ground-
plane. 6 Our next step is to fabricate SIS
mixers with all NbTiN tuning circuits. If
we use all Nb tunnel junctions in these
structures, the NbTiN layers will trap
quasi-particles in the junction region,

* This work is supported by the NASA Office of Space Science through the Center for Space
Microelectronics Technology
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which will degrade our mixer I-V
characteristics. We would like to replace
one or both of the junction electrodes with
NbTiN to reduce or eliminate this quasi-
particle trapping. To accomplish this, we
are fabricating SIS mixers using two
distinct junction-technologies
(NbTiN/MgO/NbTiN and Nb/Al-
AININbTiN.)

NbTiN Film Deposition and
Characterization
NbTiN films are deposited by reactive
DC-magnetron sputtering from a Nb-Ti
alloy target in a mixture of argon and
nitrogen. The vacuum chamber used is
pumped by an 20 cm diameter cryopump
and typically has a base pressure of 1x108
Torr. 7.6 cm diameter MAC sputter
sources from US Thin Films Inc. are used,
and the target to substrate separation is
approximately 6 cm. A constant Ar flow
of 150 sccm was used for all of our
depositions; the N2 flow was varied
between 9 and 15 sccm (typically 13) to
optimize the NbTiN's properties. High-
purity Nb and Ti starting materials are
vacuum-arc-remelted to make the Nb-Ti
alloy targets.7 Despite this, we had some
difficulty with metal impurities in some of
our targets, and x-ray photoemission
spectroscopy was necessary to determine
the "good" quality targets. We have
evaluated several different ratios of Nb to
Ti, however, all of our device work was
done with 78% Nb to 22% Ti by weight.
There are many ways to characterize our
NbTiN films, however, we are primarily
interested in is the RF-losses of our films
in the terahertz frequency range. Since it
is extremely difficult to measure RF-
losses at these frequencies, we instead
focus on two DC properties to evaluate

our film quality. The transition
temperature of the films should be above
15 K. so the energy gap will be greater
than 2.5 meV; this is a minimum
requirement for use at 1.2 THz. In
addition, the resistivity of the films just
above the transition temperature (typically
measured at 20 K) is also a good indicator
of film quality with lower resistivities
being desirable.
The highest quality NbTiN films are
under compressive stress. Since excessive
stress is a problem in device fabrication, it
is important to measure stress in our films.
Film stress was measured by observing
the deflection in long, narrow glass or
silicon "beams" with NbTiN films
deposited on them8. The deflection is
measured over several millimeters using a
Tencor profilometer. Although this
method is only accurate to 20 or 30%, it
does give us an adequate way to screen
out bad films, which would cause a
problem in device processing.
The best quality NbTiN films are made by
applying an RF-bias at 13.56 MHz to the
substrate during the film growth. We
believe this increases the quality of our
films through added ion-bombardment
and electron heating of the film surface.
This technique increases the film Tc by a
small amount, and it lowers the low-
temperature resistance of the films
significantly. The disadvantage of this
technique is that these films have higher
compressive-stress than films deposited
with a grounded substrate. Table 1 shows
typical deposition conditions and
properties for some of our NbTiN films.
Also listed in this table are several films
with higher titanium concentrations.
These films are interesting because they
have lower resistivities, but their lower T-
cs mean their energy gaps will be too low
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for use at 1200 GHz. As our targets erode,
the sputter conditions need to be
continually optimized, however, several
general statements seem to hold: the
deposition rate should be approximately
40 nrn/min for bias sputtered films and 50
nm/min for unbiased films. If the RF-bias
is too large (VDc<-75 V), nitrogen is
resputtered from the film. High quality
films can be grown with higher RF-bias

levels, however the optimal nitrogen level
is then a strong function of the RF-bias
level. To avoid this complication, most of
our films are grown with a DC-bias of —50
V, which corresponds to roughly 4 or 5
Watts of absorbed power. Finally, lower
pressures and/or higher deposition rates
lead to higher quality films, but also to
greater compressive stress.

Table 1
Substrate/
Temp.

Pressure
(mTorr)

DC-bias
(Volts)

Sputter
Current
(Amps)

Sputter
Voltage
(Volts)

Rate
(nm/min)

a
(dynes/

cm2)

T,
(K)

P 20K

(. Q-cm)

Oxidized
Si

6.0 0 1.06 -230 50 6x109 15.2 81

Glass 5.0 -50 0.90 -246 38 2.5x10
10

16.3 56

Oxidized
Si

5.0 -50 0.85 -261 45 5x109 15.3 63

Mgo/450°
C

5.0 -50 1.25 -266 52 - 17.0 37

Si (Nb-Ti
70-30%)

6.0 -40 1.10 -226 44 - 14.6 46

Si (Nb-Ti
65-35%) 

5.0 -50 1.20 -295 68 - 13.8 40

Tunnel Junction Fabrication
Fabrication of NbTiN-based tunnel
junctions is similar to that of NbN based
junctions9. There are several differences
however. The biggest difference is in
controlling the effects of compressive
stress in NbTiN. Bias-sputtered NbTiN
has the higher compressive stress, and we
use it only as a ground plane. If the stress
in the ground plane is less than 5x101°
dyne/crn2 and the substrate surface is
clean, we have no problems getting our
films to adhere to the substrate. Before
depositing our films we typically use an
RF Ar-ion clean at —150 V and then
deposit a thin MgO buffer layer. Stress in
the counter electrode can also cause

problems. The counter electrode must be
kept thin (50 am) to avoid stress relief
after the junction-etch. Finally, to make
electrical contact to the tunnel junction
and to avoid the wiring layer from
deadhering from the devices, we use an
Ar-ion clean at --150 V. Stress in the
wiring layer is kept below lx 10'°
dyne/cm2.
Our tunnel junctions are patterned using
photolithography and reactive ion etching
(RIE). Three different gas mixtures are
used in our processing. The first step is
generally an Ar pre-clean at 30 mT and
120 Watts. With one exception, Nb and
NbTiN films are etched in a mixture of
CF,C, (16 sccm) CF4 (4 sccm) and 02
(3 sccm), at 30 mT and 133 Watts. This
mixture of gases provides an anisotropic
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etch of both Nb and NbTiN. After using
this mixture, the wafer is rinsed in water
to remove chlorine salts, which can
degrade the device's properties over time.
For the last minute of the wire etches, we
use a different mixture (CF4-15 sccm and
02-2 sccm); this is also done to reduce
problems with chlorine-salts.
For the hybrid mixers, the junction etch is
extremely important because it must go
through the Nb counter-electrode, but not
the underlying NbTiN ground plane. A
similar problem exists for the Nb/A1-
0,11•11) hybrid junctions with the Al tuning
circuits. We use a pair of etch monitor
samples to accurately control the etch
times during the junction etch. The first
monitor has only the NbTiN counter
electrode, and the second has the complete
tunnel-junction without the ground-plane.
The junction etch consists of an Ar
preclean, followed by the counter-
electrode etch, which is terminated as-
soon-as the first monitor clears. It is
important to stop this step promptly, or an
aluminum-fluoride layer is formed, which
is difficult to remove. The A1-A1N„ bather
is removed with an Ar etch followed by
the Nb counter-electrode etch; this etch is
terminated when the second monitor
clears. The final etch step is a 1 minute AT

clean to ensure the SiO layer adheres well
to the ground plane.

Nbr1N/Ang0/Nbr1N Trilayer
Deposition
Trilayer deposition for
NbTiN/MgO/NbTiN junctions is virtually
identical to that of NbN/MgO/NbN
junctions. The base-electrode of our
NbTiN/MgO/NbTiN mixers was typically
280 nm and is deposited with an RF bias.
Next, the MgO barrier was RF-sputtered
from a pressed MgO target. To reduce the

deposition rate and promote more uniform
coverage, the substrate is swept over the
source in a circular arc. After the MgO
deposition, the substrate is exposed to a
brief oxygen-plasma glow discharge to
cure pinholes in the barrier. Finally a thin
(50 nm) NbTiN counter-electrode is
deposited with the substrate holder
grounded.

NbTiN/NblAI-AINI/NbriN
Hybrid-Junction Deposition

The ground plane of the hybrid-junctions
is identical to the NbTiN/MgO/NbTiN
junctions. The Nb base-electrode
(typically 30 nin) is deposited
immediately following the ground plane.
The deposition conditions for this layer
are optimized for Tc and to yield a slight
compressive stress (2-5x109 dynes/cm2).
As is the case with Nb/A1-0x/Nb
junctions, this small amount of
compressive stress seems to give
smoother Nb films and better quality
devices'. A thin (6-9 run) Al layer is
deposited on top of the Nb; to promote
uniform coverage, the substrate holder is
swept over the Al target during
deposition. The aluminum-nitride barrier
is formed by applying an RF-bias to the
substrate for approximately 1 minute
while it is in a nitrogen ambient (20 mT.)
The DC-bias voltage during the nitridation
is typically -50 V. This process is
discussed in greater detail elsewhere in
these proceedings'. Finally the 50 nm
NbTiN counter-electrode is deposited
with the substrate grounded. In some
cases, we heated the substrate to
approximately 250° C before depositing
the counter-electrode. The quality of these
devices seemed to be slightly better than
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the conventional ones, but the results were
not conclusive.

Twin-Slot Mixer Design and
Fabrication
We have fabricated a number of mixer
chips for use in Caltech's twin-slot
receiver. 11 The first mixers we fabricated
used a mask set designed for hybrid
Nb/A1-0,11•Tb tunnel junctions and Al
wiring. Fabrication of these junctions
went very well, but the mask was not
designed properly, so mixer results were
not optimal. As a result, a new mask set
was designed with several changes. We
went from a contact mask-aligner to an I-
line stepper. The stepper allowed us to
reduce the junction size from 1.1, 1.3 and
1.5 gm to 0.7, 0.8 and 0.9 gm, which was
deemed necessary to push the operating
frequency above 1 l'Hz. The improved
layer-to-layer alignment of the stepper
(approximately 0.5 gm) also allowed us to
reduce our line widths from 2 to 1 p.m,
thus reducing the parasitic capacitance at
the IF-frequency. Because we were
concerned about the adhesion of the
wiring layer, the second SiO insulation
layer was not used. Figure 1 is an optical
photograph of an 1150 GHz mixer chip.
An unfortunate result of the above
changes was an increased chance of open
circuits or series weak-links at places
where the narrow (2 gm) wire crossed
over the edge of the trilayer. This is
particularly a problem because a series
link in the second crossover does not
show up in the DC I-V characteristic
because the 'A wavelength-short is an
open circuit at DC frequencies. In past
designs, the second SiO layer, which was
deposited while rotating the substrate at a

slight angle, made the step edge smoother.
The second SiO layer reduced parallel
shorts at these crossovers. In addition, Nb-
based trilayers are defined with a liftoff
stencil, so the trilayer edge is tapered, thus
reducing step-edge problems. A new mask
using wider lines at the crossovers and a
second SiO layer is now being designed.
We also intend to increase the thickness of
our wiling layer from 400 to 600 am to
reduce this problem.

Figure 1: 1150 GHz Twin-Slot Mixer.

Current-Voltage
Characteristics of Mixers
Despite the problems we encountered in
fabricating mixers using the new mask
design, we were able to deliver many
devices. Most of these devices exhibited
lead switching somewhere between 5 and
10 mV. These devices could be tested in
an FTS, where the DC bias is well below
the switching threshold, however, the
switching-level shifts down in voltage as
LO power is applied, so these devices
made poor mixers. Detailed mixer and
FTS results are given elsewhere in this
proceeding. 12
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Figure 2: 1-V characteristic of a 650 GHz
NbTiN/MgO/NbTiN mixer (20 gA, I mV/div).

Figure 2 is an I-V characteristic of a
NbTiN/MgO/NbTiN mixer (two 0.81.tm
junctions in parallel). The I-V
characteristic is nearly identical to an all-
NbN device. In high RNA (100 K2 tirn2)
devices, the sum-gap voltage is typically
5.2-5.3 mV. As RNA decreases, the gap
voltage decreases due to self-heating.
These I-Vs are fairly "soft" in comparison
to a Nb/Al-Ox/Nb device, having excess
leakage above half the gap voltage, and a
broad turn on at gap voltage. Nonetheless
we have achieved respectable mixer
results with these devices (TR=250 K at
638 Gilz) 13 . The largest disadvantage
these mixers suffer is their increased
capacitance as compared to Nb rnixers9,
which causes significantly narrower RF-
bandwidths, and makes it more difficult to
properly design mixer circuits.

Figure 3 is an I-V characteristic of a
NbTiN/Nb/Al-AlNx/NbTiN test junction.
As compared to the NbTiN/MgO/NbTiN
device, this I-V characteristic has much
lower leakage and a sharper current-rise at
the gap-voltage. In addition, the gap
voltage (3.35 mV in this case and
typically 3.5 mV) is significantly larger

than that of a Nb/Al-O x/Nb mixer (2.9
mV). An increase in gap voltage of 0.6
mV corresponds to an increase in
available DC-bias range of 1.2 mV, which
is significant for a THz mixer. The best
mixer performance with NbTiN/Nb/A1-
AINx/NITiN mixers is T R=195 K at 582
GHz6, however the conversion loss was
9.6dB, so there may have been some other
problem with this mixer.
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Figure 3: I-V characteristic of a 1.1 gm
NbTiN/Nb/AIN/NbTiN test device
(RNA=29 �21=2)

One additional advantage of aluminum-
nitride bathers over aluminum-oxide
barriers is that they survive much higher
temperatures. Niobium/aluminum-oxide
junctions begin to degrade at temperatures
as low as 130° C. We have baked our
completed NbTiN/Nb/Al-AININbTiN
junctions at temperatures up to 294° C in
air with only a 10% increase in RN. The
gap voltage of the devices did not change,
and the subgap leakage-current did not
increase. As a result of the temperature
insensitivity, wiring layers can be
deposited at elevated temperatures to
improve their properties, however, this
was not typically done.
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Figure 4: 1-V characterisitic of an 1150 GHz,
0.7 gm, NbTiN/Nb/A1-A1NINbTiN mixer
(20yA, 500 gV/div)

Josephson Resonances in
NbTiN Circuits
A Josephson junction oscillates at a
frequency that is proportional to the
voltage applied to it (v=Vx484 GHz/mV,
where v is the frequency and V is the
voltage). When a Josephson junction is
connected to an electrical circuit with a
high-Q resonance, steps will appear in the

characteristic at voltages
corresponding to the frequency of the
resonance. We can use this phenomenon
to determine the resonance-frequency of
our mixer tuning-circuits. By making
circuits with long micro-strip line
resonators, we can also measure the
propagation velocity of our micro-strip
lines 14' 15 . Also, since these lines are long,
the circuit will not be high-Q, if there is
significant loss in the NbTiN films. Thus
the presence of a high frequency
resonance is an indication of low loss in
our NbTiN films.
Figure 4 is an I-V characteristic of a
NbTiN/Nb/Al-AINJNbTiN mixer with
the subgap region expanded to 2 pA/div.
There is a resonance at 2.05 mV, which
corresponds to 990 GHz. The current rise
at the resonance is roughly 10% or the
current rise at the gap-voltage, indicating
the tuning circuit is low loss.
Figure 5 is an I-V characteristic of a
hybrid-junction connected to a 500 gm
long NbTiN/SiO/NbTiN microstrip-line.
Clear resonances are observable up to 1.9
mV with weaker resonances also
observable up to 2.2 mV; this corresponds
to frequencies of 920 and 1060 GHz
respectively. At 1 'THz, the microstrip-line
is approximately 20 wavelengths long.
Therefore, based on these resonances we
are fairly confident our NbTiN films have
reasonably low loss at 1 THz. Using

Figure 5: I-V characteristic of a hybrid junction
connected to a 500 gm, open-ended microstrip-line
stub (20gA, 500 gV/div.)

on this device and others we estimate the
magnetic penetration-depth of our films to
be between 200 and 250 nm. It should be
noted that this measurement assumes the
penetration depth of the base and wire-
electrodes are equal, which is not true in
general. As a result, the penetration depth
we calculate is an average value for the
ground-plane and wiring layer.
Nonetheless, this data agrees well with
calculations using the BCS relation
between magnetic penetration-depth,
resistivity and Tc.
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Using typical values of Te--15.2 K and
p.70 I.LCI cm implies that k=215 am.

SQUID Measurement of NbTiN
Magnetic Penetration-Depth
We can also measure the penetration
depth of our films using DC-SQUIDS.16
The geometry of our SQUIDs is a
microstrip-line with two junctions
connecting the microstrip-line to the
ground-plane. By running a control
current along the mircrostrip-line and
observing the periodicity of the SQUID
modulation, we obtain the inductance of
the microtrip-line. We can then calculate
the penetration depth of the NbTiN
although again we are assuming the
ground-plane and wiring electrode have
the same penetration-depth. These SQUID
measurements yield a magnetic
penetration-depth of 200-230 am, which
agrees well with our other data. We had
hoped to measure the specific capacitance
of our devices using these same SQUIDs,
but we did not have sufficient time.

Conclusions and Future Work
Mixer results at 600 GHz, and Josephson
resonances indicate that NbTiN has very
low RF-losses for frequencies below 1
THz. We anticipate excellent mixer
performance with both
NbTiN/MgO/NbTiN and Nb/A1-
AlNx/NbTiN SIS tunnel junctions at 1
THz. However, we would like to use SIS
mixers for frequencies up to 1.2 THz.
Based on our all-NbTiN junctions, The
gap voltage of our NbTiN films is at least
2.6 mV, so in theory we will be able to get
low-loss structures up to 1260 GHz. At

this time, we have no data on what our
losses are above 1.0 THz. If necessary,
we can heat our substrates during the
deposition of our NbTiN and we can grow
our ground planes on single-crystal MgO
substrates to reduce the losses of our
NbTiN microstrip-lines:
We are just beginning to design and test
Terahertz mixers. One of our primary
goals is to get agreement between our
theoretical models and our experimental
results, so we can design future receivers
more accurately. From a fabrication
standpoint, we need to produce many
devices with identical I-V characteristics,
so RF results from several different tuning
circuits can be directly compared. In
addition, we need to have good DC
characterization of RNA, magnetic
penetration-depth and junction
capacitance. Thus far, we were not able to
fabricate NbTiN mixers using our new
mask set, which had the correct R NA, high
yields and without series weak-links. We
are currently redesigning our mask set to
reduce problems at ground-plane
crossovers. We are also having great
difficulty controlling run-to-run variation
in the RNA of Nb/Al-AININbTiN
junctions', and we are looking at a
number of possible solutions to this'.
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Abstract

In this paper an array acousto-optical spectrometer (AOS) with four 1 GHz bands
and a frequency channel spacing of 1MHz is presented. The test results of the array
AOS are comparable to those of the space-qualified AOS for the Submillimeter Wave
Astronomy Satellite (SWAS). Allan variance tests, longtime integration tests and
investigations of the relative stability between the four bands are presented. The Allan
variance minimum time was found to be at least 1000s, which is one of the best results
observed for broadband AOSs so far. Performance tests of the different bands revealed
an identical frequency response. Therefore the relative stability of two simultaneous
measured baselines is extraordinary, so that correlated noise can be eliminated efficiently.
Recently the Array AOS has been in operation for 2 months at the IRAM 30m telescope.
From this test-run, several results present the competitiveness of AOSs compared to
filterbanks and hybrid autocorrelators. In an upgraded design concept the second
generation array AOS will be more compact and reliable. This version will be operated
not only on ground-based observatories like KOSMA or AST/RO, but also on airborne
and spaceborne facilities like SOFIA and FIRST.

Keywords: Radio Astronomy, Acousto-Optical Spectrometer, Backends, Radiometers,
Heterodyne Instrumentation, Array Receivers
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I Introduction

In the recent years the worldwide develop-
ment of large bandwidth, multi-frequency or
multi-beam receivers has incited a demand
on corresponding backends. In the submil-
limeter wavelength range and of course in
the THz region, the requirements in band-
width increase drastically. At the same time
it might be necessary to have relatively high
resolution at the same time, for frequency
surveys e. g. Such requirements hold for tmo-
spheric observations as well, because most at-
mospheric lines tend to have extended line
wings together with rather narrow peaks at
the center of the lines. Future airborne or
spaceborne observatory projects like SOFIA'
or FIRST 2 depend crucially on versatile back-
end developments in order to achieve a most
economic usage of the available equipment
with optimum scientific return. At KOSMA3
a new superconducting mixer array frontend
with 2 x4 channels at 490 and 810 GHz is un-
der development, so that the number of back-
ends needed grows accordingly.

In this paper, the recent development of
an array acousto-optical spectrometer (AOS)
with 4 x1 GHz bandwidth is presented. Its
optical layout is discussed with respect to
the required specifications for normal oper-
ation at radio observatories. The laboratory
test results have proven that the specifica-
tions have been achieved. To check the per-
formance of the array AOS during observa-
tions at a telescope, it has been installed at
the IRAM 30m telescope for a two-month test
period this early summer. The outcome of
these tests did also show an excellent agree-
ment with the expected performance.

1 Stratospheric Observatory for Infrared Astron-
omy

2 Far InfraRed Space Telescope
3KOlner Observatorium fiir SubMm Astronomie

2 System Design

Figure 1: The principal optical design of the
KOSMA 4x I Gliz array ADS

The principal design of the array AOS is
similar to those of the standard KOS:VA
single-band AOSs such as the one for the
Submillimeter Wavelength Astronomy Satel-
lite (SWAS), (Klumb et al., 1994). As
shown in Fig. 1, four intermediate frequency
(IF) signals, are fed to the array Bragg cell
which is made out of a single LiNb0 3 crys-
tal. Through the piezoelectric transducer, an
acoustic wave inside the crystal is induced.
The acoustic wave produces a periodically

5000 
Bend 1 exp. set. 40 5.4 =NV 1
Bd2eq.t@44ziW
Band 3 op. amt. 3.2 euW
Bend 4 esp. wt. 42 inV/

3500 1- /

Figure 2: The bandpasses of the four bands of
the array AOS measured with a synthesizer

varying diffraction index inside the crystal.
At the associated phase grating, monochro-
matic laser light, four beams for each acoustic

450o

4000 1-
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active zone produced by means of a holografic
grating, is diffracted under the Bragg condi-
tion. The first order diffracted laser light is
then imaged onto the CCD by means of a
scan optics and a cylindrical lens. The Bragg
cell is operated in shear wave mode, enabling
efficient light scatter reduction by means of
two crossed polarizers. The deflected light
beams are then imaged onto four indepen-
dent and parallel CCD lines. Especially the
second cylindrical lens is responsible for the
exact matching of the beams onto the corre-
sponding CCD line.

With this setup, a high efficiency has been
achieved, as can be seen in Fig. 2. The IF
power, which is necessary to bring all pixels
equalized in saturation, is well below 6 mW
for all four bands, yielding a maximum to-
tal power level on the crystal of less than
20 inW, which is comparable to the amount
of one of our single-band AOSs. Further-
more, the bandpasses have a 3 dB shape
over the 1 GHz band, which could be further
smoothed by means of an r. f. equalizer if nec-
essary. The problem in such an efficient op-
tical layout is the increasing amount of light
scatter collected on the CCD. Former stud-
ies have shown, that a strong light scatter
level decreases the spectroscopic stability of a
spectrometer, which is measured by the max-
imum total power integration time as a result
of the so-called Allan-variance plot (Schieder
et al.., 1989). By introducing a slit aperture at
the beam crossing point, the scattered light
could be nearly eliminated in all four bands
simultaneously. As a result, extraordinary
spectroscopic stabilities have been achieved
with the array AOS, as is described in the
next section.

To avoid any overlap of the acoustic beams,
which would cause unwanted crosstalk be-
tween the bands, the transducers are spaced
by 1.6 mm. The residual crosstalk measured

is below -30 dB between the bands and purely
of electrical origin. This has been confirmed
with measurements done by the supplier of
the cell. measuring the electrical crosstalk
of the IF matching circuit (GEC Marconi.
1995).

3 Performance Tests

3.1 Laboratory tests

spectroscopic channel data of pixels #1650 #2:750

0 Band 1 11}. = 220 MHz
c Band 2 BF = 2.41 MHz

Band 3 13, = 2.41 MHz
* Band 4 BF = 2.26 MHzcs

14-g_ A
011P1

41' ti44 17.-.

3

1000

10 100 1000
Integration Time [sec]

Figure 3: Data of one spectroscopic channel
and the spectroscopic Allan-variance plot

One important test parameter is the min-
imum time of the Allan-variance plot, or
the maximum total power integration time,
which has been found to be up to 1000 s using
a noise source under thermally stable condi-
tions, see Fig. 3. Compared with normal op-
eration, where a minimum time of above 100 s

10000
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Figure 4: The ffitercurves of two vertically
adjacent pixels (in two adjacent AOS bands)

is enough to guarantee proper measurements,
the array AOS is therefore not limiting the
measurements.

The identical performance of the differ-
ent bands has been tested in various ways.
First, the bandpasses have shown, that the IF
power response of the bands is equal within
2 dB. The differences are partly due to the
grating and partly to alignment tolerances.
The frequency response has been tested to
be identical for two bands as well. Therefore,
filtercurves of the same pixel in two adjacent
bands have been measured, see Fig. 4. The
strong overlap of these curves indicates high
radiometric correlation, which can be calcu-
lated to be 99.8 %, (Horn, 1997).

To make sure, the filtercurves show such
strong overlap along the whole frequency
band, the frequency nonlinearity, which typ-
ically exist in AOSs, has to be taken into ac-
count. This nonlinearity has been measured
in all four bands to be identical over the whole
1 Gliz bandwidth. Furthermore, although it
is very low about I frequency channel along
the full bandwidth it can be further reduced
to about 0.1 channels by means of a prism.
This identical frequency response of the

Figure 5: The top graph shows simultane-
ously measured noise spectra in both AOS
bands at high illumination level together with
the difference spectrum. The noise of such
difference spectra, measured at various illu-
mination levels, has been scaled down to the
contribution of one single CCD relative to ra-
diometric noise, as shown in the lower graph

various bands is a precondition, to elimi-
nate identical noise apparent in two different
bands. To check this performance, the out-
put of a noise source has been split up and
fed into two bands of the array AOS. Sub-
tracting both simultaneously measured noise
spectra, only the detector resides. The theo-
retical noise of the CCD has been calculated
to be identical to the noise of the difference
spectrum. The difference spectrum in Fig. 5
directly reflects the identical frequency re-
sponse of the 1 GHz bands.
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Decreasing the illumination level, that is.
the IF drive power level at the Bragg cell
the detector noise of the AOS. which con-
sists mainly of shot- and dark-noise of the
CCD, should increase. In that sense. one can
define a noise dynamic range as the illumi-
nation level, where the CCD adds less than
1 dB noise to the radiometric noise.

The noise spectra described above have
been repeated at various IF drive power levels
of the noise source. The lower plot in Fig. 5
shows the noise contribution of the CCD rel-
ative to radiometric noise. One can see, that
the noise is increased by 1 dB at an illumina-
tion level of about 5-6 %, yielding a noise dy-
namic range of at least 12 dB. If the CCD is il-
luminated below this level, the noise increases
drastically, as is indicated by the steep slope
of the curve.

3.2 Astronomical measure-
ments

1907: 1 TRC+ 10216 13C0(2-1) !RAM-3014-831 0: 15 — MAY —1997 R: 15—MAY —1997
RA: 9:45:14.800 DEC: 13:30:40.0C (1950.0) Offs: 0.0 0.0 Eci
Unknown Tau: 0.2870 Try,: 462.0 Tine: 15.00 a: 32.54

512 KO: 258.5 VO: —27.00 De: 1.380 LSR
TO: 220398.682 Df: — 1.000 228282.941

Figure 6: A measurement of 13C0(1-0)
IRC+10216 to test the calibration scale of the
AOS compared to the filterbank

The calibration of the array AOS has also
been checked, using well known sources, like
IRC+10216, where the line peak tempera-

300 ■CC
twspasy Cloaoca

6

20C 40C
Sca, 5062 Doc., 6,

Figure 7: The baseline quality at illumina-
tion levels below the specified range for the
AOS; the lower spectrum is measured with
the AOS, the upper one with the filterbank.
The bandpass shows a 500 MHz band mea-
sured with the AOS, on Hot Load. Satura-
tion is reached at about 251(r counts, the
12dB noise dynamic range limit is therefore
reached at roughly 2106 counts.

ture is known. The IRAM filterbanks have
been used in parallel to directly compare the
results. For an interpretation, one has to
take into account, that the AOS has a lower
resolution (resolution bandwidth 1.5 MHz)
than the filterbank (resolution bandwidth
1.0 MHz). In AOS spectra, narrow line fea-
tures must therefore be frequency diluted and
show a lower peak response as lines measured
with the filterbank. This is nicely visible in
Fig. 6, where the curve with the lower peak
response has been measured with the array
AOS. The identical response in the flat part
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of the line center demonstrates on the other
hand that the calibrations are identical. as
can be seen in the left zoom. The velocity
range from 0 to 100 km s  zoomed. shows
that features in the baselines are also nearly
identical. The ratio of the RMS values is
consistent with the ratio of the fluctuation
bandwidths, which is 2.3 MHz for the array
AOS and 1.4 MHz for the filterbank (Wild,
1995). For the calculation of the RMS values,
line window have been set as are indicated in
Fig. 6, so that the bad filterbank channel is
not regarded.

During normal observations after installa-
tion of the array AOS, B. Lazareff et al. have
generated some radiometric test data at 500
MHz bandwidth on Venus, again using the
filterbanks in parallel, see Fig. 3.2. One can
see excess noise at the left edge of the array
AOS spectrum, whereas the Filterbank has
only little of this excess noise.. The reason,
that this only becomes visible at the edges
of the spectra is due to the low IF power
at the edges of the spectrum, which is fed
into the „ADS as is shown in Fig. 3.2. The
bandpass for the 500 MHz band is shown in
the lower graph. The 12 dB noise dynamic
range limit is reached at about 2 10 6 counts.
This limit has been calculated, assuming
3dB difference between Hot Load and sky
and about 25 106 counts for saturation. The
excess noise indicates the limits of the CCD,
which has to be illuminated above the 12 dB
noise dynamic range limit, in the way it is
operated at the moment. One could think
of improvements in the CCD itself, in terms
of looking for a device with better noise
characteristics. But then the 12 Bit Analog
to Digital Converter (ADC) used is the
limiting factor, as the inherent differential
non-linearity (DNL) then contributes to the
noise. The effect of the DNL is already
obvious at the very left edge, below I 106

counts of the bandpass. or within the first
20 frequency channels, due to the power
difference between On- and Off-position on
Venus. (iarnot R. F.. 1988). The effect of
DNL can easily be reduced by inserting 14
or 16Bit ADCs instead of the 12Bit ADC
used in this prototype version. A detailed
discussion of the impact of the D.NL on the
noise performance at low illumination levels
will be published soon. Furthermore. the
DNL affects the baseline only when there
are power offsets between the On and the
Off position. Depending on how strong these
offsets are, the DNL might already become
a significant contributor to excess baseline
noise next to the CCD. Sensitive measure-
ments therefore require higher Bit resolution
ADCs. When using 14 or 16 Bit ADCs,
it would also make sense to improve the
CCD characteristics or the readout speed,
so that a noise dynamic range of 15 dB or
more could be achieved. Furthermore one

2636. I SCRCAOS :3C0(: -0) Cali -WM-BSI 0 :7-MAY- 1947 R. 17-MAY- 90,
RA: 17:4/ 23.68: DEC: -291422.0C C1950.0: on- -0250 0.0 Eg
Uniczumsa Tat, 7.5166E-02 'rm. 302.2 Time, 10.00 EL- 23.'7C
IN: 50; IC: 251.0 VO: C.0000E4-00 -2129

70: 110201.370 D: 1.040 1 I 3 /117.118

-400 -200 0 200 400
Velocity (km/s;

Figure 8: Simultaneous measurements at
500 MHz bandwidth with the array AOS, El-
terbank, and hybrid autocorrelator

can think of introducing an r. f. equalizer to
reduce the bandpass variation of the AOS
from 3 dB at the moment to about 1 dB.
Filterbank spectra would also be affected
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by DNL if the digitization is done with
ADCs. At the TRAM filterbanks however,
Voltage Controlled Oscillators with following
Counters are in use. The exess noise at the
edges is therefore only detector noise.

Further measurements on Sgr C using
500 MHz bandwidth have been performed
with the array AOS, filterbank, and hybrid
autocorrelator in parallel, see Fig. 8. As in
Fig. 6, one can see the frequency dilution
of the array AOS due to its lower resolu-
tion compared with the filterbank. This be-
comes visible in the absorption feature at 0
km s-1 as well as at the IF spike at -NO
km s- 1 . Besides platforming, the autocorrela-

2: 2 SIOS 12C0(2-1) IRAli-3011-862 0: 13-JUN-192, Ft 13-SUN-2s97
RA: 20:25:33.801 DEC: 37:12-10.00 (1950.0) Offs: .4.020 4..917 E,
Unknown Tatt: .5100 Days: 617.3 Time: 535.7 M: :7.19

N: 501 10: 251.0 VO .0000E+0C De: -1.35/ Unica
TO: 230793.990 Of: 1.040 236771.132

Sum of 90 OTF SCO133 On 3106 (about 9 hours). no baselines subtracted. 3.order baseline plotted
Rest Frequent.; (KHz)

2.31 10 2.309 IO 2.308 10 2.307 /03 2306 ze
-/.5 

-20C 0 ZOC
Velocity (kom/s)

Figure 9: Simultaneous On-the-fly (OTF)
measurements at 500MHz bandwidth with
the array AOS (top) and the filterbank (bot-
tom)

tor shows much lower resolution as the nom-
inally expected 1.25 MHz. One can see this
at the absorption feature, which does not be-
come visible in this spectrum, as well as at the
absorption spike. This is probably caused by
the process of smoothing the data with some
apodization to suppress the sidelobes, which
become visible if narrow lines are observed.

Schneider et al. mapped S106 on-the-fly
(OTF). Summing up all 90 OTF scans, yields

to the spectrum shown in Fig. 9. After a total
integration time of about 9 hours. the filter-
bank spectrum shows several bad channels.
The AOS spectrum shows some excess noise
at the right edge, where the illumination level
is below the specified 12 dB. otherwise. the
baselines would be exactly identical at this
edge as they are for the rest of the baseline.

ARRAY AO S
NEXT GENERATION

4Z?

Figure 10: The mechanical concept of the
next generation array AOS. The optical pa-
rameters are the same as with the first ver-
sion.

The array .AOS presented herein served as
a prototype and showed already very good re-
sults. Nevertheless, the next versions e. g. for
AST/R0 or KOSMA, are being redesigned.
to make them more compact and to have al-
ready a kind of 'engineering model' for mis-
sions like FIRST or SOFIA. The prinicpal
optical setup of the next generation AOS is
shown in Fig. 10. It differs from the first
version only in the folded optical layout and
some means to facilitate the alignment.

4 Conclusions
The performance tests have shown, that the
concept of the KOSMA array AOS is suit-
able for radio astronomical applications at
millimeter and submillimeter observatories.
Even for heterodyne receiver arrays in the
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THz region, which can be implemented at
SOFIA, the array AOS provides sufficient fre-
quency coverage to allow the detection of ex-
tragalactic signals. At 2 THz, the bandwidth
of 1 GHz corresponds to 150 km s- 1 , which is
still sufficient for most galactic observations.
If the velocity range needs to be larger. the
AOS bands could also be joint together as
done with hybrid autocorrelators. The iden-
tical noise performance of the different bands,
if illuminated properly, are a decisive precon-
dition to avoid different noise levels in the
hybrid band. As there are no obvious differ-
ent drifts within the two bands, platforming
should not arise. At the moment, an IF pro-
cessor is under development, to split a 2 GHz
IF band and to feed the signals into two AOS
bands. The performance of hybrid spectra
can then directly be tested.
To improve the noise dynamic range of the
AOS from now 12 dB to at least 15 dB are on
the way, enhancing the Bit resolution of the
analog to digital converter and the readout
speed of the CCD.
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Abstract

We report the results of the bandwidth measurements of NbN hot-electron bolometers,

perfomied in the terahertz frequency domain at 140 GHz and 660 GHz and in time domain in the

optical range at the wavelength of 395 nm.. Our studies were done on 3.5-nm-thick NbN films

evaporated on sapphire substrates and patterned into ilin-size microbridges. In order to measure the gain

bandwidth, we used two identical BWOs (140 or 660 GHz), one functioning as a local oscillator and

the other as a signal source. The bandwidth we achieved was 3.5-4 GHz at 4.2 K with the optimal LO

and DC biases. Time-domain measurements with a resolution below 300 fs were performed using an

electro-optic sampling system, in the temperature range between 4.2 K to 9 K at various values of the

bias current and optical power. The obtained response time of the NbN hot-electron bolometer to —100-

fs-wide Ti:sapphire laser pulses was about 27 ps, what corresponds to the 5.9 GHz gain bandwidth.

Introduction

The bandwidth of hot-electron bolometer (HEB) mixers has reached values which are record

for bolometers. The gain bandwidth for phonon-cooled NbN HEB mixers of 4 GHz for 140 GHz

and 650 GHz frequencies [1, 2] and the noise bandwidth of 8 GHz for 650 GHz [2] have been

demonstrated. For diffusion-cooled Nb HEB mixers, the bandwidth has reached 6 GHz, when

measured at 20--40 GHz [3]. However, there is a definite practical interest to even further extend

the bandwidth of these devices. The possibilities of the HEB mixer technology in this direction are

far from being exhausted. For example, the future of the NbN HEB technology requires that critical

temperature Tc > 10 K and critical current density j c > 106 Akm2 at 4.2 K are simultaneously

obtained for d < 3 nm-thick films M. The reduction of the optimal power of the local oscillator

PLID below 100 nW leads to the decrease of the device length down to L < 0.2 pm, which, in turn,

should bring an additional cooling channel for hot electrons—diffusion into metal contacts and a

further bandwidth extension.
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Once the very wide gain bandwidth of the mixer is achieved, one must face problems

associated with the device characterization, since it is difficult to provide the necessary wide

bandwidth connection for the output of the IF signal from the cryostat. In order to ensure the

sufficient precision of the measurements, the bandwidth of the output line must be substantially

(several times) greater than the mixer bandwidth with minimal losses and spurious resonances.

Further problems arise when the device is operated at THz frequencies, since there is no darn 

published about the gain bandwidth of BEB mixers at or above 1 THz, apparently due to the

difficulty of smooth re-tuning of both the LO and the signal source in the sufficiently large

frequency range. Some of the above difficulties can be avoided by measuring the noise bandwidth

of the mixers, since it requires no tunable source and the Y-factor is measured as a noise ratio for

the hot and cold loads. However, the noise bandwidth for HEB mixers usually does not coincide

with the gain bandwidth, causing new technical problems—very low-noise amplifiers are needed

for sufficiently high frequencies (in the range of 4-12 GHz).

The aim of this work is to study the gain bandwidth of NbN HEB mixers using a time-

domain optical method, namely an electro-optical (EO) sampling technique [4]. EO sampling not

only does not require output of the signal to be transmitted out of the cryostat, but the signal is

measured in the close vicinity (below 100 gm) to the hot-electron bolometer connected into a

coplanar waveguide. Thus, far larger bandwidth can be measured (the limit of the measurements is

moved into the femtosecondaHz range) and the measurements are performed at optical

frequencies, giving an independent comparison with the results obtained at hundreds GHz, and

increasing our confidence that the bandwidth estimations for the terahertz range.

Experimental Techniques and Results

Ultrathin NbN films have been deposited on sapphire substrates by reactive dc magnetron

sputtering in the Ar+N2 gas mixture [5]. The maximum values of the critical film parameters (rc

and jc) are reached at the discharge current value of 300 mA, the partial N2 pressure of

1.7x104 mbar and the substrate temperature 850°C. The Ar pressure proved to have no substantial

impact on the film deposition rate or film composition. For this reason, the pressure level is chosen

in such way as to maintain a stable discharge, namely 4.5x10 -3 mbar. The deposition rate is

0.5 nrn/s, defined as the ratio between the film thickness, measured with a Talystep

profilometer/profilograph and the deposition time. Structures of NbN HEB mixers for the

frequency-domain measurements consist of several parallel strips 1-j.tm wide and 1-p.m spaced. For

patterning, a standard photolithography followed by ion milling was used. The strips were placed

between Ti-Au contact pads 2-3 jim apart from each other. The number of NbN strips varied

between 1 and 16, depending on the film thickness, to ensure that the normal-state resistance of the

bolometer stayed within the 200-300 f2 range.
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The device was mounted on a waveguide flange, as shown in Fig. 1. The experimental setup

used for bandwidth measurements is presented in Fig. 2. Two BWOs operating at 120-145 GHz

were used as the LO and signal sources. The LO and signal beams were coupled by a beam splitter

and a beamguide into the cryostat. Two attenuators included in the quasioptical path allowed to

adjust independently the signal and LO power, and to maintain the optimum LO power during re-

tuning. The IF signal received from the mixer was amplified by a room temperature wideband

amplifier (0.1-6 GHz) and sent to the input of the spectrum analyzer.

The results of the frequency domain investigations of the bandwidth of NbN HEB mixers are

presented in Fig. 3. It must be noted that the obtained bandwidth values for ultrathin (d = 2.5-

3.5 nm), high quality films. For films of lower quality, characterized by lower values of T c and jc

at T = 4.2 K, the bandwidth was narrower than for the high quality films of the same thickness. At

the same time, the data on the mixer bandwidth obtained at the 140 GHz frequency are fully

confirmed by the measurements done at higher frequencies (660 GHz). In the latter experiments, a

quasi-optical mixer was used, which was made of a spiral-antenna-coupled NbN HEB on a

sapphire substrate.

For EO sampling measurements [6], we designed a simple, single-line, 5- to 10-gm long

microbridge structure, in order to be treated as a point source of the photogenerated signal, so its

resistance did not have to be matched to the impedance of our coplanar waveguide (CPW)

transmission line. Since it is difficult to accurately terminate the transmission line for broadband

signals such as a picosecond electrical pulse and our CPW line was not long enough, we had only a

40-ps-long reflection-free time window for the BO measurements and had to deal with waveforms

containing reflections from the transmission line ends.

The actual experimental structure for our EO sampling measurements (shown in Fig. 4)

consisted of a 4-mm-long CPW with a 30-gm-wide center line and 5- m-wide gaps to the ground

planes. Gold contact pads for wirebonding were deposited on both ends. Typically, after

processing, the bridges exhibited T, = 10.6 K, a transition width 0.8 K, and a critical current J =

800 mA at 4.2 K. The sample was mounted on a gold-plated alumina substrate, attached to a

copper block inside an exchange-gas, liquid-helium dewar, with optical access through a pair of

fused-silica windows. During measurements, the sample was in He exchange gas and the

temperature was regulated in the 2- to 10-K range and stabilized to below 0.1 K by adjusting the

intensity of the stream of He exchange gas and the temperature controller heater. One end of the

CF'W was wirebonded directly to a semirigid, 5042 coaxial cable, which was used to bring the

signal out the dewar and, together with an 18-GHz-bandwidth amplifier and bias-tee, allowed us to

observe the bridge response on a fast oscilloscope. As shown in Fig. 4, the entire sample structure

was overlaid with an electro-optical LiTa0 3 crystal to facilitate the E0 sampling measurements.
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The complete experimental setup of the EO system is shown in Fig. 5. A commercial

Ti:sapphire laser, pumped by an Ar-ion laser, was used to excite picosecond pulses in the

inicrobridge and electro-optically measure the propagating transient. The laser provided -100-fs-

wide optical pulses with 800-nm wavelength and 76-MHz repetition rate, at an average power of

1 W. The beam was split into two paths by a 70/30 beamsplitter. The first (excitation) beam
(700 m'AT) was frequency doubled in a nonlinear P-Bariumborate (BBO) crystal, and a reflective

filter was used to eliminate the remaining 800-nm light. The excitation beam was intensity

modulated by an acousto-optic modulator and focused by a microscope objective to a 10-1.1m-

diameter spot on the inicrobridge. The microscope objective is also a part of the viewing and beam

positioning arrangement The average optical power of the 400-nm light, measured at a position

just outside the dewar, was -0.75 mW. By measuring the amount of light absorption/reflection in

the two dewar windows and the LiTa03 crystal, we found that the incident power was further

reduced to -0.37 mW at the NbN detector surface, corresponding to a fluency of 8.5 ill/cm2.

Taking the geometry as well as the reflectance and transmittance of NbN into account, we estimate

the power actually absorbed by the microblidge was only -3.5 1.t.W, which could result in only

minimal, well below 0.1 K increase in the bridge temperature.

Figure 6 shows the photoresponse of an NbN sample, obtained using the EO sampling

technique. The measurements were performed at 8.9 K (Tc = 10.6 K), with the bridge bias

current I = 200 mA. The fine line in Fig. 6 represents the experimentally recorded transient, while

the thick one is the computed average. Since our reflection-free window was only 40 ps, the

observed response is a superposition of the main signal and the end reflections. This may explain

the relatively long (30 ps) time of the signal build-up. A comparative study of several response

waveforms showed that the signal decay time had approximately the same duration of 27±5 Ps,

which we can associate with the cooling time of the electron subsystem in thin NbN films. The

calculated corresponding IF bandwidth is 5.9±0.9 GHz, a bit wider than that obtained in

frequency domain measurements. The discrepancy between the two results is, however, not drastic

and seems to be caused by limitations of both techniques. In the frequency-domain technique, the

measurements above 4 GHz are complicated by the resonances which appear in the IF signal tract,

while the BO sampling technique in the above 10-ps-time range is hampered by signal reflections.

In fact, the latter technique works better for considerably shorter response signals [4], or specially

designed, reflection-free test beds are needed. In future, we plan to manufacture samples imbedded

in a long CPW, which in addition will contain matched loads on both ends of the line, helping to

reduce (ideally, suppress completely) the reflected signals. Such arrangement should enable us to

obtain the intrinsic relaxation time of NbN HEBs.
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Conclusions

We have conducted comparative measurements of the gain bandwidth of NbN HEB mixers.

The results obtained by the two techniques—frequency-domain measurements in the 140-650 GHz

range and time-domain measurements in the optical range—allow one to give a very accurate

estimate of the bandwidth attainable by the HEBs at this stage of NbN thin-film technology. This

bandwidth is 4 to 5 GHz and, as EO sampling technique indicates, it could be substantially further

extended, as well as should not decrease for HEB mixers operating in the THz frequency range.
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Abstract

We present a concept and experimental
development of an ultrasensitive normal
metal hot-electron microbolometer with
Andreev mirrors and electronic cooling by
superconductor-insulator-normal metal
(SIN) tunnel junctions. A value
NEP = 5-10-18 W/HZ112 for the temperature
fluctuations component of noise and the
thermal time constant 'r= 0.2 Its at 300 raK
have been estimated for one of the realized
devices with thermal conductance
G 6-10-12 W/K. . Such microbolometer is
intended as a detector of millimeter and sub-
millimeter wave radiation.

substantial temperature rise for very low
input power (so-called hot-electron effect).

To detect the changes in temperature of the
electrons, an SIN tunnel junction in contact
with the normal metal strip forming its N-
electrode is used (fig. 1). The shape of IV
curve of this junction depends on the
electron temperature in the normal part, and
by biasing the junction with a constant
current and measuring voltage on it we can
get a response AV(7) linear in a rather wide
range.

signal source (antenna)

1. Introduction

The normal metal hot-electron microbolo-
meter (NHEB) with Andreev mirrors has
been developed and demonstrated earlier
[1][2]. It has shown very high power
sensitivity at operating temperatures around
100 rn.K. NHEB is designed as a normal
metal strip with a very small volume,
connected to superconducting electrodes at
both ends. A signal current from an antenna
fed through those electrodes warms up the
electron gas in the strip by dissipated power.
The electrons can not give out their energy
back to the electrodes because of the
Andreev reflection at the NS-interface. They
can loose energy by interacting with the
lattice, but the thermal coupling gets very
weak at temperatures below I K . This weak
thermal coupling characterized by the heat
conductance G is mainly responsible for a

S Wj WArVj . S 

S-I-N

I

I bias

Fig. 1. Schematic of the microbolometer: an SIN
junction is biased at a small constant current. A
junction voltage depends on the smearing of the IV-
curve, which is used to measure the electron
temperature in the normal metal absorber (hatched).

An important feature of the NHEB with
Andreev mirrors is that the thermal time
constant r equals the electron-phonon
relaxation time re_ph. The typical values of r
(10 gs at 100 mK and 0.4 ps at 300 mK) are
much smaller than it is usually required for
applications [1][3].
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Since ultrasensitive detectors of submilli-
meter wave radiation are mostly needed for
space radioastronomy, a very sensitive
device working at a temperature around 300
mK, which can be reached in relatively
simple and low-weight He3-cryostats, seems
to be an attractive choice. European Space
Agency (ESA) has formulated requirements
for bolometer detectors to be used in future
far infrared and submillimeter astronomy
satellite missions [3]. Such a detector should
operate at 300 mK and have the noise
equivalent power NEP < 1-1047 W/Hz1/2 and
the time constant 2' < 1 ms.

There are tree major components
contributing to the NEP of NHEB according
to the expression

NEP
2 772 —

[4= 1c Bre
2G + V '-' +r

S2 S2

where T e is the temperature of electrons in
the absorber, G=dPIdT is the thermal
conductance for the outflow of signal-
induced heat, S = dV dP = dV dT - is
the power responsivity of the detector, VI, is

voltage noise of the SIN junction and r in is
voltage noise of an amplifier. The first term.
describes the electron temperature fluc-
tuations in the absorber and sets the
fundamental noise limit for a given device at
a given temperature. It is clear from the
expression above, that it is mostly the small
G that provides comparatively low NEP in
this type of bolometer.

We suggest using an already demonstrated
[4] mechanism of electronic cooling to
decrease the NEP further by decreasing the
temperature T e of the electron gas in the
absorber of the microbolometer while
leaving the physical temperature of the
lattice above 300 mK [5]. Such a device
would balance the heating power transfer
from phonons to electrons and the cooling
power transfer by high-conductive tunnel
junctions biased around the gap voltage,
thus removing the most energetic electrons
(fig. 2).

signal source (antenna)

M2— c2—

I bias

Vbias

Fig. 2. Schematic of the microbolometer with
electronic refrigeration. Two low-resistive SIN
junctions (Cl & C2) are voltage-biased and used to
decrease the effective electron temperature of the
normal metal absorber element (hatched). Two high-
resistive SIN junctions (MI & M2) are biased with a
small current and used to measure the resulting
electron temperature.

According to the preliminary estimates [5]
the total thermal conductance G can not be
decreased by the electronic cooling even
though it is very temperature dependent,
since an additional channel for heat sink is
then added. The electronic cooling should
improve the overall performance of NHEB
by reducing T e in the first term in (1) and by
increasing the temperature responsivity
dV dT (giving higher S) in the second and
third terms of the NEP [5].

2. The power detector

We have made several experimental steps in
realization of an NHEB and developing it
further by attaching SIN junctions for
cooling. First, we have made a
microbolometer with a single tunnel
junction for measuring the electron
temperature in the absorber [6]. The
absorber has been fabricated together with
the superconducting electrode of the
junction using electron beam lithography
and the shadow evaporation technique. The
superconducting electrode (40 nm-thick
aluminum film) has been evaporated first
and oxidized in 4-10 -2 mbar of 02 for 2 min

1/2

, (1)
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to form the tunnel bather. Subsequently
3 nm of chromium and 35 nm of silver have
been evaporated to form the 6 gm long 0.25
1.1.m wide absorber strip. Two superconduct-
ing leads (120 nm of lead) were then
attached using one more lithography and
deposition cycle. An ion etching in situ
before the deposition was used to remove
any oxide or contamination, which could
otherwise make the Andreev reflection at
the interface inefficient.

2

0 50 100 150 200 250
V[V]

Fig. 3. IV curves of the SIN junction measured for
different temperatures without any signal current and
for two different powers dissipated by the signal
current at the base temperature of 30 mK.

We performed measurements of IV curves
of the SIN junction at different temperatures
and with different dissipated power from the
signal current (fig. 3). The dependence of
the voltage V at constant bias current
through the junction on the signal current
'ABS in the absorber was measured at
constant temperature for two devices with
different absorber lengths. The correspond-
ing curves V(I) for the two devices almost
overlapped (fig. 4). The derivative di/lades
directly related to the form of the curve can
be expressed via temperature responsivity,
inverse thermal conductivity, and dPIellAss:

dV
= 

dV  dP dV dP -1 dP
 •

"I 
A BS dP dI ABs dT cIT dl ABs.

One can find from the Joule law
dP 

P = PAnde = I2ABsR 2RI
d1dos ABS

The inverse thermal conductance can be
found from the expression for the heat
exchange in case of the hot-electron effect:

P„pi, =EU(7 e
s —T s.) — (2)

dP
—=5ZUT 4 ,
dT

where us a material-specific parameter and
we assume equilibrium, Pioule = Pe—,ph . After
substitution we get

dV dV (21 ABs R \
 R

dl ABs dr 51T4U U

I(absorber) [nA.]

Fig. 4. The junction voltage V at constant bias
current I(bias) through the junction as a function of
the signal current I(absorber) for two devices with
different absorber length 6 gm and 12 gm at
T = 30 mK.

The overlapping of the curves means then,
that increase of dissipated power (P) due to
higher resistance (R) has been exactly
compensated by increase of heat
conductance due to larger volume (U), i.e.
no substantial thermal transport through the
NS-contacts has been present. The
dependence V(JAB) was then re-calculated to
give V(P). Maximal power responsivity at
an optimal 4.3 =0.3 nA was found to be

(3)
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S. = IdV/dP1 = 3 . i07 V/W. Combining the
data V(Jbias, T) and V(7b,a., P) the dependence
P(7'd could be calculated (fig.5).

From a fit to the expression (2) we could
determine the material parameter

3-10-9 nW•K-5•gm-3 and, consequently,
the thermal conductance G 6-10-12 W/K at
300 mK. This value is twice as low as the
one, which can be calculated using the data
from [2]. This decrease was due to the
smaller volume of the absorber in our case.
The thermal fluctuation component of the
NEP calculated for this value of G is about
5-10-

18 
w/Hz1/2, 

which is well below the
ESA requirements for the total NEP for
future spaceborn bolometers [3].

Fig. 5. Power dissipated in the absorber vs.
(r-T5

ph), where T is temperature of electrons
deduced from measurements V(Ibias,T), and
Tph = 30 mK. is temperature of the lattice (measured
temperature of the sample holder). Linear fit
corresponds to the relation (2).

The thermal time constant can be computed
as r C/G, where C is the electron heat
capacity. For the obtained value of Zwe get
r =5T -3 ns. At T = 300 mK the time
constant 0.2 Its, which is considerably
shorter as what is typically required.

When operated at temperature 100 mK and
below the NHEB did not show significantly
better power sensitivity. The performance
was apparently limited by the quality of the
measuring tunnel junction, which has had an

IV curve changing its shape substantially
only above 300 mK. We believe that such a
behavior can be due to the thermal treatment
while making the second layer lithography.

3. The electronic cooling

Using similar routines we have also
fabricated an NHEB with four tunnel
junctions as shown in fig. 2 and fig. 6. The
absorber has been in this case a 40 rim thick
0.25 gm wide and 7 gm long copper strip.
Junctions used for cooling need to have
normal resistance of the order of 1 kf2 each
to make this process efficient. At the same
time, the junctions used for measuring the
electron temperature should have normal
resistance at least over 10 kf2 to keep the
biasing current low. To get this combination
we used junctions with very different areas
(0.2 .tm2 for large and 0.01 lim2 for small
ones). In practice we have got the ratio of
normal resistances much larger than 20,
presumably because of oxidation from the
edges affecting the small junctions much
more than the large ones.

Fig. 6a. SEM picture of a microbolometer with
electronic microrefrigeration fabricated by double
shadow evaporation. The upper strip is made of
copper and forms the absorber. The darker layer is
aluminum; two large and two small tunnel junctions
are formed where the absorber strip covers the
oxidized aluminum electrodes. The ends of the
absorber are contacted to aluminum electrodes, which
has been fabricated using a separate lithography
process.
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Fig. 6b. View of a chip with a planar log-periodic
antenna designed for device tests at 100-1000 GHz.

To demonstrate the electronic cooling action
in the microbolometer we measured the
voltage drop over the small junctions at a
constant biasing current as a function of
voltage over the large junctions. Then we
calibrated this voltage drop as a function of
temperature in a cryostat with the large
junctions not connected.

Fig. 7. Temperature of electrons Te in the absorber
as a function of voltage applied over two large SIN
junctions (R

[M1 ]
 + 

R
[M2]

 = 62 IQ + 116 k.C2) at
various starting temperatures. T, is computed from
the voltage drop over two smaller tunnel junctions
(Rn[C11 + Rik[C2) = 625 SI + 645 E2) biased at a small
constant current using a calibration curve obtained in
a separate measurement.

The resulting curves with different starting
temperatures Tph = Te at V = 0 are presented
in the fig. 7. We can see both the cooling
action and its unexpected suppression below

400 mK. At present we do not have a clear
understanding of this contradiction to the
previous results from {4]. We had a sug-
gestion that this effect could be due to the
Joule heating from the bias current flowing
between the tunnel junctions. To check this
we had put those large junctions as close as
only 0.5 pm from each other, but the
behavior of the system remained the same.

4. Conclusion

We have fabricated a normal metal hot-
electron bolometer (NHEB) with an
absorber of very small volume, connected to
an antenna by the Andreev NS-contacts.
Experiments where the absorbers have had
different lengths show that the thermal
conductance is mainly determined by the
electron-phonon interaction and almost no
heat losses through the NS-contacts have
been present. The thermal conductance of
6-104 ' W/K has been measured for the
microbolometer with the shorter absorber at
300 mK. It gives the time constant
r= 0.2 

j.ts 

and NEP = 5-10-
18 wah lr2 for the

temperature fluctuation noise component.
These parameters, especially the time
constant, are considerably better than similar
parameters of a voltage-biased super-
conducting transition edge bolometer [7].
We have fabricated also an extended version
of NREB where the electronic cooling by
two SIN tunnel junctions has been applied to
eventually be able to decrease the total NEP
of the detector.
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Abstract

Two quasi-optical circuits are proposed and compared for single sideband

mixing at submillimeter wavelengths. First one is a quasi-optical version of the

conventional microwave technique for image rejection. Two mixers are combined by

means of a single wire-grid polarizer, which works as an RF and LO hybrid

simultaneously and also as an RF/LO diplexer. A reflecting-type circular polarizer is

used at the LO input port to generate a 90-degree phase-difference between two

perpendicular components.

Second approach is a dual polarization usage of the well-known Martin-

Puplett Interferometer (MPI). We propose a pair of mixers be used in combination

with a single MPI for receiving the upper sideband (USB) and lower sideband (LSB)

at the same time. Another MPI is coupled to this configuration for LO injection and

image termination to a cold load.

The first approach is superior in realizing a broader RF bandwidth without

necessity of mechanical tuning, while the second gives a higher coupling efficiency

for LO injection.
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Introduction

Low-noise mixers at millimeter and submillimeter wavelengths usually

receive signals in upper sideband (USB) as well as in lower sideband (LSB). in

astronomical and atmospheric molecular line observations, this property may result

in several troubles such as (i) difficulty in precise calibration of line intensity. (ii)

increase of the system noise temperature, and (iii) complexity of the IF band due to

superposition of signals from both sidebands. To remove these troubles. Martin-

Puplett interferometers (MPI) have been used as an image-rejection filter [1]. Since

MPI is a high-Q filter, fine mechanical tuning is often required to optimize M.PI for

each observation frequency. Such mechanical tuning is, however, not desirable for

the receiver system which is remotely operated in space or other places of difficult

accessibility. Here we would like to propose two quasi-optical circuits for sideband

separation, which have no mechanical tuners and are available at submillimeter

wavelengths.

Quasi-optical Image-Rejection Circuit

Principle
Operational principle of our first circuit is exactly the same as the

conventional microwave image-rejection mixer, which is shown in Fig.1 [2]. If we

apply this principle to the submillimeter mixer, the critical problem is what kind of

transmission lines and RF hybrids are available without increasing the insertion

loss in the RF path. We propose here to use a quasi-optical Gaussian beam and a

polarization beam-splitter. Such quasi-optical image-rejection circuit is shown in

Fig.2. A piece of wire-grid is used in common as an RF in-phase hybrid and as an LO

90-degree hybrid. If precisely described, there is an additional phase slip of 180

degrees between the transmitted and reflected field, but that does not affect the

operation of this circuit. A reflecting-type circular polarizer is used to generate a

90-degree phase-difference between vertical and horizontal components of LO field.

The wire-grid used as the RF/LO hybrid also has a role of RF/LO diplexer, although

the RF polarization plane is perpendicular to that of LO in both branches. But this is

not a problem. If the polarization plane of the mixer input port is slightly tilted from

that of the RF beam, the mixer will be coupled efficiently with the RF beam and

partially with the LO beam.

As for the IF hybrid, the Lange coupler has been designed to realize a broad
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IF bandwidth. Calculated coupling loss and phase difference are shown in Fig.3 for

a center frequency of 2 GHz. This IF circuit could be installed in a single mixer-

mount which involves two mixers back-to-back in the geometrical configuration of

Fig.2.

Characteristics
This new quasi-optical image-rejection mixer is expected to have a very broad

bandwidth in RF as well as in IF, in spite of that there is no mechanical tuners. RF

bandwidth of a wire-grid for RPLO hybrid will be sufficiently broad. So a band-

limiting factor should be a wire-grid circular polarizer for LO injection. At this

device, phase-difference between two perpendicular components is determined by a

gap between a wire-grid plane and a flat reflecting mirror. The phase difference

therefore changes linearly as LO frequency.

In Fig.4 (a) and (b), the coupling efficiencies between RF and IF are

calculated for SIGNAL band and IMAGE band separately. The designed IF

characteristics of the Lange coupler is included in this calculation. This efficiency is

normalized to the ideal one which is realized when the RF and LO are divided in

precise amplitude and phase, the two mixers have the same conversion gain, and

the IF coupler is perfectly balanced. Changes of IF characteristics are shown with

six different curves in each panel of Fig.4, which correspond to different LO

frequencies from 400 GHz to 500 GHz. The LO circular polarizer is optimized at 500

GHz. So this result shows that the relative RF bandwidth of this quasi-optical

image-rejection circuit is more than 30-40 %.

More practical factor of deterioration will be imbalance between two mixers.

When the two conversion gains are different by 0.5 dB, for example, the IF

characteristics of SIGNAL band suffer about 0.3 dB loss, as shown in Fig.4 (c). But

the IMAGE band is not affected by this level of imbalance.

Another possible factor of deterioration is a difference in optical path-length

between two branches. However, in this quasi-optical configuration, both the RF

and LO beam propagate along the same path between the RE/LO hybrid and the

mixer device. So if there is an additional phase in RF due to some path-length

difference between two branches, it would be canceled by the similar additional

phase in LO. Such path-length difference could affect the image-rejection only when

it is large enough compared with the IF wavelength. Actually the IF characteristics

shown in Fig.4 are not affected even if there exists a path-length difference as large

as 1 % of the IF wavelength. This means that a fine mechanical tuning of the path-
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length is not necessary. A fixed configuration which is finished by usual mechanical

engineering will be enough to realize a good performance.

Dual-Polarization MPI Circuit

Principle

Our second approach is to use a pair of Martin-Puplett Interferometers in

combination with two mixers and a single LO source (Fig.5). One MN works for

sideband separation, and the other for LO injection and image termination. Since

two mixers receive perpendicular polarizations each other, MIX-1 looks at the

Antenna Port in USB and at the Cold Load Port in LSB, while MIX-2 looks at the

Antenna Port in LSB and at the Cold Load Port in USB. LO power is delivered into

two mixers through two MPIs with the insertion loss of 3 dB.

Characteristics

RF characteristics of this dual-polarization-utilized MPI can be calculated

based on the well-known MPI's formula. However, if we want to evaluate the image

rejection level, we have to take a non-ideal property of a wire-grid into our

consideration. An ideal wire-grid in MPI should have a perfect transmission

efficiency for electric field perpendicular to its wire direction, and at the same time, a

perfect reflection efficiency for electric field parallel to the wire direction. Even if we

optimize geometrical parameters of the wire-grid, there will still remain undesirable

reflection for perpendicular field and undesirable transmission for parallel field,

which is estimated to be about 1 % in power [3].

We have designed a dual-polarization MPI as shown in Fig.5 for

JEM/SMILES, a submillimeter mission on the International Space Station, where

the LO frequency is 638.5 GHz and the nominal IF band is 9-15 GHz. So the LSB is

623.5-629.5 GHz, and the USB is 647.5-653.5 GHz. Fig.6 shows several insertion

losses of this dual-polarization MPI system, which are calculated by assuming 1 %

undesirability for the wire-grid. Fig.6 (a), (b), (c), (d) show the insertion losses

between the Mixer Port (MIX-1 and MIX-2) and the Antenna Port (main

polarization and cross polarization). This result shows that there appears some

loss even at the center of LSB for MIX-2, and at the center of USB for MIX4, due to

the undesirabl: 'ransmission and reflection of the wire-grid. Fig.6 (b), (d) also

show that the image-rejection level is affected by a more efficient coupling between

the Mixer Port and the cross polarization at the Antenna Port.
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Fig.6 (e), (f), (g), (h) show the insertion losses between the Mixer Port and

the Cold Load Port (main polarization and cross polarization). The insertion loss is

larger than that for the Antenna Port due to two MPIs used in series. This is not

negligible, because it increases the thermal noise injected into the image band,

which results in the increase of the SSB system noise temperature. From these

calculations, we find it is important to keep the undesirability of the wire-grid less

than 1 % in power.

Comparison

Two kinds of quasi-optical sideband separation techniques described above

have several advantages and disadvantages. They are summarized in Table 1. The

quasi-optical image-rejection circuit is superior in broad instantaneous RF

bandwidth, which is realized without necessity of mechanical tuning. It is possible

to use the dual-polarization MPI in a fixed setting, but in that case we have to fix

the LO frequency, so the RF bandwidth is also fixed within the IF bandwidth. The

image-rejection circuit also has a broader IF bandwidth, if a broad IF hybrid such as

the Lange coupler is available. The IF bandwidth of the dual-polarization MPI is

limited by the cosine function of MPI.

As for the LO injection loss, the dual-polarization MPI is superior. Its

theoretical value is only 3 dB, which is inevitable because the LO power is supplied

to two mixers. But in the quasi-optical image-rejection circuit, the LO power is

divided into two components at first (3 dB), and then each component is only

partially coupled to the mixer. We have to keep this coupling efficiency less than

about 5 % (13 dB loss), in order not to sacrifice the more important RF coupling to

the mixer.

There is also an important difference in mixer operation mode. Two mixers

should be well balanced in the image-rejection circuit, but they are operated

independently in the dual-polarization MPI. Even in an extreme case when one of

the two mixers had a failure, the other mixer could work properly in the single

sideband mode in the latter circuit. This is of practical importance in space

applications, to avoid a complete damage of the system.

Conclusions

We have proposed two techniques of quasi-optical sideband separation which
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could be available for submillirneter mixing. One is a quasi-optical version of the

conventional microwave image-rejection circuit, and the other is a dual polarization

usage of the well-known Martin-Puplett interferometer. The former technique is

superior in realizing a broader RF bandwidth without necessity of mechanical

tuning, while the latter gives a higher coupling efficiency for LO injection. Further

experimental investigations are needed for both techniques.
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Quasi-Optical Image-
, Rejection Circuit

Dual-Polarization MPI
Circuit

RF Bandwidth
(Instantaneous)

Broad

[ Limited by LO circular

polarizer. I

.
Narrow

[ Limited by MPI. ]

RF Bandwidth
(Tuning Coverage)

,
N/A

.
Broad

[ Limited by wire-grid and

beam diversion. I

IF bandwidth
,

Broad

F Limited by IF hybrid. I

Moderate

I Limited by MPI. ]

RF Insertion Loss
(N wire-grids inserted)

Small

r Three wire grids ]

Small

[ Four wire grids 1

LO Injection Loss > 16 dB 3 dB

Mechanical Tuning None Necessary for broad RF

coverage.

Two Mixers
..

should be balanced. are independent.

Table 1 Comparison of two quasi-optical circuits for sideband separation.
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Circular
Polarizer

Lens LO Source

Input

Fig.1 Principle of the conventional microwave image-rejection mixer circuit.

Cold Load

Fig.2 Quasi-optical image-rejection circuit. Role of each wire-grid (WG) is as

follows: WG-1 to define the RF input polarization (cross polarization is terminated to

a cold load), WG-2 to split RF as well as LO, WG-3 and WG-4 to define the mixer

input polarization. Reflected LO power is terminated to absorbers.
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Fig•3 Calculated coupling and phase-difference of the Lange coupler which is

designed for a center frequency of 2.0 GHz.

Fig.4 (a) Coupling efficiency in the SIGNAL band between RF and IF through the

quasi-optical image-rejection circuit in Fig.2. (b) Same in the IMAGE band. (c)

Same in the SIGNAL band when 0.5 dB gain difference exists between two mixers.

(d) Same in the IMAGE band for 0.5 dB difference.
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Antenna

WG-5 WG-4

WG-3

MPI for

•
LO Injection

•

Cold
Load

MPI for

^

Sideband
Separation

WG-2

Cold Load
MIX-1

WG- 1

MIX-2

Fig.5 Dual-polarization-utilized MPI circuit. WG-1 to WG-5 are wire-grids. MIX-1,
receiving a horizontal polarization, looks at the Antenna Port in the USB and at the
Cold Load in the LSB, while MIX-2, receiving a vertical polarization, looks at the
Antenna Port in the LSB and at the Cold Load in the USB.
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Fig.6 (a),(b) Insertion losses (dB) between MIX-1 and the Antenna Port in its

main and cross polarizations. (c),(d) Same for MIX•2. (e),(f) Insertion losses

(dB) between MIX-1 and the Cold Load Port in its main and cross polarizations.

(OA) Same for MIX-2.
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Abstract

We report on experimental studies of the noise performance and conversion efficiency of high-Te
Josephson mixers at frequencies between 90 GHz and 550 GHz. The heterodyne mixing experiments have
been performed by using YBa2Cu307_8 step-edge junctions and bicrystal junctions on MgO
(E.--9.6) substrates. We studied the Josephson mixer performance for the case of internal pumping (self-
pumping) and external pumping. Receiver noise measurements in a waveg,uide setup for the case of
external pumping at 90-94 GHz gave formally calculated double-side-band (DSB) mixer noise
temperatures (Tm) of about 2000 K at physical temperatures of 10 K. Similar measurements in a
quasioptical setup at 4.2 K and at operation frequencies of 430 GHz and 546 GHz yielded mixer noise
temperatures of 1200 K and 1100 K, respectively. Using the internal pumped mode, i.e. mixing without
external local oscillator signal, we also obtained clear IF response in hot/cold-measurements. The
formally calculated Tm were between 580 K and 2300 K.

I. Introduction

Mixers based on the Josephson effect have been shown to have low local oscillator power

consumption and high conversion efficiencies in the millimeter-wave range. In contrast to

classical resistive mixers, the conversion efficiency of a Josephson mixer can be higher than -3

dB, i.e. conversion gain is possible. Beyond this, a large bandwidth up to serveral tens of GHz at

the intermediate frequency (IF) is expected. Conventional low-Tc superconductor-isolator-

superconductor (SIS) mixers which utilize the quasi-particle tunneling effect are known to have

the highest sensitivity, but their mixing performance degrades above 0.7 THz. High-temperature

superconductor (HTS) Josephson junctions (JJ) are expected to operate as a heterodyne mixers up

to some THz due to of the relatively high energy gap of the HTS materials. High transition

temperatures of HTS materials promise operation temperatures above 20 K. In addition, the low

local oscillator power consumption makes the HTS Josephson mixer an attractive candidate for

air- and spaceborne receiver applications.

I E-Mail: o.harnack@fz-juelich.de
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It is known that the sensitivity of Josephson mixers is limited by the intrinsic junction noise and

excess noise from Josephson oscillations. Theoretical studies of the noise properties of Josepshon

mixer were performed by Likharev et al. [U. Their analysis predicts for normilized frequencies

> 1 a minimum noise temperature of T. = 10.5T((okoc) 2 , where S2=coko, with ti.21cRne/h is the

characterisic frequency of the Josephson junction (Ic is the critical current, R. the normal-state

resistance of the Josephson junction). An even more optimistic prediction of T. = 6T was given

for signal frequencies co equal to o (K2 1). In the selfmixing mode, i. e. the junction is pumped

by the intrinsic Josephson oscillations, the noise temperature was predicted to be equal to T for co

>

Schoelkopf et al. [2] have recently clarified the origin and the magnitude of this noise by

simulations based on the macroscopic resistively shunted junction (RSJ) model. They showed that

the linewidth of the internal Josephson oscillation is comparable with the frequency at bias points

near the critical current, yielding an excess noise floor at low voltages. Following this analysis the

mixer noise temperature depends on the working temperature, the embedding impedances, and

the normalized frequency O. Their result for the minimum DSB mixer noise temperature was T.=

20T for = 0.5. These calculations were done for a fixed RSJ fluctuation parameter, 7 = 0.01,

which is defined by = 2ekBT/hIc. This parameter is the ratio of the thermal energy, k BT, to the

Josephson coupling energy, h1d2e. In general, the noise temperature of a Josephson mixer

increases with increasing 7.

Several groups have studied experimentally the mixing properties of HTS Josephson junctions in

[3]-[5]. Chen et al. [6] have recently demonstrated frequency downconversion of relatively strong

signals at terahertz frequencies using YBa2Cu307, (YBCO) bicrystal junctions (BCJ). Noise

measurements on YBCO Josephson mixers were performed by Shimakage et. al. [5]. They

measured a receiver noise temperatures T r (DSB) of 1800 K in the 100 GHz band and 1200 K in

the 300 GHz band.

In this paper we present our experimental study of the noise and mixing properties of two

different types of HTS grain-boundary junctions (GBJ): step-edge junctions (SEJ) and bicrystal

junctions prepared on MgO substrates. The results of measurements of the mixer noise

temperature and the conversion efficiency will be presented. The experiments were performed

using a waveguide based setup for W-band frequencies and a quasioptical mixer for frequencies

between 300 GHz and 600 GHz.
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II. Fabrication of High-T, Superconductor Josephson Junctions

GBJs, based on intrinsic barriers/interfaces, are specific for high-Tc superconductors and not

known for conventional metallic superconductors. This class of Josephson junctions includes

different GBJs like SEJs and BCJs. The former junction type can be realized by fabricating GBs

at steep substrate steps. In the latter case, a grain boundary which is present in a bicrystal

Fig. la: Step-edge Josephson junction mixers Fig. lb: Logarithmic-periodic antenna for quasioptical
on MgO for waveguide mount mount with bicrystal junction in the center

substrate grows through the epitaxial HTS film during the deposition. A detailed review on H'TS-

Bs is given in [7].

For our studies, SEJs and BCJs were fabricated on (100) MgO substrates (Cr = 9.6). Laser

deposition method was used for fabrication of thin YBCO films with different thicknesses from

50 nm to 100 nm. After the deposition of the superconductor a approximately 50 nm thick gold

layer was sputtered in-situ on the YBCO film. This layer is utilized as a low-loss antenna material

and it is also used for electrical contacts. We used standard photolithographic processes and ion

beam etching for patterning of the junction and the antenna structure. The Josephson junction

consist of a 1 gm wide bridge which crosses a grain boundary (bicrystal junction) or a substrate

step (step-edge junction). For step-edge junctions the standard step height was 250 nm and the

thickness of the YBCO film was 200 nm. In order to remove the gold shunt from the top of the

bridge we opened a window in the gold layer using ion beam etching. The junctions were

integrated into bow-tie and logarithmic-periodic antenna layouts for measurements in a

waveguide and a quasioptical setup, respectively (see Fig.la,b).
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Waveguide Setup

waveguide setup for measurements in the W-band was assembled as follows. The LO signal

from a gunn oscillator is combined with a broadband noise signal from an absorber using a two

grid diplexer. The combined signals are focussed through the teflon window of a cryostat. The

mixer chip is mounted across a section of a rectangular waveguide inside a mixer block which

feeds a circular, conical horn. A backshort and an e-plane tuner allow adjustment of the RF

embedding impedance. The IF signal output of the mixer is connected to a bias-tee and a

circulator which is located outside the cryostat. The IF signal is amplified by a 1.4 GHz IF HEMT

amplifier with gain of 34 dB, followed by an amplifier with gain of 35 dB. The amplified signal

passes a bandpass filter with a center frequency of 1.4 GHz and bandwidth of 400 MHz. The

filtered signal is detected by a power meter. In order to introduce a broadband noise signal

towards the mixer, we connected a noise diode to the circulator. The noise temperature Tip of the

IF chain was measured to be 230 K using the standard hot/cold load technique (Y-factor method).

IV. Quasi-Optical Setup

For heterodyne mixing experiments in the frequency range between 300 GHz and 600 GHz a

quasioptical setup was assembled at Chalmers University of Technology. A backward wave

oscillator (BWO) generated the LO signal, and a broadband signal from a black body absorber

was combined with the LO signal by using a simple polyethylene beam splitter. The beam was

formed by a teflon lens and focussed thru the windows of a LHe cryostat. For filtering of infrared

signal contributions we used black polyethylene and fluorogold filters. The mixer chip was

mounted on the rear side of a hyperhemisperical MgO lens. The IF signal was connected to a

matching circuit and amplified by a cooled amplifier with a circulator at the input.

V. Experimental Results

A. Response to External Pumping

The Josephson junction response to external pumping was investigated in the millimeter and the

sub-millimeter wavelength range. Fig. 2 shows the response of a MgO bicrystal junction,
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Voltage (mV)

5 6

fe4=550 GHz

- T=4.2 K
f =2.2 THzosc

Iv curve + RSJ model fit

0,0

Fig. 2: External pumping of a BCJ on MgO at 550 GHz, with and without external pumping

irradiated by 550 GHz radiation using the quasioptical configuration. In this experiment it was

possible to suppress the critical current completely to zero (lack of excess current) and we

obtained oscillation of the Shapiro step height with increasing power in accordance with RSJ

model predictions. The calculated RSJ-model fit (C2=0.5, Pc=0.8, r-0.01) showed nearly perfect

correlation with the experimental data. This means that the junction behavior can be completely

descibted by the RSJ model - also at frequencies above 1 THz. Therefore we can assume that no

parasitic effects, e.g. Cooper-pair breaking, occur.

B. Mixer Noise Temperature

Receiver and mixer noise temperatures have been measured by using standard hot/cold load

technique (Y-factor method) with 300 K (hot) and 77 K (cold) absorber loads.

1. Waveguide Mixer

For noise measurements in the waveguide setup, we fabricated SEJs on thin MgO substrates in

order to reduce the high frequency losses. After the fabrication of several junctions on 10x10 nun-
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substrates, we reduced the substrate thickness

down to approximately 150 .t.rn and cutted each
40- -50

junction into a small 0.9 x 10 mm 2 strip (see

Fig. I a).
(b) LO on -4030 The output noise of the mixer was measured at

different current biaspoints. The best
30 m

20 D sensitivity of the receiver was obtained by

maximizing the IF output power at biaspoints
2),

0 
10

- 20 137 between the zeroth and the first Shapiro step
(e) Noise Diode on. with respect to tuner positions and local

- 10 oscillator level. It is important to note that only

a very narrow range of the tuner positions

allowed a response of the mixer output to a

-10
0 600

change of the input absorber load temperature.

The results at a physical temperature of 10 K

and 90-94 GHz LO frequency are displayed in

Fig. 3. Curve (a) and (b) show the unpumped

and the pumped TVC of the mixer, respectively.

The characteristic voltage of this step-edge junction was 450 1.tV at 10 K corresponding to a

characteristic frequency of 218 GHz and 0 90=0.41. Curve (c) and (d) in Fig. 3 show the output

noise of the mixer with a 300 K and a 77 K absorber load in front of the receiver, respectively.

From this measurement, the calculated receiver noise temperature TR was 3300 K. The mixer's

conversion loss could also be determined using a reflection measurement method in order to get a

measure of the reflection coefficient F which implies the impedance mismatch between mixer and

IF amplifier. For this measurement, a broadband (DC-18 GHz) noise signal was introduced into

one port of the circulator to be launched towards the mixer and reflected from the mixer into the

input of the IF line. From the difference in IF power with and without the noise diode applied we

can derive 1' [8]-491

Curve (e) in Fig. 3 displays the result of a reflection measurement. The differential resistance

which determines the real part of the mixer's IF impedance was very close to the normal

resistance Rn of 15 of the junction at biaspoints between Shapiro steps. The best matching was

obtained between the zeroth and the first Shapiro step with a r of approximately 0.47.

Knowing r and T iF, we calculated a conversion loss of approximately -7.6 dB and an IF

contribution to the receiver noise temperature of approximately 1300 K. The DSB mixer noise

temperature is then estimated to be 2000 K including all front-end losses at the receiver input.

200 400

Voltage (AV)

Fig.3: Waveguide mixer noise measurement
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The fact that the differential resistance was close to R can be related to a high noise smearing of

the IV curve. We expect a infinite (if noise current is zero) or high dynamical resistance between

the Shapiro steps, since 1190 < I (unseparated steps). In contrast, in our experiment the noise

current was 5 times larger than the thermal noise current at 10 K. We attribute this to a high

external noise contribution, which also increased the mixer noise temperature.

2. Quasi-Optical Mixer

Measurements in the quasi-optical configuration showed DSB mixer noise temperatures of 1200

K at 430 GHz (Fig. 4a) and 1100 K at 546 GHz (Fig. 4b) including all front-end losses. The

operation temperature was 4.2 K. The critical current of the BCJ on MgO was 300 gA. and the

normal resistance was about 10 CI This yields a formally calculated IcRn procuct of 3 mV and

normalized frequencies of S2430=0.29 and C2546=0.37. The conversion efficiency was estimated by

dividing the variation of the input temperature 300-80 K = 220 K by the related IF output power

variation of about 10 K (compared to the IF amplifier noise temperature measured separately).

This yields a uncorrected conversion efficiency of -13.4 dB and a mixer input noise temperature

of approximately 50-54 K.

Voltage (mV)

Fig. 4 a: Hot/Cold noise measurement at 430 GHz using a bicrystal HTS Josephson junction, Tm.

DSB 1200 K.
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Fig. 4 b: Hot/Cold noise measurement at 546 GHz using a bicrystal HTS Josephson junction,

Tm, DSB 1100K.
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C. Selfpumped Mode

We also performed mixer noise measurements

in the self-pumped mode. For these 0,6

measurements we closed the input window of

the cryostat by hot and cold absorber. It is 0,5

important to exclude any direct detection

effects, i.e. the IV curve of the mixer should not 0,4

respond to the absorber load. Fig. 5 shows the
0,3

result of a noise measurement in the self-

pumped mode at 4.2 K. The mixer is the same 0,2

device as in the experiments with external

pumping. From this data we extract a mixer 
'E4 

0,1

noise temperature of 580 - 2300 K in the dc bias

range 0.1-0.5 mV. Interesting features are the 
0 0,0

clearly visible minima and maxima in the IF
-0,1

output signal which are related to geometrical

resonances of the "teeths" of of the logarithmic- -0,2

periodic antenna (Fig. lb). The differential

resistance is reduced at the point of a resonance -0,3

what results a change of the mixer impedance

matching selfpumped mode.

VI. Discussion and Conclusion

The experimental results show that with high-Tc grain boundary Josephson junctions frequency

conversion is possible at large IF bandwidths, high working temperatures, and low LO power

levels which are important requirements for mixer applications in the mm and sub-mm

wavelength range.

Following the analysis of Likharev et al., the best expectable mixer noise temperature should be

approximately 26 K and 60 K at a physical temperature of 4.2 K and 10 K, respectively. In fact,

the condition < 0.5 was satisfied in all of our experiments. The analysis of Schoelkopf predicts

-1,5 -1,0 -0,5 0,0

Voltage (mV)

Fig. 5: Hot/Cold-measurement in the to the IF amplifier.

-0,4
-2,0

8

6
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a best DSB mixer noise temperature of 84 K at 4.2 K and 200 K at 10 K for 7=0.01. The

measured noise temperatures differ by a large factor from the theoretical predictions. However,

we have to keep in mind that the measured values were not corrected for any kinds of receiver

input losses. For the quasi-optical experiments, these losses include all losses of the beam splitter,

window, and lens. The impedance mismatch between the mixer and the logarithmic-periodic

antenna was quite large, since the required junction impedance was about 60 Ohm for this

antenna on MgO. In contrast, the normal resistance of the mixer used in the quasi-optical

measurement was 10 Ohm.

Additionally, the beamwidth was not optimized and consisted of two comparable lobes what

gives about 2-4 dB losses. The broaden beam and the tilted polarization of the antenna with

variation of frequency gave also 300 K influence from the sidelobes (3-4 dB losses). In fact, we

have reflections from the Mg0-vaccum interface, from the fluorogold-vaccum, and from the

teflon window-air interface that gives about 2 dB losses in summary. The back lobe of the

antenna on MgO gives about 1 dB more losses. These simple calculations of about 8-11 dB input

losses, which can be reduced, show that our experimental results underestimate the performance

of the Josephson mixer.

Other sources of noise are more of physical nature: l/f noise which includes a number of different

noise mechanisms (telegraph-like noise, fluctuations of critical current and resistance) could

contribute to the overall mixer noise. In the RSJ model simulations only the presence of thermal

noise was assumed and up to now, no other sources of noise were included. Indeed, at present we

have no clear understanding how the intrinsic junction noise influences the mixer performance.

However, the experimental results demonstrate, that the Josephson mixer noise temperature is

more or less independend of the operation frequency. We expect this behaviour as long as the

normilized frequency K2=0)/co, can be held constant for higher operation frequencies. The

characteristic frequency coc is connected to the energy gap of the superconducting material. Due to

the high energy gap of HTS material we expect that HTS Josephson mixers will prove to be

useful for receiver applications at high working temperatures in the THz frequency range.
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Abstract—In this paper we offer a simple set
of accurate frequency-domain design
equations that can be used to calculate
optimal embedding impedances and tripling
efficiency. These equations can be used for a
wide range of device and circuit parameters.
The effects of parasitic resistance and
operating temperature on device
performance, and how these parameters vary
with device design are explored
Comparisons to experiment are made for
planar HBVs demonstrating at least 3%
efficiency at 78 GHz input frequency and 50
mW of input power.

Index Terms—HBV, varactor frequency
tripler.

I. INTRODUCTION

The Heterostructure Barrier Varactor (HBV)
diode [1, 2] is ideally suited for frequency
tripling in the millimeter wave and sub-
millimeter wave regime. The symmetric
capacitance-voltage characteristic of the HBV
allows for tripler design without requiring
second-harmonic idler circuits or DC bias. In
principle, this should make HBV triplers easier
to design and implement, however, the
complex device structure and device physics
can make the overall tripler design process
more difficult. In particular, the design and
fabrication of the devices are more difficult
than Schottky diode structures used in similar
applications. Subsequently, the output power
and efficiency from Schottky diode varactor
multipliers are still somewhat superior to 1-1BV

multipliers [3-5]. In this paper we describe the
basic design concepts, equations, and
parameters related to GaAs-AlGaAs-GaAs
planar HBVs.

II. HBV MULTIPLIER ANALYSIS

A. Intrinsic device model
A generic layer structure of an HBV is

shown in table i. For N epitaydally stacked
barriers, the layer sequence 2-5 is repeated N
times. The intrinsic part of the HBV consists
of layer 2-6, where a high band-gap material
(layer 4) prevents electron transport through
the structure and the diode capacitance is
modulated due to depletion of carriers in layers
2 and 6.

TABLE I: HBV GENERIC LAYER STRUCTURE

Layer Thickness
No. [A]
7 Contact - 3000
6 Depletion 1- 3000
5 Spacer s'-50
4 Barrier b - 200
3 Spacer s 50
2 Depletion 1- 3000
1 Buffer
0 Substrate

In our analysis, we use a two element model
for the intrinsic part of the HBV: a non-linear
differential elastance, S(V) = dV/d0 = 1/C00,
in series with a non-linear parasitic resistance,
R(10. Varactor mode of operation for HBVs is

Doping level
[cm'i 
n.
Nd 1017
Undoped
Undoped
Undoped
Nd 1017

n

n- or SI
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(4)0
R(v(t)) ,S(v(t))

	si)KN
b 2s w= -xuaa [m2 /9.
et, e d d

S(0= S' S'd (t)
depletion)

S; (1) 0 
N

( Eb),
E0)

[1/F]

(3)
I(Eh ) = A -aT2Sinh (5)

respectively. The maximum differential
elastance is determined by the maximal
extension of the depletion region, wn., as:

preferred and therefore large conduction
currents should be reduced as much as
posssible for optimal performance.

Figure 1: Intrinsic equivalent circuit of a pure
varactor diode (i.e. no leakage current).

Elastance model
The minimum differential elastance of an

HBV is determined by the effective separation
distance between the charge on each side of
the barrier. For a typical HBV structure (see
table i) the minimum elastance per barrier can
be estimated as

b 2s 21,
= — + - ----24111 2 51

eb ed ed

– — S r -A

where N is the number of barriers, A is the
device area, and Lip is the Debye length:

r) kTeii
q 2ND

During a pump-cycle, the differential elastance
is modulated due to depletion of carriers and
the overall elastance can, therefore, be
expressed as the sum of the above linear term
and a non-linear part as:

For an HBV, the depletion length limit is
determined by at least one of three
"breakdown" conditions each giving a different
value for w„.. These are: 1) depletion layer
punch-through and wn.=/, 2) large electron
conduction across the bather region at large
voltage, Vmax, or 3) large currents from
avalanche breakdown at large voltage. To
maintain varactor efficiency the conduction
current should be minimized. For relatively
large band gap materials such as GaAs-
AlGaAs-GaAs conditions 1 and 2 appear to
dominate. In order to calculate wn. used in
equation 4 it is necessary to estimate the peak
operating voltage. For optimal performance,
Wfl ff = I. If the punch-through voltage is
greater than the voltage at the onset of large
conduction current the maximum depletion
width cannot be achieved. For this case, wn.
will be reduced and its value must be
estimated. This is particularly important when
the device temperature is increased and
conduction current across a moderate 1113V
barrier is increased.

It is possible to estimate wn. by calculating
the voltage at which the conduction current
through the device is nearly equal to the
displacement current. For HBVs, the
conduction current is approximately

(1)

(2)

where S,„,„ and Sn. are the minimum and
maximum elastance during a pump cycle

where a, 4, and Eo are fitting parameters and
Eb is the electric field in the barrier and can be
estimated as:
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di (V ,T) 

dV
« (D Cp

V=Vrl

(7)

which in combination with (8) gives:

Eb qN d

be 
+

2

2se

b
eb

(6)
de:V.„,

1( Ill+
2e  

NqN d (be d +2seb)
2

J

Taking the derivative of equation (5) (device
conductance) and given:

R(t) = + - se•C'd( t))). (10)

B. The frequency tripler circuit
The time-dependent voltage, v(t), across the

diode terminals in figure 1 can with the above
proposed HBV model (3,10) be written as:

v(t) = - (i + NPdS4 S'd(t)i(t)
.( 1 1)

+5S(t)i(t)di

For strong conduction, one can solve for Vmax
and wmar where conduction is dominant.

Intrinsic Series Resistance
The parasitic series resistance is the sum of

the resistance of undepleted active layers, the
spreading resistance, and the ohmic contact
resistance. However, only the resistance of
undepleted layers contributes to the intrinsic
varactor model shown in figure 1. All extrinsic
impedances can be regarded as a part of the
embedding circuit, see figure 2. If the
depletion layer, No. 2,6 in Table I, is
homogeneously doped and an abrupt space
charge is assumed, the resistance of undepleted
layers can be expressed as a function of the
length of the depleted region, w, as

R(t) = +NO - w (0))
(8)

w (t) [0,1]

where 1 is the length of the depletion layer and
Pd is the corresponding resistivity. For
simplicity, the extension of the depletion
region, w(t), is assumed to be proportional to
the elastance as

w(t) = eS(t) (9)

HBV Diod

Intrinsic

Part

z,

Figure 2: Schematic view of an HBV tripler circuit.

Since we are interested in the periodic
steady-state solution of the above circuit
equation (11), we represent the voltage-, the
current- and the elastance-waveforms in the
frequency domain and the time-domain
equation takes the following form for the kth
harmonic [7,11]:

V k — (1 + NYk +— I
_ )22 NS' -

jk cop
(12)

N
i 

1
A 47, PA!) k- I

+—
11‘ Zi P

I= --co

The two first terms are linear but the last term
accounts for the complex movement of the
depletion edge. The current and the elastance

P.3
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Rc.1

harmonics can be found by imposing
embedding circuit conditions

= Viwurce
c, k + p,k) k (13)

where Zc,k = Rc,k tge,k is the embedding
circuit impedance and ZAk = Rpjc -

r
-iXp,k is the

extrinsic parasitic impedance, see figure 2.
Furthermore, define the complex modulation
ratio as 1Vric = SV(S

"
max-S

"
min) and a general

form of the large-signal device impedance, Zd.k,

within our varactor circuit model can be
written as:

= +N)
A A jka

(14)

1 1 c°

j—ka) Pd6d EirAfei,k-1
k

Optimal embedding impedances
The summation over all current and elastance

harmonics in (14) is a complex value which
depends slightly on circuit conditions (13) and
on physical details of the HBV itself
However, for maximum conversion efficiency
when all available pump-power is absorbed
and the third harmonic power delivered to the
load is maximized; we assume that this
complex summation is independent on external
conditions and HBV layer structures.
Consequently, the optimal embedding
impedances, 4,„ close to any operating point
can be expressed as

R
P*L

A
—Am--sLink—Lwp—P

N_x .4_
j A a)

+—
N

 (S' —S'.
A max mm

R R +241

+—(S' —S'
III2X. Mill

 
3co

p 
Pd6dC3)

N S"„,„,
P,3 A 30)

P

(
B,

±—
A (Sima( — St.) 

3(0 
—PdeeD3)

p

where Am Bm C„, and D„ are fitting
coefficients. If these parameters are extracted
for realistic operating conditions and with
accurate large-signal device simulator, the
above optimal embedding impedances can be
calculated for a wide range of device and
circuit parameters.

Dynamic cut-off frequency
The dynamic cut-off frequency of a pure

varactor device (i.e. no leakage current) is
defined as:

f= — Smin

22r..4 *
(16)

With the proposed intrinsic varactor model in
Section Ha, define the series resistance as the
sum of the maximal value of the intrinsic
resistance (8) and the real part of the extrinsic
parasitic impedance at the fundamental
harmonic. If the equations for maximal and
minimal elastance and the series resistance are

PdedD
(pp

(15)
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PAVA

w max — 2LD
, (17)

p,1 + 
pd10 + N))

fc. = N
27red

1 + a

inserted in (16), the dynamic cut-off frequency
for an HBV can finally be calculated as:

As shown above, it is very important to reduce
the parasitic resistance as much as possible
relative to the intrinsic device resistance. Also,
Wm= should be large relative to Ld to insure
significant capacitance modulation and tripling.
As described above, to optimize fc the
conduction current should minimized and
wmar=1-

Pump power and conversion efficiency
The conversion efficiency is defined as the

power delivered to the load at the third
harmonic divided by the available input power
and for a pure varactor multiplier, the
efficiency is determined by the ratio of the
pump-frequency and the dynamic cut-off
frequency [6, 7]. A quick and fast estimation
of the maximum conversion efficiency can be
achieved from the following empirical
expression

(18)

where a and )6 are extracted from detailed
large-signal simulations for a wide range of
devices and circuit conditions, see table ii. For
maximum possible efficiency ef, should be
increased to its maximal value as described in
equation 17.

Finally, it is necessary to estimate the input
power needed to modulate the elastance of an
REV from Smin to Sm. The pump-power can
be estimated as

111 2 	R c. , 2

1 2 III
8R, 21Z411

R1

2 2I
I
 .1

— Z:

where 7 is also a fitting coefficient, see table ii.
Equation 19 insures that reasonable device
parameters and required input powers are
designed for a particular application.

RESULTS AND DISCUSSION

A. Parameter extraction
All the coefficients were extracted by

analyzing two four-barrier HBVs with an
integrated Drift-Diffusion Harmonic Balance
(DDHB) simulator [8, 9]. The pump frequency
was 90 GHz and the device area 66 iim2. All
simulations were performed by assuming a
homogenous temperature of T = 300 K across
the active device region. A field-independent
(low field) electron mobility of 4375 cm2Ns in
the GaAs region and a calculated extrinsic
parasitic series resistance of R .1 = 4.9 ohm
were used. Intrinsic losses, e.g. ohmic losses in
layers (No. 2,6), are fully taken into account
by the DDHB simulator. The conversion
efficiency was maximized by tuning the
embedding impedances at the first and the
third harmonic respectively. Finally,
coefficients for the design equations
(15,18,19) were extracted, see table ii. These
coefficients allow the optimal embedding
impedances and efficiency to be easily
calculated.

TABLE II: HBV DESIGN COEFFICIENTS

Extraction conditions: f4-0.05 
A i = 0.047 .8 = 0.33 C1 = -0.17 D1 = -2.5
A3 = O.24 B3 = 0.66 C3 = -1.3 D3= 4.9
a= 200 fl = 1.4 y = 0.7

(19)
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Comparison to experimental results
Device structure and measured performance

The epitaxial layer structure in table iii has
been fabricated into a planar HBV
configuration, see figure 4.

TABLE III: UVA-NRL-1174

Layer Material Doping Thickness
[cm] IA] 

9 InAs 5x10'8 100
8 Ini-oDGaAs 5x10'

8	400
7 GaAs 5x10'8 3000
6 GaAs 8x 10

16	2500
5x4 GaAs Undoped 35
4x4 A10,7GaAs Undoped 200
3x4 GaAs Undoped 35
2x4 GaAs 8x10'6 2500

GaAs 5x1018 40000
GaAs SI

An 1113V device with an anode area of 89 gm2
was mounted and tested in a tripler waveguide
block ('RAL DB2a). A flange-to-flange peak
efficiency of 3.1 % was achieved at an output
frequency of 234 GHz. The maximal output
power was 3.6 mW, see figure 3. The
estimated loss at the input- and output circuit
are approximately I dB and 2 dB respectively.

heating must be taken into account. This has
been described in section HA. For a 8 um
diameter device and by assumin g a point heat-
source in the middle of the active region, Jones
[10] has estimated the thermal resistance
through the finger and the GaAs substrate to

= 2 K/mW for this device geometry.
Furthermore, if we assume that the thermal
resistance is inversely proportional to the
anode diameter and an input circuit loss of 1
dB, the device temperature can be as high as
400 K for the 10 pm (891..um2) HBV used and
an available pump power of 80 mW.

Figure 4: Planar HBVs (UVA-NRL-1174-17).

The extrinsic parasitic series resistance
consists of the ohmic contact resistance and
the spreading resistance in the n island that
connects the two diodes. By using standard
expressions for these losses, we can
approximate the temperature dependent
parasitic series resistance as

Figure 3: Measured output power and efficiency at an
output _frequency of 234 GHz.

Estimated thermal and parasitic resistance
In order to explain the lower than expected

efficiency shown in figure 3, the effect of self-

Z = 4,3

200 ( 20 100) T (20)4 +
„LT A ) 298

where A is the anode area in gm2 . The first
term represents the contact resistance and the
second term estimates the spreading resistance
in the n' island.

Conversion efficiency
The negative effect of heating on the dynamic

cut-off frequency (17) results from the
temperature dependence of the series
resistance (20) and the Debye-length (2), as
well as the reduction in maximal depletion
length, as the temperature increases.
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Figure 5: Measured C-V (R7) and I-V (RT-186°C)
characteristics of the UVA-NRL-1174 HBV material.

The conversion efficiency increases with pump
power as long as the conduction current
through the barrier is negligible compared to
the displacement current. The measured I-V
characteristic versus temperature and C-V
characteristic for the UVA-NRL-1174 device
are shown in Figure 5. The parameters: a
=170 Al(m2K

2), -0 = 4.2x106 V/rn, and =
0.17 eV in (5) provides an excellent fit with
measured I-V characteristic at different
temperatures. As a guideline, to ensure
varactor mode of operation, the maximum
voltage, V,„ can be estimated versus
temperature as:

dI(V,T) 
dV

The value of 1/10 can be adjusted significantly
and only have a minor effect on the overall
value of the efficiency.

Using the analysis outline in HA. wmax was
calculated for temperatures ranging from 250-
500 K. Then, the predicted efficiency over this
range was calculated using equations (17,18)
with the coefficients in Table II. The results
are shown in Figure 6 (including 3 dB of
circuit loss). The experimental results are
shown. As seen, the efficiency is reduced at
higher temperatures as the conduction current
increases and wmax < 1. Also, if the parasitic

resistance is reduced the entire curve will shift
up. For Figure 6 the parasitic resistance is
approximately 12 ohms and calculated using
equation 20.

10%
lotret trough krnted

8% ouru tegsncy: 234 Gutz
Dew tree: 89 ;sr
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Figure 6: Maximal efficiency versus device
temperature.

Finally, with the design-coefficients in table
and equations (1-2,4,15,20) the optimal
embedding impedances for a device
temperature of 400 K can be estimated: Z . 1 =
21 j97 and Z,3 = 27 ± j36.

IV. CONCLUSIONS AND SUMMARY

We have described a complete model that
can be used to predict the optimal embedding
impedances and efficiency for BBVs. The
important effects of self heating and the need
to minimize parasitic resistance have been
described. Comparisons to experimental
results are favorable. Based one the analysis
described here a new set of HBVs have been
designed and will be tested in the near future.
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Abstract

Microwave Limb Sounding has proved to be an important technique for probing the
Earth's atmosphere. Studies of proposed atmospheric chemistry instruments have
shown a requirement for single sideband heterodyne radiometers which operate at
frequencies up to -900 GHz, with wide instantaneous bandwidth (up to 20 GHz), good
sensitivity and high beam efficiency.

Here we report results from a very compact, solid state sub-harmonically pumped
planar diode mixer receiver operating in a broad frequency band around 500 GHz. ID
power is supplied by an -87 GHz fundamental Gunn diode oscillator multiplied by a
whisker contacted Schottky varactor diode tripler, and the signal band is selected by a
low loss frequency selective surface (FSS) filter positioned in the signal path. The
receiver has a simple configuration and good sensitivity over a wide instantaneous
bandwidth; total SSB system noise is about 10,000K when measured in a band from
498.5 - 505 GHz.

Introduction

The need to measure atmospheric processes involved in ozone depletion and global
climate change has highlighted the potential of microwave limb sounding in the lower
stratosphere and upper troposphere. Successful measurements in the stratosphere can
be made with receivers which have instantaneous bandwidths similar to those generally
employed in radio astronomy receivers, typically -1 GHz (e.g., UARS MLS [1]).
However, because of pressure broadening, at lower altitudes an instantaneous
bandwidth of several GHz may be needed to properly establish the line shape of even a
single emission feature. Further receiver design constraints include the requirement for
very high efficiency optical coupling to the detector (to avoid confusing signals from
directions away from the intended field-of-view) and a simple, reliable design (because
of the remote, often hostile environment encountered in aircraft and satellite operation).

For these reasons the design of sub-millimetre receivers most commonly encountered in
ground based telescopes may not be appropriate. Specifically, it is difficult to inject
signal and Local Oscillator (LO) power into a single ended fundamental mixer whilst
maintaining a wide bandwidth. Here we describe a receiver based on a planar double

367



diode mixing structure, pumped by a Schottky varactor diode tripler. Designs of this
type have been specified for a number of instruments at millimetre wavelen gths (e.g.,
MAS, AMSU-B, MHS) and have been demonstrated at frequencies up to 300 GHz.
This paper describes preliminary results from a receiver designed to operate in the band
498.5 to 505 GHz, a region of the atmospheric spectrum which includes 00 and a
potentially accessible transition of BrO.

Receiver Design

Heterodyne receivers utilising waveguide sub-harmonic mixers (that is, double diode
mixers pumped at half the signal frequency) have a number of attractive features from a
system design point of view. First, signal and LO frequencies are well separated and
can be isolated by simple filters within the waveguide cavity, thus avoiding the
requirement for a low loss LO injection network. Not only does this remove an
important bandwidth limiting element, it also simplifies the receiver optics and removes
a potential cause of baseline instability (that is, lack of spectral flatness across the band
when viewing thermal noise of uniform power density). Second, it allows a simpler
LO configuration (since power need only be generated at half the signal frequency).
Third, and most important, sub-harmonic mixers utilise double diode mixer structures
in which two diodes are seen in parallel at the IF. This considerably simplifies IF
matching problems, and allows the simple implementation of receivers with wide
instantaneous bandwidths; at frequencies up to 300 GHz, sub-harmonic receivers are
well known to demonstrate both good sensitivity (approaching that of a good
fundamental mixer receiver) and signal bandwidths in excess of 10 GHz.

Consequently, the receiver described here is based on a sub-harmonic pump
architecture. Recent improvements in planar diode technology indicate that "flip-chip"
diodes can be used at frequencies approaching one terahertz: we have therefore chosen
planar diode technology (because of its obvious benefits), and waveguide cavities for
both mixer and frequency tripler.

In order to avoid possible confusion from unwanted emission lines it is highly desirable
to filter the image sideband. Following a systematic study of optional filtering
methods, a frequency selective surface filter (FSS) has been chosen on grounds of
performance (insertion loss and filtering characteristics) and mechanical convenience.
This is simply positioned in the mixer field of view, in front of a focusing mirror.
However, in order to obtain adequate isolation between the signal and image sidebands,
it is necessary to operate the mixer at a high IF frequency; a frequency of 19.0 to
25.5'Gliz has been selected.

Mixer

The mixer is based on a design developed at RAL for millimetre wavelengths [2] and
extended to higher frequencies for the present application. The mixer utilises a crossed
wavegis iide cavity with a reduced height signal waveguide coupled to the optical field of
view by a waveguide transformer and a corrugated feedhorn. An anti-parallel "flip-
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chip" planar diode pair (type SD117 manufactured by the University of Virginia) is
soldered onto a quartz substrate which spans the signal waveguide and incorporates
necessary signal filtering: LO power (at half the signal frequency) is introduced into the
diodes through a waveguide transformer at one end of the filter, and from the opposite
end the down converted signal is passed to the IF pre-amplifier.

In order to ensure that signal is coupled to the IF in the 19 to 26 GHz band, a 'IC'
connector has been implemented which efficiently transforms the 50 �2 rnicrostrip filter
to a coaxial line with good return loss. Filtering between the LO and signal frequency
is achieved with a simple A14 high-low impedance transmission line filter, whilst the IF
filter is an empirical hammerhead design, scaled from lower frequencies. Non-
contacting, fixed position waveguide backshorts are used to optimise performance. The
mixer design has been verified by extensive modelling.

Multiplier

The tripler incorporates a crossed waveguide cavity and is based on a design reported
by Archer [3], in which the output waveguide supports both the second and third
harmonic of the pump at the diode, before transforming to single moded waveguide
supporting the third harmonic at the multiplier output. An optimum embedding circuit
for the dot-matrix Schottky varactor type (University of Virginia type 5M4) has been
calculated using a non-linear analysis programme [4] and realised through a simple
stripline filter in a rectangular enclosure designed to present a near short circuit to the
second and third harmonic frequencies at the wall of the output waveguide, and a novel
planar probe which straddles the waveguide and includes an integral whisker for
contacting the diode. This "planar whisker" technology [5] is simpler to analyse than a
wire whisker, and, by varying its width, can be used a as convenient circuit tuning
element. Minimal time has been spent characterising the multiplier on its own; rather,
performance of the receiver (including the multiplier) has been optimised.

Receiver

Mixer and multiplier have been designed mechanically to fit neatly together with
minimal lengths of waveguide, and a custom designed waveguide coupler allows the
Gunn source to be phase locked (results presented here, however have been made with
a free running Gunn). Waveguide blocks, with other receiver components (focusing
mirror, FSS filter and IF amplifiers) are mounted directly to a simple receiver plate.

Although the mixer and frequency multiplier have adjustable tuning shims for receiver
optimisation, their drive mechanisms are removable. Consequently, the receiver has
been mounted on a plate to which the backshort drive mechanisms are fixed; the
waveguide shims are glued to these. Once optimised, the tuning shims can be locked in
position, and the adjusters removed.
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Results

Receiver performance has been measured at a number of IF frequencies, including 1, 8
and 19 - 25.5 GHz. Allowing for the effect of IF amplifier chains with differing noise
characteristics, receiver performance is encouragingly uniform across the complete 1 to
26 GHz frequency band. Near optimum zero biased mixing performance is noted when
a Gunn power of -70 - 100 mW is applied to the multiplier through a variable
attenuator; the varactor diode is typically biased at 5.5 volts and draws a current of 3 to
7 milliamps at these drive levels. Mixer IF return loss is typically greater than -7 dB.

Noise performance has been characterised by measuring the receiver Y factor, using
simple CV3 thermal loads (assumed to be at hot and cold temperatures of 295 and 80'K
respectively) in the receiver field of view.

Figure 1 illustrates DSB receiver performance measured in a 1 GHz bandwidth at an IF
of 8 GHz. In this example, the receiver was optimised with the FSS optical filter
removed. A total receiver noise of -4,800 K is measured, in spite of an IT amplifier
chain of noise temperature -200 K. De-embedded mixer noise performance and
conversion loss (including an IF mismatch loss of -0.7 dB) are estimated to be -2,300
K and 9.6 dB respectively.

DSB Receiver Performance with an 8 Gliz

2 3 4 5 6 7 8 9
1.0 Power (arbitary units)

Figure 1: Plot of receiver noise and mixer loss as a function of LO power

Figure 2 illustrates the SSB receiver performance, including the FSS sideband
across an integrated IF band 19 to 25 5 GHz (that is, a signal band extending from
498.5 to 505 GHz). In this case the receiver has been tuned to minimise receiver noise
in the signal band; we have used an interferometer to investigate the mixer sideband
ratio in this configuration and at the optimum backshort tuning point a gain ratio of 2 to
3 was observed. The FSS has been separately characterised using a Fourier transform
spectrometer (FTS), which indicated a signal insertion loss of 0.8 dB and sideband
rejection of >20 dB. This is consistent with a radiometric measurement of its loss,
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though this measurement is potentially confused by uncertainties in the mixer sideband
ratio.

Equivalent SSB receiver performance, mixer performance and conversion loss in the 19
to 25.5 GHz band is calculated to be 10,800K, -3,700 K and 12.8 dB respectively. As
in the 8 GHz case, mixer conversion loss includes an IF mismatch loss of -0.7 dB.

As can be noted from the illustrations, the receiver behaves in a similar manner to sub-
harmonic receivers measured at lower frequencies. That is, as LO pump power
increases, noise and conversion loss drop rapidly. Further increasing LO power has
little effect on performance, until eventually diode noise be ns to slowly increase.

SSB Receiver Performance with a 19-253 GHz

4.5 5 5.5 6 6.5 7 7.5 8

LO Power (arbitary units)

Figure 2: Plot of receiver noise as a function of LO power

The complete front end receiver, including Gunn oscillator, mixer, frequency multiplier
and other waveguide and IF amplifier components is very compact, and can easily be
accommodated within a volume of approximately 20 x 12 x 10 cm3.

Conclusions

A very compact, 500 GHz sub-harmonic diode mixer receiver pumped by a Gunn diode
oscillator and varactor frequency tripler has been demonstrated to have good sensitivity,
and a well matched IF which spans -0.5 to 26 GHz. A DSB mixer noise temperature
and conversion loss of 2,300 K and 9.6 dB respectively has been measured at an IF of
8 GHz, and a SSB mixer noise temperature and conversion loss of 3,700 K and
12.8 dB respectively has been measured in an IF band from 19 - 25.5 GHz. An SSB
receiver system with greater than 20 dB sideband rejection and total system noise
-10,800 K has been demonstrated for an instantaneous signal band extending from
498.5 - 505'GHz.
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Since it is clearly possible to scale the waveguide and diode circuitry by a further factor
of at least 1.5, it is likely that this technology will be applicable to receivers operating at
frequencies up to one terahertz.
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Abstract- A digitally controlled phased-locked 126-147GHz Transferred Electron
Oscillator (TEO) system is described. This agile solid-state source is compact and
easily integrated into existing RF systems. The system can be used as a bench top
source for testing millimeter wave systems, or as a low noise broadband local
oscillator for heterodyne receivers. The general specifications include a continuously
tunable output frequency of 126-147 GHz, maximum output power of 30-50mW
over the band, frequency accuracy and resolution of at least ±10 Hz when phase-
locked, and a set and phase-lock time of about 60 seconds. The system can be
operated in sweep mode, a fixed frequency output mode, or a programmable
output-frequency mode.

I. INTRODUCTION

The millimeter and submillimeter wave range has long been of vital interest to
radio astronomers and atmospheric scientists, and is becoming increasingly important for
commercial receiver, transceiver, and radar applications. Progress in the development of
such systems will depend critically on the availability of reliable, low noise, and compact
solid state sources. Solid state oscillators such as Transferred Electron Oscillators (TEO)
have demonstrated excellent reliability, low noise, and medium power in 50-200GHz
regime [1-5]. In this paper we will discuss the design, construction, and testing of a
digitally controlled, phased-locked, 126-147 GHz TEO that can be used as a bench top
source to develop high frequency radar and receiver systems.

II. OVERVIEW OF THE SYSTEM DESIGN

The block diagram of the system is shown in Figure 1. The interchangeable heart
of this system is the Stable Depletion Layer (SDL) Transferred-Electron Device (TED)
[3,5] and resonant cavity [1]. The TEO is a mechanically tuned Carlstrom style cavity [1]
incorporating one mechanical back-short tuner for power and one back-short tuner for
frequency. The back-shorts are positioned throughout a 40-mil range using digitally
controlled micro-stepping motors. The performance of the oscillator has been manually
characterized in terms of backshort positions and DC bias to optimize output power over
the frequency range of 126-147GHz. This characterization provides the initial, crude
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source of reference for the digital controller to adjust the power and frequency back-short
positions appropriately.

The digitally controlled phase-lock loop operation is straightforward and functions
in two steps, coarse and fine frequency lock, respectively. During coarse tuning, the user
enters the operating frequency using a convenient Labview [6] PC interface. Then both the
frequency and power back-shorts are crudely set according to a look-up table. A fraction
of the oscillator output signal is sampled through a -10db coupler. The sampled signal is
sent to both the r.f input of the harmonic mixer, and a fast power-detection diode. The
detector diode and IF output from the mixer are used to feedback frequency and power
values to the digital controller. The harmonic mixer local oscillator (LO) (8-18GHz) is
provided by a phase-locked frequency-agile X-band YIG oscillator. The LO frequency is
set by the PC according to the RF output frequency set point. The power back short is
controlled and adjusted by the PC until peak power is measured by the fast power-
detection diode. At this point, the RF output frequency is only approximately set to
within about 70 MHz, and the peak power point has been achieved.

After this first frequency capture step, all back-short adjustments are set and the
XL phase-lock unit is activated. Within the XL phase-lock unit, the sweep bias circuit
injects a current into an integrator amplifier in a manner that sweeps the operating voltage
(0.4 volts above and below the nominal operating voltage set by the bias circuit (9 volts).
If the resultant IF frequency becomes equal to the 10 MHz reference frequency and the IF
level is large enough, locking will occur. After the phase-lock is on, the output frequency
of the TEO will be maintained at a value, which is given by the following equation (1):

FRF=9*FLO+FT (GHz) (1)

where FRF is the frequency of the TEO, FLO is the frequency of the YIG oscillator, and
FIF is the system 10 MHz reference frequency. This reference signal is provided by an
oven controlled crystal oscillator (OCX0) which is a built-in part of the XL source
locking counter. The temperature stability of the OCXO is lx104 for a temperature range
of 0°C to 50°C. An external reference source can be used if needed. A source locking
counter [7] is used to phase lock the YIG oscillator. The locking resolution is 1Hz and the
accuracy is ±1Hz. So the frequency accuracy of 126-147 GHz RF output is ±9 Hz after
phase-lock. After the frequency and power are set and locked, the system look-up table
containing the back-short position versus frequency and power is updated. Hence the
look-up table is dynamic and the system control of frequency and power is intelligent.

The Labview software of National Instruments, Inc., and the programming
language G are used as control, display, and interface software. The system front panel
and interface is shown in Figure 2. After the lock is on, an indicator on the front panel
will light. The output frequency and power, as well as the positions of the frequency and
the power backshorts are also displayed on the front to the user.

The system can also work in the sweep mode and program output mode. When
working in the sweep mode, the stepper motors move to their prescribed positions
according to the look up table at a given sweep speed. When working in program output
mode, the system can maintain a frequency output for a given period time on any day of
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the year. So after you set times and dates, the system will intelligently set and change the
RF output frequency over an extended period of time.

III. TESTING RESULTS

The RF output has been measured using a Tektronics 2784 spectrum analyzer with
an accompanying 90-140 GHz WM782F waveguide mixer. The Tektronics system is
capable of measuring signals in the 90-140 GHz band, but with limited resolution. The
minimum resolution bandwidth of the Tektronics system is 300 kHz and therefore this
instrument is not capable of resolving the phase-locked 'TEO output. None-the-less, direct
measurement of the TEO output signal is possible as the system is set to different
frequencies between 126-140 GHz. For this band, the TEO system was observed to set
the output frequency correctly and with a resolution finer than the resolution of the
Tektronics spectrum analyzer system.

In order to more carefully measure the resolution and accuracy of the TEO set
point, the Y1G LO input and 10 MHz IF output from the Pacific Millimeter Wave mixer
were measured using an HP 8562A (9 kHz —50GHz) higher resolution spectrum analyzer.
The resolution bandwidth of this spectrum analyzer is approximately 1 Hz. Figures 3a-c
show the measured 14.998888889 GHz YIG LO signal to the 9th harmonic mixer, the
10.0 MHz IF signal output by the 9th harmonic mixer, and 135.0 GHz RF output
spectrum after system phase lock. As shown, the resolution and accuracy of the LO and
the IF are 1Hz which indicate that the RF output resolution and accuracy are better than
10 Hz.

As indicated, the resolution and accuracy of the XL microwave source locking
counter is specified as 1Hz. When the RF frequency is set to 135 GHz the frequency
counter indicates the LO frequency is appropriately set to 14.998888889 GHz. However,
at this set point the HP8562A indicates the LO frequency is 14.998888724 GHz. We
believe the XL frequency counter has greater accuracy than the HP8562A and the
frequency is accurately set to within 1Hz (since the minimum resolution bandwidth of the
Tektronics spectrum analyzer is 300 kHz, the bandwidth of the RF output can not be
directly resolved and incorrectly appears to be about 300 kHz in Figure 3c).

IV. CONCLUSIONS AND ACKNOWLEDGMENTS

A digitally controlled, phase locked 126-147 GHz TEO source has been described.
Approximately 30-50 mW of output power is available across the band and the system
frequency resolution and accurately are better than 10 Hz. The system is relatively
compact and includes a Labview interface for easy use and integration with other RF
systems. This system can be used as bench top source for developing and testing
millimeter and sub-millimeter wavelength components and systems as well as a low noise
source for heterodyne receivers. The described system can be expanded to include
multiple TEO outputs for situations where broader bandwidth or arrays of sources are
required. For this case one controller unit is needed, but multiple TEO and phase locked
YIGs are required.

375



This research is funded by Nation Science Foundation grant ECS-9202037. The
authors thank Robert Ross and Chris Mann for many helpful discussions.

V REFERENCES

[1] J.E. Carlstrom, R.L. Plambeck, and D.D. Thornton, "A Continuously Tunable 65-
115GHz Gunn Oscillator", IEEE Trans. On Microwave Theory and Techniques, Vol. 33,
No. 7 (1985) pp.610-619. Also, these style cavities for the 60-147 GHz band are
manufactured by J.E. Carlstrom Company, Chicago, IL.

[2] A. Rydberg, IEEE Electron Device Letters, vol. 11, no. 10, (1990).

[3] J.D. Crowley, C. Hang, R.E. Dalrymple, D.R. Tringali, F.B. Frank, L.Wandinger, H.B.
Wallace, Electronic Letters, 30, 499 (1994).

[4] H. Eisele, G. Haddad, IEEE Trans. On Microwave Theory and Techniques, vol. 43,
210 (1995).

[5] M.F. Zybura, S.H. Jones, J.E. Carlstrom, J.D. Crowley, and B.Lim, "120-145GHz
Stable Depletion Layer Second-Harmonic Transferred Electron oscillators", Solid- State
Electronics, Vol. 39, No. 4(1996), pp. 547-553.

[6] National Instruments, Austin Texas, (512) 794-0100, offers both instrumentation
hardware and software. See http://www.natinst.com for more information. The system
described in this paper makes use of Labview software, data acquisition boards, GPM
boards, and Nulogic motion control boards that are all offered by National Instruments.

[7] XL Microwave, Oakland California, (510) 428-9488, offers phase lock units and
frequency counters for microwave systems. The system described here makes use of the
XL TEO phase lock unit and the YIG source locking counter. More information
regarding phase lock circuits for TEOs can be found in reference 3.

376



:Power
SultegY

XL Microwave 1300A/801
P e Lock Control Unit
Pilaw I et& enema Merin*

Reference Signal—)
10 MHz In

Baodpass
Filter

Lasaumenti
AT-GPM/TNT Board

Nieto Lambda
12- biz Digital

Contra/led Y10
Oscillanx (8-18aliz)

-,r
IDetector

FM port

Para& Millizeter DM
Ion Hasmosic Mixer

11-1-11Pacific Minima= 5-db
MD2 Dipketer Aturnuator 

41111M1111111•1011111111117 r111=1111111111■11i

Frequency Tune
Intelligent Moaon Sys.
IMS 483

NuLopc M2-=15-S
WR-6 Waveguide

RF Ouqput
126-147 GHzSteeping Mow

Bipolar Stepper Driver

730.

DC Bias Gum
Oscillator

I,

- 10db Croupier
Power Power backshort
Supply Paz& Mmeter

3db Coupler Broadband Detector DD
Intelligent Malan Sys.
1MS 483 NuLogic 342-=15-S 110-170GHz

Bipolar Stepper Driver Steeping Motor

Control Switch

Power
Supply 

IF Channel—P.

Signal Out

I2-bit
Power

11.111/11.11.11111111.
NuLogic PcStep-tA OL

tegerCon Bowd
National Instruments
Multiftmcnon 1/0 Board

AN.Pra.
1.111111.111111111.1.11111111

RF Chnnnel

ilF Signal Output for Monitor
Alternate External Reference Signal In
10MHz (0.2-5Vrnis) for XI3201
10-100MHz (0-10dBm) for ri_socvsooA

Figure 1 System schematic showing basic components used for the digitally controlled
126-147 Gliz 'TEO.

377



3112.IMPZFMS7

112.00 :dawn 01.0110011
4
1.000000000  CaMa Secidseort Pestakaa

60.0,
147.07

_ . . 142.5,

140.131
/37.3M

132.31

130.01

124.12-

Pace 1

System00,1
Last modified on 10/20/96 at 11:24 AM
Printed on 11114/97 at 2:31 PM

Operation Mode
Same* ..... Loci •

A Single Frequency
e00..11 11.10•0.0000. 0 -a - • ;

. .....• ..---* - ,,,,, -••-.- , •• • -•• .. . -.. -.: .......... Ingitt•Inatroalloor ,.: -..5.....,,,,, •• ...,....,...... ,,,,•,..,,,,...... .2-- -.::•_, .• :
: ••••••

26.000 7000 'ism.. ,.... *.:-...?,:. •-7: Med. ,,,. ...fili.S.4 -41 .

7. 
°°e*C"""  ....!!!;....! I

testi. • ;.. - . • -, - - _, 3:i • ;,,.. ... .....................,.......r.......r«.?...5.114e/trer. ,,........=1:1!""."*.1"7-"..!..141,3s.tv...:::.a i, rzi.... tastoo..• ..reo-oo--,taser!..- s. tr.....?"::se.'117.%•.:!.f.lc-,..:.. V.,. 51'‘.77, :,"......7:ft,:i !• .. .. - • •• • --,7., --,... '''' . ••• , • •' : . ..--.:1,1 -•,- -;:.".!',.;•-.1::. s- ,-,-,..t...."4•31., ,,,,,, J. : . -.... ... . ■
■ • ...,:: - • --f- ,..- •.---.•:-.. -•:!•-:.. ." .•■••-• ::.- • :.'- ;.1,-; ,- :.--", - . :-•;•'%•S.le' f,::.. ,,,,,--••••,i,-...--7...:'•"4,i---' -' • - ---..3-4 1-.■-•4■:".■-.6...-4",...-,:.- ' 1
. 'A 4-• 010 . 00 !CS 

.0 
0 S„.: ; :, , . (31.2.L...11 ,12.p. 0004. Oosa .;,,r,:-. a C.7.........., .

31(:,
•
■ !

Figure 2 Diagram of the Lab View front panel used by the user.
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Figure 3a Output spectrum for the YIG LO that is driving the harmonic mixer used to
down convert the 135 GHz RF output.

Figure 3b Output spectrum for the harmonic mixer IF down converted from the 135 Gth
RF output.
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Figure 3c The output spectrum at 135 GHz is shown. The minimum resolution bandwidth
of the spectrum analyzer is only 300 KHz and unable to accurately display the narrow
band phase-locked TEO.
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Abstract

Removal of spurious oscillations produced by RTD oscillators, using series
connection, has been investigated. It has been shown experimentally that tunnel diode
oscillators with two or more diodes do not produce the unwanted low frequency
oscillations, which occur in a corresponding single-diode circuit. Preliminary experiments
with the series connection of two RTD's have also been carried out, demonstrating
possibility to construct such oscillators.

Introduction

Resonant tunneling diode (RTD) oscillators offer significant potential for
submillimeter wave generation. However, the RTD's inherently broad-band negative
differential resistance usually leads to undesirable low frequency spurious oscillations
which are related to bias circuitry. Several methods for suppressing spurious oscillations
have been proposed so far, including lossy line stabi1i7ntion [1], and on wafer
stabilization with an integrated Schottky diode [2]. Unfortunately, these methods
introduce additional losses, and thus decrease oscillator efficiency. Here we propose
using a series combination of two RTD's to eliminate unwanted low frequency
oscillations, without affecting the efficiency of the oscillator.

It has been shown experimentally that the output power of tunnel diode oscillators
can be increased by connecting multiple devices in series [3]. Additionally, this series-
connection exhibits low frequency cutoff, and a minimum oscillation amplitude, which
make oscillator circuits less prone to spurious oscillations. The increased stability of such
oscillators has previously been investigated theoretically [4]. Here, we will present
experimental results that show the elimination of spurious oscillations through the series-
connection of tunnel diodes, and also some preliminary results with RTD's. The effect of
differing I-V characteristics between two series connected diodes will be discussed as
well.

Series Connection

When two identical diodes, which exhibit a negative differential resistance (NDR)
region in their DC I-V curves, are connected in series and biased with a single battery
with sufficient voltage to have bias both in the NDR region, there are three possibilities
for the bias voltage distribution (Fig. 1): both diodes can be biased in the NDR region and
have the same DC voltage (solution I), or both diodes can be biased in the positive
differential resistance (PDR) region, one at a voltage lower than the peak voltage Vp, and
the other at a voltage higher than the valley voltage V, (solutions II and HI). If there is no
RF signal present in the circuit, solution I is unstable, and will move towards solutions II
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or DI in a very short time. This phenomenon is due to the nature of the NDR, and has
been previously described as the DC instability [4]. It is analogous to the case of a single
tunneling diode biased with the constant current source: the device always seeks the stable
alternative, which is a bias outside of the NDR region. When an RF signal is present
across the series connection, solution I might be stable if oscillation amplitude (V a) and
frequency are above the minimum values (Vrfmin , fmin), which can be calculated from the
device parameters [4].

If the diode I-V curves are not identical (Fig. 2), the lower current diode (diode 1)
cannot achieve the peak current Ip of the higher current diode (diode 2) at the voltage Vp
(Fig.). Initially, diode 1 will cross the peak current To and enter the NDR region. Only
when Vrn exceeds the valley voltage V„ can diode 2 cross the peak current Ip2 and
become biased in the NDR region. As a result of either DC instability or difference in DC
I-V curves, the series connection DC I-V curve will exhibit multiple peaks (Fig 5a, 6a) if
there is no oscillation. When an RF signal is present, it is possible to bring both bias
points in the NDR region, and achieve stable oscillation. However, similar to the case of
identical diodes, certain oscillation amplitude and frequency constraints must be satisfied.
Displacement currents through the parasitic capacitance of the device must "compensate"
for the difference between the conductive current at the current peak 

Ipea/ 
and from this

requirement a simple way to estimate minimum oscillation frequency frmn can be deduced:

f
min= AIpeak/27c AVa C, (1)

where C is the capacitance of a single diode, and Vr f the difference between diode
oscillation amplitudes. Since Va must be above the minimum value Vamin , determined by
the DC instability, we must assure Vr f is sufficiently small to keep this condition
satisfied. A reasonable estimate is that Vr f should be less than 10% of the voltage
amplitude of one diode. If the following condition is satisfied at the oscillation frequency
f,

Alpeak 27rf Va. C, (2)

the previously described DC instability will be the prevailing phenomena for determining
Cie°

Single RTD low frequency spurious oscillations, usually associated with a
resonance in bias circuitry, occur due to the absence of a low frequency cutoff frain , and a
broad range of device impedances for which oscillation condition can be satisfied. In the
case of the series connection, minimum oscillation frequency and amplitude impose
further constraints on the oscillation condition, and therefore unwanted oscillations, even
though theoretically possible, are not very likely to occur.

Tunnel Diode Experimental Results

Oscillators with series connected tunnel diodes have been successfully
demonstrated in the past [3,4]. Recently, such circuits have been revisited to examine
oscillator stability in more detail. The tunnel diodes and circuit topology were the same as
described in [3,4]. These are very low current diodes, with a peak current of about 0.5
InA, and the I-V curves for different diodes vary by less than 10%. At the 2 GHz design
frequency, equation (2) is satisfied, which means that the DC instability is the prevailing
reason for the existence of fmin and Vr fm in which were estimated to be 20 MHz and 0.125
V respectively [4].

Low NDR current results in a small negative differential conductance, and
therefore a somewhat limited impedance range for which oscillation condition can be
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satisfied, even in the case of a single diode oscillator. Still, most one diode circuits
exhibited spurious oscillations to some degree. Typically, such oscillations occurred for
the bias voltage near Vp , and gradually disappeared as bias voltage was increased closer to
the V,. On the other hand, while one diode spurious oscillations were also observed in
multiple diode circuits for similar bias conditions, such oscillations ceased once all diodes
were biased in the NDR region, and a clean signal appeared at the design frequency of 2
GHz. Fig. 3a shows the spectrum of a single diode oscillator, for a bias voltage range of
0.07-0.09 V. Even though there is a signal at 2 GHz, a low frequency oscillation occurs
as well, and produces higher harmonics and mixing components close to the design
frequency. Two (and more) diode oscillators always produced only a single line (Fig.
3b), which clearly indicated that series connection can effectively suppress the unwanted
oscillations.

Series Connection of RTD's

Mesa type GaAs/AlAs RTD's, with the doping profile described in [5], were also
used for the experiments. Mesas were formed using two types of dry etching: reactive ion
etching (RIE) in a PC13 environment, and electron cyclotron resonance reactive beam ion
etching (ECR-R1BE) in a Cl2 environment It was found that ECR etching produced better
quality diodes, with straight mesa side walls, and twice as high peak-to-valley current
ratio (about 4).

Previously, millimeter wave oscillations were achieved with these RTD's [5] in a
quasi-optical resonator, using 9 gm diameter mesas, and very short whisker wires.
However, it would be very difficult to create a series connection for two diodes in this
configuration, without integrating them monolithically. Therefore, microstrip oscillator
circuits were designed using the procedure described in [3]. Diodes were contacted with
whisker wires attached to the microstrip. This resulted in fairly long whiskers, about 1-
1.5 min long, and due to the corresponding inductance, the oscillation frequency range
was limited to under 20 GHz. Since it was anticipated that an external RE source would
be necessary for triggering oscillation [3], an oscillation frequency was chosen in the
range of 2-5 GHz, to be compatible with the available circulators and signal sources.

Initially, a "back-to-back" connection of two RTD's was attempted (Fig. 4a). An
RTD chip was mounted on a simple microstrip circuit, and diode contacts were made with
two whisker wires attached to the microstrip. While such a configuration offered easy
assembly and small distance between the diodes, individual diode I-V curves were quite
different (Fig. 4b), and it was not possible to achieve simultaneous oscillation. A small
difference in the width of the spacer layer on the mesa and substrate sides of the double
barriers may partially account for this variation in I-V curves. Symmetric doping profile
wafers are being processed to check the influence of this asymmetry. However, physical
asymmetry of the diode orientation could also contribute to the difference in I-V curves. It
might be possible to overcome this problem by etching most of the highly doped GaAs
substrate in between the mesas.

Next, two chips were connected in cascade (Fig. 5a), and diode contacts were
repeated until it was assured that the best uniformity in the I-V curves was achieved. The
DC I-V curve for the series connection was measured while individual diode voltages
were monitored using a small whisker probe in between the chips (Fig. 5b). The diodes
were then biased with sufficient voltage to bring them both to the middle of the NDR
region, and an external RF signal was applied through the circulator to switch the bias
points from the PDR regions to the NDR region. It was possible to have both diodes
biased in the NDR region while the external signal was present (Fig. 6), and diodes were
clearly oscillating. These results indicate that RTD DC instability may be removed using
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an external source for a short amount of time, similarly to the case of tunnel diodes [3].
However, after the external RF signal was turned off, the bias points switched back to the
PDR region and there was no oscillation. Careful examination of the I-V curves showed
that even though the diode difference appeared very small (less than 5%), it was still
significant according to equations 1 and 2, due to the very small device capacitance (about
80 fF), and thus possibly responsible for the absence of oscillations. Shunting the diodes
with capacitors of about 1 pF might help to solve this problem, and we are currently
investigating oscillators with shunt capacitors.

Conclusions

Benefits of the series connection of tunneling diodes for the removal of spurious
oscillations have been discussed. It was demonstrated experimentally that the series
connection of tunnel diodes has improved performance over a single diode oscillator.
Series connection of RTD's has also been investigated. So far, we have experimentally
demonstrated RF switching of the bias points to the NDR region in the case of two series
connected RTD's, and are presently working on the further oscillator development.
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Fig. 1 Three solutions for the bias voltage distribution of tunneling diodes: both diodes
can be biased in the NDR region (I), or in the PDR region, one at the voltage lower than
the peak voltage Vp , and the other at the voltage higher than the valley voltage Vv (II and
III).

0.7

+4 0.35

PDR I ND. R Pte

0.2 V v

Voltage M

V 0.2 0.4
P 

Voltage [V]

Fig. 2 If the diode I-V curves are not identical, a lower current diode (diode 1) cannot
achieve the peak current Ip of the higher current diode (diode 2) at the voltage V.
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1:3

ATTEN 10dB MKR -36.67dBm
RL -10.0 dBm 10dB/div. 2.020GHz

START 0Hz STOP 2.90GHz
(a)

ATTEN 10dB MKR -32.67dBm
RL -10.0 dBm 10dB/div. 2.011GHz

START 0Hz STOP 2.90GHz

(b)

Fig. 3 Output spectrum of one diode oscillator (a), and a two diode oscillator (b). One
diode oscillator produces spurious components, whereas two diode circuit oscillates only
at the design frequency of 2 GHz.
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Current A
20 mAidiv.

Voltage
1 V idiv.

(a) (b)

Fig. 4 Schematic of a -back-to-back" confi guration (a), and measured DC 1-V curve (b).
Due to the large difference in peak current it was not possible to construct an oscillxor
with this configuration.

(a) (b)

Fig. 5 Photograph of the inicrostrip cascade connection (a), and measured DC 1-V curve
(b). Very good uniformity of individual diodes I-V' s can be achieved in this case.
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(b)
Fig. 6 DC 1-V curve of a series connection during RF triggering (a). and the individual
between diode voltages (b). Both RTD's can be biased simultaneously in the NDR
region.
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Abstract—In this paper the electromagnetic mod-
eling of an integrated (eye) lens antenna with an ad-
ditional objective lens is decribed. Two different
field calculation methods, Geometrical/Physical Op-
tics (GO-PO) and Physical/Physical Optics (PO-P0),
are compared for various diameter over wavelength
ratios of the integrated lens antenna. The main dif-
ference between both methods is that in case of PO-
PO, the entire eye-lens contributes to the PO cur-
rents at a point on the outer objective lens surface,
while only one GO ray contributes in case of the GO-
PO method. The comparisons show that the GO-P0
method can be used as a good first-order approxima-
tion. However, if a more accurate prediction of the
beam pattern is required, then the PO-P0 method
should be applied.

I. INTRODUCTION

TT IS OBVIOUS that with the availability of in-
tegrated planar antenna technology extremely

compact receivers can be made. This technology is
quite suitable for imaging arrays which are of great
interest for both space astronomy and atmospheric
research. Particularly in astronomy most of the
spectral line emitting regions are usually spatially
extended over many observing beams in the sky
and therefore mapping is required to understand
the astrophysics of these regions. In atmospheric
research, imaging is used for profiling, rain sound-
ing, etc.

For imaging purposes the hyperhemispherical
integrated lens antenna (HILA) is often applied in
combination with an objective lens, because of the
nearly aberration free performance. Another rea-
son for using an objective/integrated lens antenna
combination is the matching of the beam of the
HILA to the beam required to properly feed a typ-
ical Cassegrain or Gregorian telescope.

Usually, the objective lens is placed in the Fres-
nel zone of the integrated lens antenna and this
does not validate the use of the far-field radiation
pattern of the HILA in the analysis of the combined
quasi-optical system. Then, the most straightfor-

ward way of modeling the objective/integrated lens
antenna combination is by means of Geometrical
Optics (GO) from the planar feed of the HILA to
the outer objective lens surface and subsequently
Physical Optics (PO) to obtain the far-field pattern.
However, the GO analysis does not include the
wave diffraction due to the limited lens size of the
HILA. To improve the accuracy of the modeling, a
PO method will be described which takes the radi-
ation from the entire eye-lens surface into account
to calculate the PO currents on the outer surface
of the objective lens. A Fourier decomposition is
applied to the second PO integral to speed up the
calculations.

II. DESIGN

A. General Aspects

For certain applications, like imaging and quasi-
optical beam transformers, it is needed to include
an objective lens in front of the integrated lens
antenna, and the resulting configuration is shown
in Fig. 1. Here the objective lens is placed in the
Fresnel zone of the lens antenna which is generally
the case.

When the objective lens is used as a beam trans-
former, the incoming Gaussian beam (first order)
is changed into another Gaussian beam with a dif-
ferent beam waist or phase center. For imaging it
is important that a sharp image of a certain object
is obtained and this means that an incoming plane
wave has to be focused to the planar feed of the
lens antenna. In the next section it will be shown
that a number of different objective lenses can be
applied for this purpose.

B. Lens Types

For imaging applications the shape of the objective
lens is designed as to produce a spherical or nearly
spherical phase front at the eye-lens aperture. To
achieve this two different surface-lens types can be
used El]:

389



integrated lens antenna
(eye lens)

objective lens

Fig. 1. Geometry of integrated lens antenna (with matching layer) in combination with an objective lens.

• single-surface lenses
—hyperbolic inner and flat outer surface
—spherical inner and flat outer surface
—meniscus lens

• dual-surface lenses
—flat inner and curved outer surface
—curved inner and outer surface

For the single-surface lenses refraction of the in-
cident wave only takes place at one surface of the
objective lens, while for the dual-surface lenses
both surfaces change the direction of propagation.

For imaging applications it is required that the
side lobes of the quasi-optical system are low and
this cannot be achieved by means of a fiat field dis-
tribution in the aperture. The meniscus lens will
give a nearly uniform field distribution and there-
fore this lens type is not preferred. A disadvantage
of the dual-surface lenses is that their fabrication is
somewhat more elaborate than that of the single-
surface ones. In practice the spherical lens is more
often used than the hyperbolic one, and therefore
in this paper emphasis will be put on the spheri-
cal single-surface lens. This means that in, Fig. 1,
surface Si. is part of a sphere and S2 is flat. It is
noted that the spherical single-surface lens does not
transform an incoming plane wave into a spherical
one, but in the thin lens approximation (thickness
of lens negligible to focal distance) it does.

Ill. ELECTROMAGNETIC MODELING

A. PO-PO

When the objective lens is placed in the Fresnel
region of the integrated lens antenna, the far-field

approximations can not be used and it becomes
necessary to start with the original Physical Optics
integrals. Silver [2] showed that for the electric
and magnetic fields in any observation point P the
following equations hold:

5-(P) = 47r72;j60 fis [ V)V k2`13

it,VE0(AL XV)] dS (1)

11-(P) = 472/10 f f, [04: - v )v k2M
e—ikr

jcv/i0 (L x v)] r dS (2)

In the integrands of these equations, the operator V
acts on the source element coordinates and there-
fore the following results are valid [2]:

e—jkr , 1 \ e—ikr

= —err

and

e—jkr r 

(1s.V)V(7-- ) —

—
3 

(jk + —

1

) er(is er) — —
J

+1 
e—ikr

r)]
(4)

If the fields are evaluated in the Fresnel and Fraun-
hofer region of the integrated lens antenna (r >
0.62 /D3 /A), the terms with 1/r and 1/r2 can be

(3)
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= xH(Q)
(7)Ms = x .E_(Q)

neglected and the fields of (1) and (2) become: To obtain the far-field radiation pattern of the
objectivefmtegated lens antenna combination, the
Physical Optics equivalent current densities have to
be computed at the outer objective lens surface and
then the standard PO integrals can be determined.

E(P) =
-1c2 

ff — - er)&,-47rweo s
1 e—jkr

—

ZO

(

K. 

x 6,)] dS (5)

7'
B. GO-P0

—i1C2 ff {AA.5 — (m. • er)e,- —47rwpo s

e—jkr
Zo(cl, x 'dr)] —r. dS (6)

These equations show that the fields in point P
can be treated as an infinite summation of spherical
waves (spherical wave expansion) originating from
the lens antenna surface. The complex excitation
of these waves is given by the equivalent electric
GTO and magnetic ()j) current densities, which
can be calculated from the pattern of the planar
feed in the dielectric lens by using:

Because the H-field of each individual spherical
wave is related to the E-field according to:

x E
H = (8)

ZO

only the E-field will be considered in the remain-
der of this analysis. If the objective lens is included
in the design, the refracted wave in point P on the
inner surface propagates to point P' on the outer
surface. To describe the fields and currents at the
outer side of the lens, the influence of the lens has
to be modeled. By means of Geometrical Optics
each spherical wave can be traced through the lens,
which means inclusion of the transmission coeffi-
cients, the spreading factor from the inner to the
outer surface and an additional phase change. Fi-
nally, if all effects are accounted for, the following
integral is obtained:

E ( p' ) 	 f f [is —( . er)e,
4744)4 S

= = e—jkr—jkddi1—Of X er)1T1T2D
F dS (9)

ZO 7'

with DF the divergence factor, T i and the
dyadic Fresnel transmission coefficients at S1 and
S2 respectively, and d1 the length of a ray inside
the objective lens.

In the previous section the PO-PO method was de-
scribed, where the entire eye-lens surface is taken
into account in the calculation of the fields in P'.
Another method, which is extensively used in op-
tics, is GO-PO and here only one ray from the
planar feed to P' is used. This means that GO is
applied from the feed to the outer surface of the ob-
jective lens. The validity of this method depends on
the size of the eye lens, the distance between eye
and objective lens and the frequency. The larger
the eye lens is in terms of a wavelength, the more
accurate the method will be.

Because the transmitted ray passes through two
refraction points from feed to objective lens, the
ray-tracing is more complex for this method than
for the PO-PO method. In this paper hyperhemi-
spherical eye lenses will be used, which offer the
possibility of tracing the rays from the virtual focus
to the objective lens (see Fig. 1). It should be noted
that when this method is applied, the small lateral
shift of the ray due to the matching layer will be
neglected in the ray-tracing procedure [3].

C. Ray-tracing Procedure

In Sections fli.A and ffl.B the electromagnetic
fields were described on the outer objective lens
surface (52). For an efficient PO integration
scheme the equivalent currents, corresponding to
these fields, must be defined in a regular grid. Of
course this requires a ray-tracing procedure to find,
for each grid point on S2, the refraction points on
the first lens surface (Si ) that correspond to the
source points on the integrated lens antenna (see
Fig. 1). In Fig. 2 the configuration for the ray-
tracing and the symbols used are depicted.
First a center of the curved inner surface of the
objective lens is defined (point C). For the spher-
ical lens this corresponds to the real center of sur-
face S1 . The cross-section plane that is shown in
Fig. 2 contains the incident ray, the refracted ray
and the normal vector in B, because the normal
vector equals the unity vector from C to B. It con-
tains also the vectors from C to P' and from C
to Q. It should be clear that the wanted refraction
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E(P") = Cl ff
S2

N(x', z i)e3k7.1 cc'sv dS2 (13)

Fig. 2. Ray-tracing from source point Q to grid point
P' on second objective lens surface.

point is to be found in this plane. The phase from
source point to observation point is determined by
the distances d1 and d2 which are given by:

d1 = V(CP9 2 + R12 — 2(CP9R1 cos(ao — a)

(10)

d2 = V(CQ)2 + R1
2 — 2(CQ)111 cos a (11)

with (CQ) and (CP') the distances from C to Q
and from C to F', respectively. Refraction point
B is found for an angle a, that corresponds to
a minimum of the function nddi + d2 (shortest
electrical path length).

D. Far-field and Fourier Decomposition

Now that the fields at the second objective lens
surface (S2) are known, it is possible to compute
the far-field of the total system (eye plus objective
lens). For this PO is used and Eqs. (5) and (6) de-
scribe the fields in any observation point. However,
because in this paper we are only interested in the
far-field of the antenna system, a few approxima-
tions can be made [2] and these result in:

5...(pn) = _ic.0110e—jkR

4irR 1152 - .)R
Zo

x eR
, ] 4kr' dS2 (12)

with J' and M' the equivalent current densities
on the second objective lens surface (S2). Every
far-field pattern, beam and Gaussian beam effi-
ciency calculation requires many of these double-
integral computations to be performed, which are
very time-consuming. Therefore, it would be el-
egant to rewrite (simplify) Eq. (12) and speed up
the calculations. By using a similar expansion as

CO

= E km(pi)ei"'
771=-00

(19)

mentioned in Ref. [4], Eq. (12) is rewritten as:

with c1 and ..A7(x r , 2i ) defined as:

_ jujmo e— jkR

M x 6R
N(x i , 2") = — - eiz)eR

zo

Cl =
4-irR

(14)

(15)

The next step is to transform the integration over
the, generally curved, surface S2 to an integration
over a plane aperture with diameter D. To do so,
the normal vector of S2 is needed and the Cartesian
coordinates (x 1 ,4 of point P ` are transformed to
polar coordinates (p' ,(p'). Then Eq. (13) changes
to:

27 DI2

E(P") = f , cd)eikri 4' (16)

o o

with

2(d, = l_v_(x`, z')cid

,\/
852)2 ( )8,52

1+ (-6-7 +

To calculate G. in (17), x' and z' have to be substi-
tuted by p' sin yo' and p' cos go', respectively.

By describing P' and P" with their spherical
coordinates, (r' , (p') and (R,1 9,  and inserting
these into (16), the next equation is found:

27 D/2

=1 1 
ekri cos e cos 19' G ( 0/ , cot)

0 0

ejkp' sine cos(v—
V)dpi dcp/ (18)

In the following only one component (x) of the
electric field will be considered, because the others
can be treated similarly. A new variable is defined
and directly decomposed into its Fourier series:

K (pi cot) elm' cos o cos e G. (pi , (d)

Hun

The coefficients km, can be found simply by taken
a Fast Fourier Transform (FYI) of the function K.
By substituting the Fourier series of K into (18)

(17)
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the following expression for the s-component of
the electric field is obtained:

27r D/2 00

Ex(P") f E km(P')e3ni2"

ejkp' sin 29 cos (cp—so' ) dp, thpf (20)

Interchanging the integration variables and using
the known relation for the rn th-order Bessel func-
tion J7, [5]:

27r
jrn (u) = f ej(usincp' —mcp') thpi

27r
0

gives:

D/2 co

Ex(P") = 27r f E km(d)
0 rn=—co

J_m(kri sint9)dp` (22)

if the observation point P" is located in the plane
= 7r/2. It should be mentioned that in the in-

tegral of Eq. (22) the original integration interval
[—r, 7r] is changed to [0, 27r]. Of course also other
observation planes can be chosen, but then an extra
phase term should be added:

D/2 co

Ex (P") = 27r f E Ic.,„(d)
o m=—c°

J_,„(kp' sin 29)en(7112— (P) cld (23)

In principal an infinite number of terms need to
be included in the Fourier series decomposition.
However, computer simulations showed that, de-
pendending on the value of p', 11-15 Fourier terms
are sufficient to describe the function K. However,
to numerically evaluate Eq. (23) the integral from 0
to D/2 has to be written as a finite summation. In
the software that is used to generate the results for
this paper, the integral is carried out by applying
Gaussian quadratures. Then only a small number,
compared to conventional integration procedures,
of fixed p' are needed.

The CPU-time saving by using this decomposi-
tion was tested for an integrated lens antenna with-
out objective lens. It was found that the compu-
tation time can be decreased by more than 50% if
the number of observation points is larger than 80.

Of course the time saving will be less for the com-
plete quasi-optical system, because the calculation
of the PO-currents on the outer objective lens sur-
face is more elaborate than the calculation of the
PO currents on the eye lens. Nevertheless, usually
not only the far-field patterns are computed but also
the efficiencies and then the Fourier decomposition
will result in a more efficient use of the CPU time.

IV. SIMULATION RESULTS

In the examples in this section the two different
methods will be compared for various operating
frequencies. To test the accuracy of the GO-PO
method, the co- and cross-polar radiation patterns
are computed and compared with the results from
the more accurate PO-PO method. In Fig. 3 the
patterns are depicted for an antenna system op-
erating at 500, 1000 and 2000 GHz, where the
diameter of the eye and objective lens are 6 and
30 mm, respectively. The hemispherical eye lens
is made of silicon (c, = 11.7) and has an ex-
tension length of 0.877 mm (hyperhemispherical
condition). To minimize the reflection losses, a
quarter-wavelength matching layer is put on top of
the silicon lens. For the 4.35 mm thick objective
lens, with a spherical inner and flat outer surface,
high densitiy polyethylene (cr. = 2.3) is used and
this lens is placed at a distance of 36.7 mm from
the center of the eye lens. The radius of curvature
of the inner surface of the objective lens is taken
28 mm, which results in an optimized directivity of
more than 41 dBi at 500 GHz. As planar radiator a
double slot is chosen with a length of 0.284 and a
separation between the slots equal to 0.164. This
feed design results in a good rotationally symmetric
pattern within the eye lens.

It can be seen from Fig. 3 that the results ob-
tained by the GO-PO and the PO-PO methods be-
come more alike, observing the main lobe and the
first side lobes, for increasing frequencies. This
is expected as GO is a high-frequency technique.
For the lower frequencies however the discrepan-
cies are significant and therefore it can be said that
the use of the more elaborate PO-PO method is
necessary if an accurate prediction of the far-field
patterns is needed. Furthermore, it should be noted
that GO-PO method can be very useful to get a
first-order approximation of the beam pattern, be-
cause the computation time is negligible compared
to the PO-PO method.

(21)

393



V. CONCLUSIONS

Quasi-optical systems, consisting of a feed with
an additional objective lens, can play an important
role in applications like imaging. The modeling of
these systems becomes more complex due to this
extra lens. In this paper two calculation methods
are compared with each other, GO-PO and PO-PO,
of which GO-PO is the more traditional and PO-PO
the more accurate. The analysis showed that GO-
PO can be used as a good first-order approximation
of the main lobe and the first sidelobe. However, if a
better prediction of the far-field pattern is required,
then the field contribution of the entire eye-lens
surface has to be included into the modeling and
this is done by means of the PO-PO method.

Also in this paper, a time-efficient procedure is
described for computing the far field of the entire
quasi-optical system. The PO integrals are rewrit-
ten in such a way that a Fourier decomposition of
the integrands can be made and this can decrease
the computational effort by more than 50% if the
far fields in many observation points are needed.
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ABSTRACT
We report on a novel radio-wave alignment technique for millimeter and

sub-millimeter wavelength receiving systems of radio astronomy. The technique
employs a near-field scanning system to map out the 2-D amplitude and phase
beam profile of a receiving system under test. Next, small scatterers, such as a
pair of cross-wires or small absorbers, are introduced at known locations
between the transmitting scanner and the receiver. The resultant beam pattern is
measured again. These small scatterers ideally do not introduce substantial
perturbation in the measured amplitude pattern. A full-wave, numerical method
is then applied to transform the measured field onto the plane of the scatterers.
By comparing the transformed field distributions with and without the scatterers,
we can determine whether the beam is physically displaced or tilted in some ways,
thereby, providing diagnosis to the alignment of different optical components in
a receiving system. We will describe the application of this technique to verify
the alignment of the receiver optics of the 200 GlIz receivers of the Sub-
Millimeter Array. The limitations of the method will also be discussed.

Keywords: Radio-wave alignment, near-field measurement, near-field numerical
simulation, the Sub-millimeter Array.

L INTRODUCTION

Aligning receiver and optical components is one of the most basic tasks in telescope
operation. A well-aligned receiving system will yield optimal coupling to the
incoming signal beam while a poorly aligned system will cause degrade overall
system efficiency and performance. Compared to optical telescopes, aligning
components of a radio telescope is more difficult because non-optical devices are
commonly used in radio systems. For example, wire grids can be used as polarizer or
diplexer and they are not good reflectors for visible light. Teflon is used in vacuum
windows or lenses for its transparency to mm and sub-mm wavelength signal, but it is
opaque to visible light. The presence of such components in a-receiving system makes
it rather difficult to carry out a complete system alignment using standard optical
alignment techniques with laser beams.
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In this report, we demonstrate a radio-alignment technique useful for millimeter
and sub-millimeter receiving system. This technique employs a near-field scanning
system to map out the 2-D power and phase beam profiles. Unlike optical alignment
with laser system, near-field scanning is slow. It is therefore not possible to perform
real-time alignment using near-field scanning data. In order to make maximum use of
the measured data, we have developed a novel diagnostic procedure. Scatterers, such
as a pair of cross-wires or small absorbers, are introduced at known locations between
the receiver and the near-field scanner. The measured vector field at the scanning
plane is transformed onto the plane of scatterers using a full-wave, numerical
Kirchhoff integral. By comparing the transformed field with and without the scatterers
we can determine the degree of alignment of the receiving system— beam tilt, lateral
displacement of the beam from the optical axis, and longitudinal displacement due to
change in focal length. Using different scatterers placed at different locations, it is
possible to infer the source of misalignment and devise ways to correct it.

This paper reports on the application of such technique to verify the alignment of
the receiver optics of the 200 GHz receivers of the Sub-Millimeter Array (SMA). It
firstly describes the SMA receiver optics, along with the near-field measurement
setup. The Kirchhoff integral is introduced next. Then the measured beam pattern and
subsequent data analysis are presented. Finally, the accuracy and limitation of this
method is discussed.

H. RECEIVER OPTICS & SCANNING SETUP

The Submillimeter Array (SMA), currently under construction by the Smithsonian
Astrophysical Observatory (SAO) and the Institute of Astronomy and Astrophysics of
Academia Sinica in Taiwan, will function as a fully automated radio interferometer of
eight 6-m antennas. Fixed-tuned receivers incorporating superconductor-insulator-
superconductor (SIS) mixers are being developed to cover the major submillimeter
atmospheric windows from 176 GHz to 900 GHz. 11-63 Figure 1 shows the optics layout
for the receiver system in lower frequency bands. The design of the lens and feed
combination in different frequency bands creates an identical virtual feed at a distance
780mm behind the lens. I63 The lens is located at the 80K shield, and the mixer is at the
4K stage of the cryostat.
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Figure 1: Schematic diagram of the SMA receiver optics.

Initial system alignment is performed optically with lasers by replacing the grid
and the mesh with optical beam splitters. Once the optical alignment is done, we set
up a near-field measurement system to map out the beam patterns of each receiver
insert under test. The scanner consists of an XY translation stage mounted on top of
the receiver system perpendicular to the signal path. A high-frequency transmitter set
up on the translation stage is used as a signal source. Total radiated power coupled to
the SIS junction is well below the saturation level of the mixer. The master reference
signal for the entire system is the 10 MHz internal reference of a signal synthesizer.

The transmitter is tuned to operate at 242 GHz for the 200 GHz band receiver. A
dynamic range of more than 50 dB, and short-term phase fluctuation of less than 5
degrees are achieved with the current setup. The scan area is typically 120 mm X 120
mm. The scanning time is mainly limited by the speed of the stepper motor. In a
typical scan with sampling points 1.5 mm apart on an 81 X 81 mesh, total scan time is
around 100 minutes. No probe correction has been applied to the measured data
because the beams are essentially paraxial.

LO Path

Special precautions have been taken to ensure that the scan plane is normal to the
optical axis of the receiver assembly. We have measured that the scan plane is parallel
to the top plate of the receiver assembly to within 50 pm over a distance of 150 mm.
Long-term phase fluctuation has also been measured and it is typically less than 3
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degrees RMS at 240 GHz over a measurement period. This is equivalent to about 10
gm, over a distance of 150 mm. This error is considered as an additional alignment
error. Combined with the positioning error of the probe, we have a total misalignment
budget of 60gm over the 150 mm scan plane, equivalent to a maximum pointing error
of 1.4 arc minutes.

M. NUMERICAL METHOD

The numerical calculation is based on a Kirchhoff integral in the following
form:rn

( ) 1 r eaR Lik — I? x[1 x (7- )1-c1S
E = 271- R 2 R °

where k is the propagation constant, i the unit normal vector of the plane defined
by Fo , and R=1. —1.0 . Using the above formalism, we have developed a computer

code to calculate the electric field, E(F), on a target plane of interest (scatter plane)

from an initial plane with known field distribution, t(i 7
0 ) .

Power Phase

( 1)

-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60

Figure 2: Beam pattern of the 200 GHz receiver measured at 242 GHz. The power
contours are every 5 dB descending from the origin, while the phases are every 50
degrees. The dimensions are in millimeters.

IV. BEAM PATTERNS AND ALIGNMENT

In Fig. 2 we show the beam patterns of the 200 GHz receiver measured at 242
GHz. Obviously, the beam is misaligned with the beam center being displaced by
about lOmm from the optical axis. The fact that the power and the phase maxima
locate at different positions implies that the beam is actually tilted. It is not clear from
this data set where the misalignment is introduced. To solve this problem, we have
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performed a second scan with a cross-wire introduced at a location between the
turning grid and the turning mirror #1, at a distance of 370mm from the scan plane.
The diameter of the wire is 1.2 mm The measured fields, with and without the cross-
wire, are then transformed back to the scatterer plane. The difference of the 2
amplitude patterns on the scatterer plane reveals the cross-wire (see Figure 3). From
this 2-D differential amplitude map, we can clearly see the center of the cross, which
is about 1 mm away from the optical axis. This slight deviation is due to the thickness
of the cross-wire. Since this error is small compared to the 10mm offset of the beam
center shown in Fig.2. We can therefore conclude that the rotating grid is not the
cause of the displacement of the beam.

FIGURE 3. Differential amplitude contours showing a
cross-wire in the signal path.

We have attempted to inspect the entire room temperature optics by placing the
cross-wires right at the vacuum window, about 1400 mm away from the scan plane.
However, in this case the cross-wire is not well resolved, and its center remains
undetermined. The reason is that the scan area is not sufficiently large considering the
long distance between the scan plane and the scatterer. A small measurement area
means that part of the evanescent wave generated by the scatterer falls outside the
scan area. In order to determine the relation between the scan area and the scan
distance, we have simulated numerically a case in which an absorber strip 4 mm wide
is introduced at the vacuum window of the cryostat. The blocked field is transformed
to several planes at different distances from the window. These data sets are
calculated over fmite area, corresponding to a limited scan size in the near-field
measurement data set. The size of the scan area is initially chosen to cover the first
side lobe of the beam. The simulated measurements are then transformed back to the
absorber strip plane again to reconstruct the image of the absorber strip. The results of
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these simulations are shown in Fig. 4 as a cross-sectional view through the center of
the window. Figure 4A shows that when the scan plane is more than 500 mm from the
scatterer plane, we would not be able to resolve the absorber strip. We further explore
the size effect of the scan area. In a second simulation, the scan distance is fixed at
500mm, while the scan area is increased from 100 mm square to 200 mm and 300 mm
square. The result shows that a larger scan area indeed improve the image resolution.
The cross-sectional view of the simulated images are shown in Fig. 4b.

— 200mm 121px
— 300mm 121px
•" 100mak 161px

ZSO 70mm 1Lipx
- 7200 70mm 113px

• • • Z500_100mm_121px
Z1300_120mm 121px

Figure 4: Cross-sectional view of the reconstructed absorber strip at the vacuum
window. The traces are labeled according to the distance and size of the "scan"
planes: "Z" indicates distance from the window to the scan plane, "mm" the
width of the scan area, and "px" the number of sample points along one side.
Figure (B) is generated from a plane located 500 mm from the window in the
optical path.

Owing to the limitation of our measurement equipment and the physical system layout,
a larger scan area is not achievable. Thus we have tried a different scheme of scatterer
arrangement. A pair of small absorbers are introduced at diametrically positions about
the center of the vacuum window which is also the optical axis. They are placed in a
region of moderate beam power, about -10 to -15 dBc. Once again we measure the
beam profile with and without the absorbers, and compute a differential amplitude
map at the plane of the absorbers. Two such maps are shown in Fig. 5. The centers of
the scatters are determined by fitting the image contours to a bi-quadratic function.
The intersection of the lines connecting each pair of absorbers gives the mechanical
center of the vacuum window in the image. From these images, the mechanical center
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is found to be 2mm (V0.5mm) from the beam center at the dewar window. This result
verifies the alignment of the receiver optics between the vacuum window and the
turning wire-grid to be within 5 arc-minutes. This small error may be due to
uncertainties introduced in the fitting process. From this result, we conclude that the
cause of the beam misalignment is inside the cryostat.

orrloin
_
ElP1211

-40 40
dEl dE2

Figure 5: Differential amplitude maps showing a pair of absorbers placed at the
vacuum window. The two most prominent peaks in each image correspond to
the pair of small, circular absorbers. The amplitude contours are in 0.01 steps.
The dimensions are in millimeters.

V. SUMMARY

We have demonstrates a radio-wave alignment technique for mm and sub-mm
wavelength receiver system. This method is very useful in the alignment of mm and
sub-mm telescope and receiver system with complicated optics design. We have
applied the technique to verify the alignment of the SMA receiver optics. This
technique has the advantage of providing an in situ access to individual component in
a complex, radio-wavelength receiving system. With careful design, we believe that
we can perform a precise radio alignment diagnosis.
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ABSTRACT
Recent advances in submillimeter SIS receivers necessitate the use

of very-low-loss components in order to achieve their theoretical per-
formance. Additionally, as HEB and thermal bolometer instruments
become more sensitive, better infrared blocking filters are needed. Of-
ten these optical elements will be cooled to 4K, where their properties
are less well measured. We present measurements of the effectiveness
of dielectric antirefiection coatings on quartz at 4K over the frequency
range 0.3 to 1.6 THz. Absorption coefficients for materials used as in-
frared blocks are presented. Studies of the transmission of other optical
components are discussed.

1. INTRODUCTION

In the design of optical systems for sub-
millimeter wavelengths there is a variety of
materials available with properties suitable
for windows, filters, infrared blocks, and
lenses. Advanced SIS receivers are achiev-
ing nearly quantum-limited performance: at
492GHz, Kooi et. al. [1] measured a receiver
total noise temperature of 74K, of which 52K
stems from optical losses. Modern bolomet-
ric instruments such as SHARC M have a to-
tal optical efficiency of only 30%, far from
ideal. Clearly, choosing materials with the
optimum dielectric constants, lowest loss,
and best cryogenic performance is critical.

With this in mind, we have character-
ized optical elements using a Fourier Trans-
form Spectrometer (FTS). The instrument
was initially developed to test the response
of SIS junctionsN , and consists of a Michel-
son interferometer with a movable mirror on
a 2 meter translation stage as shown in figure
1. A glowing coil is used as a source, with
an optical chopper modulating the beam be-
tween the source and a '77K blackbody at
roughly 150 Hz. The source illuminates an
off-axis paraboloid with an effective f/2.5

beam, where it is collimated in a 10" di-
ameter beam. A Mylar beamsplitter sepa-
rates and recombines the two beams, which
are focused onto a detector. The entire op-
tics setup is contained in an acrylic dry box
which is purged using nitrogen gas to a rela-
tive humidity of < 2%, reducing the contri-
bution from the strong absorption features
of water in the submillimeter. The moving
stage is actively controlled to keep the two
beams coincident over the long path length.
A Macintosh computer running Lab VIEW is
used both to control the FTS and to collect
and reduce the data.

The instrument used in this work was a
2K bolometer with a Winston cone provid-
ing a f/4 beam looking into the FTS. Also
at 2K is a filter wheel with spaces for sev-
eral materials under examination. An off-
axis paraboloid (not shown in figure 1) is
used to collimate the FTS beam into the de-
war, providing an image of the collimated
portion of the FTS inside the dewar at the
position of the samples in the filter wheel.
Because of the collimation, variations in the
beam as a result of increasing optical path in
the samples is not a problem. In addition to
the samples, there is a clear aperture which
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Fig. "1.— Block diagram of the FTS with a heterodyne receiver in place; the results presented in
this paper used a bolometer, hence there was no LO.

permits the use of ratios to remove instru-
mental sensitivity and yield the calibrated
transmission of the sample.

2. GERMANIUM

The spectral resolution of a grating spec-
trometer is linearly dependent on the optical
path length (depth) of the grating. If the
grating is immersed in a material of medium
n, the grating depth increases by this factor.
Hence, for a given spectral resolution, the
grating volume can be reduced by a factor
of n3 . We have designed an immersion grat-
ing spectrometer [4] in which the grating will
be immersed in germanium since its index of

nearly 4 is among the highest available. The
desired resolution of 1500, chosen to min-
imally exceed the width of extragalactic line
emission, requires a grating almost 10cm in
length. In order to be feasible, the absorp-
tion coefficient must be very small.

Several samples of germanium between
2 and 17mm thickness were measured in
the FTS, and the absorption coefficient esti-
mated for every possible pair. The refractive
index at 2K is found to be n = 3.90 ± 0.01.
No absorption could be detected, allowing
us to place a limit on the absorption coef-
ficient at all frequencies below 1500GHz of
a < 0.01 cm-'. Assuming the absorption

406



10

goes as v2 , the absorption coefficient at --750
GHz is a < 0.003. Thus the absorption in
our germanium slab will be 5%.

3. FLUOROGOLD

Fluorogold, a form of glass-filled Teflon,
is a material which has been measured at
liquid helium temperatures in the past [] . It
is often used as an infrared blocking filter,
but its absorption coefficient must be known
precisely to yield the best transmission in the
submillimeter band of interest.

Using three samples of Fluorogold at 2K,
cut from sheets of thicknesses 0.79, 1.6 and
2.2mm, we measured the transmission of
each with respect to an open port. The
samples were also ratioed with each other
to remove any error in the absorption co-
efficient induced by surface reflections. An
excellent agreement was found between the

samples, as is illustrated in figure 2. An
approximate expression for the absorption
coefficient of Fluorogold over the 300-1400
GHz range is a = 60 cm-1, where the fre-
quency v is in THz. This value is close to the
previous measurements of Halpern et.
a = 9173 -6 cm-' at 4.8K over the 60-900 GHz
range. As they suggest, the difference prob-
ably derives from differences in the manufac-
ture of sheets versus disks cut from rods.

4. ZITEX

Zitex has recently enjoyed a surge of pop-
ularity as an inexpensive, low-loss infrared-
blocking filter. Zitex M is a sintered Teflon
material with voids of 1-50pm and a filling
factor of 50%. Several different varieties
are available, divided into two categories by
manufacturing process: Zitex A is designed
to reproduce filter paper, and so has many

Absorption Coefficient of Fluorogold
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Fig. 2.— Absorption coefficient of Fluorogold sheets at 2K.
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narrow linear paths through it and is a rough
but soft sheet; Zitex G is made of sintered
Teflon spheres of small sizes, resulting in a
denser, smoother material. The grades of Zi-
tex of each class differ primarily in the size of
the voids in the Teflon; this affects the IR to
Mid-IR scattering characteristics. A study of
this material has been undertaken to under-
stand its transmission properties from lym
to 1mm wavelengthsrl.

Whereas Zitex is typically available in
thicknesses of 0.10mm (0.004") to 0.38mm
(0.015"), we have measured a sample of Zi-
tex G-125 3.53mm (0.139") thick. Being this

thick, it is possible to measure both the loss,
as shown in figure 3. and the refractive index.
which is n = 1.20 ± 0.07. Despite the scatter
in the data, a power law fit to the data (ex-
cluding the absorption band at 1400 GHz)
of a 0.25v3 - 1 cm- 1 with v in THz is quite
good. This fit and the absorption band agree
well with the results of Kawamura et. al.' s] in
Teflon. Since this implies the submillimeter
loss is from the bulk Teflon rather than the
scattering in the near-infrared, extrapolation
to other thicknesses at frequencies below 2
THz should be valid.
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Fig. 3.— Transmission and absorption of Zitex at 2K.
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5. QUARTZ WINDOWS 7. METAL MESH FILTERS

Quartz is a useful material both for vac-
uum windows and for infrared-blocking fil-
ters, because of its high transparency in the
submillimeter and its relatively poor trans-
mission in the infrared. However, its refrac-
tive index is high enough to cause substan-
tial 20%) reflection losses; for this rea-
son, it is worthwhile to antireflection coat
the quartz substrate with a layer of a ma-
terial with index n "-# 1.4 such as Teflon.
We have measured the transmission of nu-
merous windows and infrared blocks with
Teflon antireflection coatings of various man-
ufacturers (e.g. Francis Lord Optics). Fig-
ure 4 is one such measurement: a 230 GHz
antireflection coated window (heavy curve)
compared with the theoretical design curve
(light). The difference between the two most
likely results from the generally poor unifor-
mity of the thickness of the Teflon coatings,
each roughly 0.2mm (0.008") thick but vis-
ible quite rough. Even so, the loss around
230 GHz is decreased by a factor of 5, a
substantial improvement.

6. QUARTZ LENSES

As quasioptical receivers become more
common, the use of quartz lenses has in-
creased. We have measured the improve-
ment in transmission of a quartz lens when
antireflection coated with Teflon. Using two
lenses designed for CHAMP, the I6-element
492 GHz SIS array of the MPHR[91 , we ra-
tioed the transmission of one with a coat-
ing and one without. Figure 5 shows the
data (heavy curve) over the complete re-
gion while a calculated model (light curve)
is plotted only for v < 1000 GHz to enable
a clearer view of the measure transmission.
Since an accurate calculation of the antire-
flection coating of a nonplanar surface is dif-
ficult, we have merely made an estimate of
the ratio assuming a planar geometry; the
two agree well in shape. This again shows
the improvement found with a dielectric an-
tireflection coating, improving the transmis-
sion by 20% at the design frequency.

Resonant metal mesh filters have been
used as optical filters for some time[lq.
We evaluated the transmission of sev-
eral bandpass and long wavelength-pass fil-
ters, commercially available from Cochise
Instruments [111 , in figure 6. These are fabri-
cated by depositing copper layers onto very
thin mylar sheets which are stacked to im-
prove rejection of out-of-band signal. In or-
der to determine their effectiveness as block-
ing filters, we have measured the average at-
tenuation of the signal in the out-of-band re-
gions below 1 THz. The long wavelength-
pass filters' out-of-band transmission is ev-
erywhere 0.001 while the bandpass filters
are typically 0.002 with some variation as
a function of frequency.

8. DOUBLE FABRY-PEROT FILTER

We have developed a double Fabry-Perot
filter constructed from two precise silicon
disks with a thin air gap between them[121.
The filter was designed to have transmission
peaks approximately every 115GHz, the fun-
damental rotational transition of CO. Dou-
bling the Fabry-Perot increases the width
of the transmissive region of the spectrum
while increasing the rejection of the reflec-
tive region. When used with a Fourier trans-
form spectrometer, this filter will transmit
only the wavelengths of interest while reduc-
ing the loading on the detector.

In order to characterize this filter before
use at the Caltech Submillimeter Observa-
tory, we performed careful measurements of
the silicon disks. A computer model of a
double Fabry-Perot was used to determine
the optimum optical depth of each silicon
disk, the product of its index and thickness.
The thickness was measured interferometri-
cally in the near-infrared, while we measured
the index in the Terahertz region at 2K to
be n = 3.385 ± 0.01, somewhat lower than
the room temperature value. After comple-
tion, the filter transmission was measured
(figure 7); the data is shown by the solid line
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Fig. 4.— Transmission of an antirefiection coated quartz window designed for the 230 GHz region.
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Fig. 7.— Double Fabry-Perot filter with CO transitions marked above the transmission curve.
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while the theoretical spectral transmission is
shown as a dotted line. The transmission in
the bands of interest is > 90% while the re-
jection is around 10%. This filter is being
used at the CSO to detect all available rota-
tional transitions of CO in nearby galaxies.

9. RESTSTRAHLEN FILTER

Transmission filters made from polyethy-
lene sheets loaded with varieties of powdered
crystals have been fabricated for decades[131.
Each crystal scatters strongly in its rest-
strahlen band (in the 10-100pm range), so
that combinations produce a broad region
of near-zero transmission. Coupled with a
small amount of carbon, these become good
long-wavelength filters. However, the width
of each crystal's scattering region increases
with increasing temperature, so that the
properties of this kind of filter changes dras-
tically with temperature. We tested at 2K
and 300K a commercially-available filter[14]
with a nominal cutoff at 1650 GHz. The
transmission from 300 to 1650 GHz is shown
in figure 8. While our coverage does not pro-
vide any information about the rejection of
higher frequencies, we do see a substantial
decrease in transmission when the filter is
warm compared to the relatively good cold
transmission. Unfortunately, while the cut-
off is sharp around 1600 GHz, the transmis-
sion at frequencies near 1 THz is far from
ideal.

10. AEROGEL AND LIQUID NITROGEN

Aerogel is well-known as the least dense
solid. Being made of an exceptionally low-
density glass matrix, it might be useful as a
scattering filter in the far-infrared and there-
fore its absorption coefficient might be a
steep function of frequency. However, the
absorption_ coefficient as shown in figure 9
goes as v l•  and is therefore unsuitable as a
low-pass filter.

Liquid nitrogen is used by most exper-
imenters as a cold load: often, fixed se-
tups use a dewar flask of cryogen with a
piece of eccosorb floating or submerged in
it. We had wondered what would take place
if the eccosorb were fully submerged: would
the radiation penetrate into the liquid at
all? The absorption coefficient (figure 9) is
high enough that near 1 THz, a depth of
a few centimeters is sufficient to attenuate
the beam; therefore, eccosorb is not needed
provided that surface reflection does not ter-
minate at a different temperature.

11. CONCLUSION

We have measured the optical properties
of a variety of materials and components use-
ful in the submillimeter range using an FTS.
Knowledge of these properties should be use-
ful in the design of low-noise, high-efficiency
instruments in the Terahertz region.
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ABSTRACT

A very simple black body calibration target is described for millimeter and
submillimeter wavelengths. The target combines random scattering, impedance
matching and power absorption to produce a low return loss to incident radiation
over a broad range of wavelengths. The design uses a unique light-weight silicon
carbide based open cell foam 111 coated with a commercially available ferrite
absorbing resin [21 to provide both high thermal conductivity and a high absorption
coefficient. The cell size of the foam can be used to tailor the frequency range of
operation. Materials other than silicon carbide can be used to form the foam base if
different thermal or mechanical properties are desired without greatly affecting the
absorption coefficient. This design is an alternative to much more difficult to fabricate
periodic scatterers/absorbers. [3-71 which perform a similar function.

INTRODUCTION

At millimeter and submillimeter wavelengths high quality absorbing loads are typically
fabricated from flat sheet carbon loaded polyurethane foams [8]. These foam absorbers
provide low return loss and easy-to-contour surfaces for a wide variety of applications,
including room temperature or cooled black body calibration targets, absorbing apertures,
anechoic chambers etc. Unfortunately, the base material for these absorbers degrades and
crumbles over time periods as short as a few years, the thermal conductivity is only moderate,
and for vacuum applications, the material outgasses significantly. Absorbers based on
silicone have recently become popular [6,9] but these are unsuitable for vacuum applications
due to outgassing and typically are more resonant (frequency dependent) than the open cell
foam absorbers. One company [10] produces a polypropylene based carbon loaded
absorber which is suited for very high frequencies, but which has so far proven unacceptable
for spacebome applications (again due to outgassing) and for producing black bodies which
rely on thermal conductivity to keep the gradient through the material low. Alternative rigid
absorbers are available [3,5,11 for example] in an assortment of cast or machined shapes
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which don't have outgassing, thermal conductivity or lifetime problems. However, these rigid
absorbers, which generally rely on ferrite loading for their absorbing properties, are extremely
heavy and, for millimeter or submillimeter wave applications, must be very precisely machined
or cast into finely pointed periodic surfaces so as to present the proper dielectric match to the
incident RF fields. This usually entails one of two techniques: (1) machining or casting the
surface of the material so as to form tapered cones, ridges or pyramids which are sized and
spaced on a period akin to a half wavelength or less at the desired frequency of operation or
(2) molding or coating the material on a very large aperture structure with a slow geometric
taper (slowly tapering cone for example) that allows multiple bounces of the incident RF
energy before it can emerge or scatter from the absorbing body.

In this short paper we propose a load composed of a base similar in structure to the
polyurethane foam, but with high thermal conductivity, no degradation over time, and no
outgassing. The load is made from a sheet of specially prepared silicon carbide open cell
foam which is simply dip coated with a layer of commercially available castable ferrite
absorber. The coating increases the absorption coefficient of the base material without
significantly changing the matching/scattering properties of the open cell foam. The
impedance match to the RF field is accomplished through judicious choice of the base
material cell size, which can be fabricated with a lattice constant from a few millimeters to less
than a tenth of a millimeter and thereby cover a frequency range from below 100 GHz to at
least 1 THz and probably higher. The load is extremely easy to fabricate, once the base
material and castable resin are in hand, and, although flat sheets are the simplest to
implement, more complicated geometries are not excluded.

FABRICATION

The load is based upon the availability of large, fairly thin (05-1 inch thick) sheets of the
silicon carbide (or similar structured) open cell foam [1] and medium viscosity castable resin
absorber [2]. The silicon carbide sheet is placed in a disposable tray or on top of a
permanent metal plate (if it is to be used in reflection) and the castable resin absorber is
simply poured through the cell structure allowing it to pool at the bottom of the tray. In our
samples we used Emerson and Cuming CR117, which has the viscosity of syrup when heated
to 65C, and is easily cured in an oven under standard atmospheric pressure. To improve the
uniformity of the coating the foam sheet (9x1216.5 inches thick in this case) was actually
soaked in a tray of resin, flipped several times and then transferred to a metal pan where the
resin was allowed to drip naturally through the material and pool to a thickness of
approximately one-quarter inch at the bottom of the pan. After curing in an oven for one
hour at 150C, the load was permanently adhered to the metal pan. In the measurements to
follow, two sheets were fabricated and then joined together to form a rather large wedge
(Figure 1) providing a large aperture for the incident RF beam and several bounces off the
material to mimic the arrangement described in [5]. A cell spacing of 10-15 pores/inch was
chosen to optimize the load performance around 200 GHz. The large pore size (near a half
wavelength) provides both a randomly rough (on the wavelength scale) surface to enhance
non-preferential scattering and a low impedance (average of CR117 and open area) to better
match to free space.
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RF PERFORMANCE

The RF performance of the new SIC coated load, used both as a wedge and in flat sheet was
measured using the arrangement shown in Fig. 2. A special vector network analyzer [12],
with a very wide dynamic range at submillimeter wavelengths, was used to measure the return
loss off the metal backed load and compare it to a similar load made of rigid absorber (also
CR117) cast in a periodic arrangement of 0.15 inch high pyramids (Fig. 3) and flat sheet
foam absorber (Eccosorb AN74). Photographs showing the surfaces of each measured load
and their performance over frequency are displayed in Figs. 4 and 5. As is apparent from Fig.
5, the silicon carbide load worked as well or better than the much more difficult and expensive
to fabricate pyramidal absorber in flat sheet form and almost as well in the wedge
arrangement. In addition, the silicon carbide absorber had little (if any) polarization
dependence whereas any periodic absorber must be designed so as to eliminate large
reflections at specific angles due to diffraction lobes. The foam absorber was superior to both
rigid absorbers at the higher frequencies but comparable or poorer performing below 200
GHz, as might be expected from the smaller cell size compared to a wavelength at these
frequencies. Flat sheet CR117 (with no surface roughness machined in) performs very poorly
with return loss above -10dB at most frequencies. The measurements also indicate the
performance enhancement that occurs with frequency when the cell size (or periodicity in the
case of the pyramids) is appropriately chosen. 'This feature was chosen to be best suited to a
measurement frequency near 200 GHz for both of these loads. Additional frequency tailoring
can be accomplished by altering the surface contour of the silicon carbide foam on a scale
large compared to the cell size, like the arrangement often used at lower frequencies with the
polyurethane and silicone based absorbers found in anechoic chambers. Finally, although
thermal conductivity measurements on the load were not made, the inherent thermal
conductivity of the silicon carbide base material is very high compared to polypropylene,
silicone or even the castable absorbing resin, so it is expected that this load will perform at
least as well as the rigid pyramidal type absorber and better than absorbers based on other
materials.

OTHER APPLICATIONS

Uses for the proposed black body absorber are not limited to millimeter and submillimeter
wavelengths. The principle of operation, i.e. scattering and impedance matching at the
surface of the material, apply to any frequency and the foam base can be cast in any
geometric arrangement desired. This means much lower frequency operation is possible and
less costly base materials might be employed for large coverage areas. Obvious benefits of
the silicon carbide base material are imperviousness to high temperatures, resistance to
physical loading and high thermal conductivity. Pure carbon foam has also been coated
successfully, but does not have the resistance to breakage and flaking inherent with the
silicon carbide. Non absorber related applications for the material may exist but are not a
concern here.
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SUMMARY

A simple absorbing black body load can be formed by combining an open cell silicon carbide
based foam and a castable ferrite absorbing resin. The resulting structure is easy to fabricate
and performs as well as much more expensive and difficult to build periodic absorbing
surfaces. Applications are not confined to high frequencies if the base material is formed into
geometric shapes compatible with the frequency of application. The cell size of the base
material can be adjusted to peak the absorption at a particular wavelength if desired.
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Figure 1. CR117 coated Silicon Carbide load formed from two sheets of material (9x 12 and
9x9 inches by 05 inches thick) joined together to form a wedge. The wedge allows
multiple bounces of the incident RF energy, enhancing absorption. No material is present
on the sides of the wedge. incident RF energy is contained within a beam which fits within
the projected aperture of the angled absorbing sheet. The wedge can handle a large
beamwidth but the absorber thickness (0.5 inches) limits the lower frequency of operation
to about 100 GHz. Slots on the sides allow the wedge angle to be altered between about 20
and 45 degrees to achieve the best performance for a given beam diameter.



Measurement Set-Up
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Figure 2. Measurement set up used to determine the reflection coefficient (and derived emis-
sivity) of the load material at any incident angle. During measurements the wedge and flat
sheet absorbers were fixed while the transmitter was rotated through angles from 20 to 60
degrees. The maximum received power was recorded with reference to a reflecting mirror. The
absorber based on a periodic grid of small pointed pyramids showed specific angles with peak
power reflection (due to grating lobes) whereas the foam absorbers showed sinusoidally varying
power versus angle related to the standing wave structure set up by the varying penetration
depth of the RF energy into the load.
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Figure 3. CR117 cast periodic pyramidal absorber formed in the same wedge geometry as
the silicon carbide foam load. The pyramids are barely visible, but are roughly .15 inches
high and .1 inch apart with a 25 degree taper angle. The wedge angle is approximately 42
degrees. The incident beam is parallel to the table and hits the angled plate of the wedge
near the center before bouncing off the lower plate and into the apex of the wedge. Both
the wedge and single flat sheet were measured. The material at the base of the pyramids
(which give the load considerable weight, but bind the cones together and is equivalent to
the pooled CR117 at the bottom of the silicon carbide foam load) is about .2 inches thick.
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Figure 4. Photographs showing each of the loads tested, at the same scale.
(A).New CR I 17 coated Silicon Carbide foam.
(B).CR117 cast in a flat sheet.
(C).CR117 cast into pyramids and arranged in a periodic pattern suitable for 200 GHz. (D).
Typical carbon loaded polyurethane foam absorbing sheet - AN74.
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Figure 5. RF measurements showing the peak reflected power as a function of transmitter
angle off the wedge and fiat sheet absorbers at different RF frequencies and two
polarizations (E field vertical and horizontal). Note that the AN74 performs better than
either the pyramidal cones or SIC flat sheet load at higher frequencies but similarly near the
resonant wavelength of 200 GHz. Flat sheet CR117 is very poor by comparison. The
dynamic range of the test set limits the load performance at 600 GHz.
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Abstract- High-performance submillimeter wave circuits often require the use of
extremely small three-dimensional waveguide and antenna components. While such
components can be difficult and very costly to produce through conventional
machining, cost-effective micromachining techniques offer an attractive alternative.
The fabrication of 2.5 THz waveguide backshorts and 640 GHz dichroic plates
through the use of thick UV-sensitive resin, are described. The technique is suitable
for fabricating a wide range of submillimeter wave components, with aspect ratios in
excess of 10:1.

INTRODUCTION

Waveguide technology has been used to produce a variety of high-performance
millimeter and submillimeter wave circuits, such as sensitive mixers and efficient
multipliers. Various scientific applications including radio astronomy and atmospheric
remote sensing, have driven the demand for extending the application of this
technology to increasingly higher frequencies. As the wavelength for these circuits
reduces however, so do the critical dimensions for waveguide components. While
such circuits can sometimes be realized through precision conventional machining and
painstaking assembly, their usefulness is thus limited to specialty applications where
high cost and limited production can be justified. Micromachining provides an
attractive alternative, where highly developed photolithographic integrated circuit
fabrication techniques are used for the cost-effective batch-production of components
with three-dimensional characteristics.

The anisotropic etching, or bulk micromachining, of silicon has been used to form
limited three-dimensional submillimeter wave antenna and waveguide structures [1-
2], and forms of sacrificial layer, or surface micromachining, techniques used for
semi-planar hollow millimeter-wave waveguide structures [3] and micromechanically
adjustable submillimeter wave integrated circuit tuning elements [4]. Recently, the
use of thick UV-sensitive curable resin has been proposed for the formation of
waveguide channels of significant height and varied shape is a submillimeter wave
mixer block [5]. Here the application of such a resin, the main ingredient of which is
EPON SU-8 [6], is extended to the fabrication of ten-micron scale three-dimensional
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wave guide backshorts for a 2.5 THz mixer developed for atmospheric remote sensing
M. and relatively large diameter freauency selective mirrors, or dichoic
featuring a uniform pattern of hundred-micron scale holes. desi gned to quasi-optica:lv
isolate 640 GI-1z signals from 230 GHz signals in a multi-receiver radiometer system.
Both have been proposed for the NASA EOS Microwave Lirrib Sounder [8].

2.5 THZ BACKSHORTS

A waveguide backshort consists of a conducting shaft. which when inserted in a
waveguide will establish an effective RE short circuit near its tip. A non-contacting
backshort achieves this function throu gh a patterned shape which alternately fills and
empties the guide for quarter wavelength sections. to produce hi ghflow impedance
transitions. Signals incident at a transition are largely reflected. with the transmitted
portion being coherently reflected at subsequent transitions. While this desi gn does
not depend on establishing or maintainin g DC contact, it does depend on critical
dimensions which become exceedingly small and difficult to realize for increasing
frequency of operation. At 2.5 THz, the wavelength is 120 rn, and a half-height TE:r
waveguide is 25 gm tail and 100 p.m wide. A backshort for such a guide must nearly
fill the guide for one section, and then significantly reduce in hei ght for the next, with
a repeating pattern.

The batch-process for fabricating the backshorts is shown on Fi g . I. A 120-p.m
coating of resin is spun onto a silicon substrate. and exposed to UV light throu gh a
shadow mask in close proximity to its surface. The unexposed resin is then dissolved
in solvent, and the remainin g structures and substrate are RF sputter-coated with
2000 A of gold. The substrate and resin structures are then wax-bonded to a silicon
superstrate, and the substrate and unwanted resin are removed with a dicin g saw. Once

Fig] . Fabrication overview for the 2.5 THz wavezuide backshorts (a), and SEM photograph of the
process after developing. Cost-effective photolithographic techniques are used to batch process the three-
dimensional high aspect ratio submillimeter components.



the desired width has been achieved, the backshons are washed off in acetone an
recovered in filter paper.

Examples of the resulting backshorts are shown in Fie. 2. The side-features of the
backshorts accurately reproduce the mask pattern, with dimensions on the order of 10
j.im and the width is trimmed to about 90 gm. Manual assemby is required for
integration with the mixer block, and RF tests are in progress.

(a) (b)

Fig. 2. SEM photographs of end (a) and side (b) views of the completed 2.5 THz waveguide backshorts.
The surface of the backshort tip is approximately 25 pm by 90 p.m

640 GHz DICHROIC PLATES

A submillimeter wave dichroic plate typically consists of a semi-thick conducting
mirror, perforated with a closely packed array of waveguide apertures. The aperture
dimensions determine the modes and frequencies that will be supported in the plate,
and thus transmitted. The thickness of the plate determines the attenuation and
rejection of signals below the cut-off frequency of the wavezaide apertures. As the
frequency of operation increases, the apertures become smaller, yet maintaining
adequate thickness is critical for proper signal rejection. It may also be necessary to
provide a relatively wide diameter to allow the plate to accommodate a broad beam
over a range of incidence angles. The dichroic plates described here feature thousands
of apertures with dimensions of 360 gm by 180 gm, and were designed to pass signals
at 640 GHz (95% at up to 40° incidence), and reject signals at 230 GHz (-30 dB
attenuation). The plate is 250 1.1m thick, and the perforated surface is 3.5 cm by 3.5
CM.

The procedure for fabricating the dichroic plates is shown in Fig. 3. While the same
process used for the backshort fabrication could be applied, this modified process
better accommodates the resolution requirements by minimizing process dependence
on a highly collimated UV source. A 250-pun thick coating of resin is spun onto a
transparent quartz substrate/mask, on the same side as the chrome mask pattern. The
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resin is exposed to IN li ght throu gh the transparent carts of the mask. and the
unexposed resin subsequently dissolved. The structure is then heat-cued. and the
substrate is removed through etchin g or other convenient means. The resuitin,,
structure can be metalized through RF sputter-coating and additionally through
electroplating if necessary.
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Fig. 3. Fabrication overview for the 640 GHz dichroic plates. The structure is formed directly on the
mask to optimize resolution through the full thickness.

A dichroic plate fabricated by this technique is shown in Fig. 4 (a). and ari SEM
photograph of the aperture detail appears in Fie. 4 (b). To facilitate its application in a
quasi-optical submillimeter wave system, the delicate plate can be clamped in an
appropriate support structure. It is also possible to selectively remove only the center
portion of the substrate, leaving the remainder to support metalized resin structure.

Fig. 4. Photograph of the metalized dichroic plate (a), and SEM of the hole-pattern detail. The plate,
shown in comparison with American (quarter) and Japanese (100 yen) coins, is about 4 cm by 4 cm,
250 1.4m thick, with 360-1.tm by I 80-pin holes.



CONCLUSIONS

The fabrication of submillmeter wave three-dimensional waveguide components
through cost-effective micromachining techniques has been demonstrated. Waveguide
backshorts for 2.5 THz, with all three dimensions on the order of tens of microns,
were formed from a curable UV-sensitive resin. A similar technique was also
employed to form a 250-pin thick 640 GHz dichroic plate, several centimeters in
diameter and uniformly perforated by patterned holes on the order of a few hundred of
microns. This fabrication approach is suitable for producing a wide range of
millimeter and submillimeter wave discrete and integrated components, directly from
the resin or in combination with electroforming techniques.
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A SUPRATHz SIS HETERODYNE RECEIVER USING
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ABSTRACT

Among the top priority scientific goals of ESA's FIRST mission is the
heterodyne detection of interstellar water via its information-rich submm
transitions above 1 THz. While 'classical' SIS receivers using the now well-
mastered niobium technology will fail to match this goal, cautiously designed
SIS receivers with good-quality NbN junctions offer a potential solution.

As part of a european research and technology effort led by ESA, an
heterodyne receiver based on waveguide/membrane technology has been
developped for use in the range 1.2 -1.6 THz, using -1-gm2 NbN/A1N/NbN
and NbN/MgO/NbN high current density SIS tunnel junctions. The process to
fabricate these junctions on thin (-1-gm) SIMOX membranes is described,
and DC characteristics of the junctions are presented.

Al/Si02/A1 microstrip circuits are used to tune the junctions and to
match a waveguide-to-suspended-microstrip transition over a broad
bandwidth, in association with a dumbell non-contacting backshort. The 1.5-
mm square membrane is wet-etched in the silicon chip which supports both
the IF and DC circuits and is reliably suspended 5-7 gm away from the
injection and backshort sections of waveguide. A novel design for the mixer
block allows to reach (with relatively low cost) an accuracy better than 1 gm
on the waveguide dimensions and the ground to strip spacings. To carry out
acurate receiver noise measurements above 1 THz, an automated calibration
apparatus was constructed and a CO2-pumped FIR laser is used as an LO.

In this paper, DC characteristics of the NbN junctions and preliminary
results from RF measurements are presented and discussed.

salez@mesiob.obspmfr
2villegier@chartreuse.cealr
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DESIGN OF MIXER ELEMENTS FOR THE HHT 345 GHZ HETERODYNE
ARRAY RECETVER

G. Narayanan 1-2 , C. K. Walker, H. Knoepfle, and J. Capara
Steward Observatory, University of Arizona, Tucson, AZ 85721

ABSTRACT

We present the design of mixer elements for a 7-element SLS heterodyne array re-
ceiver for operation in the 870 pm atmospheric window. The focal plane array receiver
will be a facility instrument on the 10-meter University of Arizona/Max Planck In-
stitute for Radioastronomy (MPIIR) Heinrich Hertz Telescope (HHT). The array will
have a tuning range from 315 to 380 GHz. Due to prevailing physical conditions in the
interstellar medium, this wavelength range is one of the richest in the submillimeter
portion of the spectrum. We use results of scaled model measurements and detailed
electromagnetic modeling of the mixer block to arrive at an optimum design for the in-
dividual mixers. We describe an iterative technique of optimizing mixer design in linear
microwave circuit simulators, using results of finite element analysis of the waveguide
embedding impedance.

1 Introduction

The 870 pm atmospheric window (see Figure 1) has the highest transmission of any submillimeter
band, and due to prevailing physical conditions in the interstellar medium is also one of the richest
spectroscopically. Figure 1 shows some of the important molecular transitions in this atmospheric
window. The noise performance of submillimeter receivers is improving dramatically every year
and is approaching limits set by quantum mechanics and/or the sky background, especially in the
lower end of the submillimeter frequency band. A large increase in the speed of spectroscopic
astronomical observations can be obtained by using a heterodyne array receiver. There are two
approaches to obtaining a real improvement in the speed of imaging using arrays. It is possible to
develop an array with a large number of elements each of which has less than optimum performance
in terms of noise temperature and optical coupling. A better approach in terms of cost and speed
is to build a moderate sized array without compromising mixer performance.

The seven element 345 Wiz focal plane array receiver we are building for the Heinrich Hertz
Telescope (HHT) will have a tuning range between 315 and 380 GHz and will make excellent use
of the telescope and available atmospheric transmission. The HHT is a joint development between
Steward Observatory, University of Arizona, and the Max-Planck-Institut of Radioastronomie. The
overall design of the optics and cryogenic systems of the array will be outlined in a future paper
[1]. In this paper we describe the design of individual mixer elements that will make up the final
array.

Technical, scientific and budgetary issues dictate the following objectives for the mixer design:

'Five College Radio Astronomy Observatory, University of Massachusetts, Amherst, MA 01003
2e-mail: gopal©fcraol.phast.umass.edu
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Figure 1: Model Atmospheric transmission in the 870 Am window (Mount Graham
1mm water). The frequencies of important molecular transitions are marked.

• State-of-the-art performance of the individual elements. In particular we require receiver
temperatures TR < 100 K over the band, a tuning range of 315 to 380 GHz to make full use
of the atmospheric band, an IF bandwidth of 4 - 6 Gliz, and good antenna efficiencies and
clean beams.

• Since the array will be a facility instrument, the mixers should be robust and easy to use.
Therefore, no mechanical tuners will be used.

• To keep the costs down, the mixer blocks should be designed for easy fabrication.

2 Mixer Block Design

Figure 2 shows a schematic side view of the designed mixer block. The first section is the horn block
and consists of a diagonal feedhorn [2] that transitions from a fa-height rectangular waveguide.
The full-height rectangular waveguide is then transformed to a half-height waveguide through a
three-section transformer. Diagonal feedhorns have been chosen over corrugated feeds, because of
their relative ease of construction using split-block techniques. Although their Gaussian coupling
efficiency is 13% smaller than corrugated horns, diagonal horns have been shown to be a good
candidate for use in submillimeter focal-plane arrays [3]. We follow the design outlined in [3j
by making a direct transition from rectangular to diagonal feed. The half-opening angle of the
feedhorn is 10.2°, with a slant length of 8.26 mm. The analytical designs of the full-height to
half-height transformer and the rectangular to diagonal horn transition were verified using Ansoft's
High Frequency Structure Simulator (HFSS) [4]. The half-height wavegaide dimensions are 0.7 by
0.175 mm.

The second section is the junction block, which also houses the IF matching network. The fused
quartz substrate carrying the SIS junction sits in a suspended microstrip line configuration, which
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is parallel to the E-field of the waveguide. Using the suspended strip configuration considerably
eases tolerances in mounting the junction on the mixer block. The junction substrate is designed to
be 0.309 x 0.078 x 3.48 mm. The dimensions of the suspended microstrip line channel are derived
from the successful CfA designs [5, 6]. The channel has a 0.222 x 0.038 mm airgap behind the
junction substrate and a similar airgap above the substrate in the horn block (also see Figure 7).
When the junction is placed in the channel, it is oriented such that the junction lies within the
waveguide. The IF output and DC bias inputs are made through the matching network circuit.
The matching network is orthogonal to the junction substrate. The magnetic field for suppressing
Cooper pair tunneling is brought into the mixer via magnetic field concentrators embedded in the
junction block [7]. The ground side of the junction will be held in place with silver paint, and the
"hot" side of the junction will be connected to the IF matching network by wire-bonding.

The designed normal state resistance of the junction is expected to produce an IF output
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impedance of > 100 Q. The IF output impedance of the mixer is transformed to 50 f/ through
a 4-6 GHz IF matching network. A prototype IF matching network has been designed, built and
tested. Figure 3 shows the layout of the matching network that was designed using HP's Microwave
Design System circuit simulator program [8]. The value of the DC bias resistors and chip capacitors
used for RF chokes are shown in the layout. A 5.6 pF capacitor is used as DC block. The substrate
used in the microstrip design is Rogers Duroid 6002 with a thickness of 30 mile and eR = 2.94 [9].
The overall dimensions of the matching network is 1.25 x 0.5 inches. The IF output of the SIS
junction is wire-bonded to the — 160 fI line to the left of the layout. The DC bias traces shown
in the bottom portion of the layout are part of a a 4-wire SIS bias circuit. IF output at 50  is
brought out in the lower right of the layout in Figure 3 through an SMA connector (see Figure 2).
The fabricated matching networks were tested against predictions using a special purpose fixture
constructed for this purpose. For an input impedance range of 100 to 180 C2, the match to a
50 C2 output is found to be better than —10 dB throughout the 4-6 GHz band. The IF output of
each mixer then passes through an isolator before entering the first amplifier. Low-noise 4-6 GHz
amplifiers have been ordered from Miteq [10]. The amplifier specifications are a noise temperature
requirement of — 5 K, a gain of ,-30 dB, and a power dissipation of 50 mW.

The fabrication of waveguide structures at submillimeter wavelengths tends to be difficult
and expensive. For higher frequencies, wet etching or laser micro-machining [11] methods may be
required. At lower frequencies, conventional machining has been successful. The so-called "split-
block" technique has often been used [12]. In an effort to keep the cost of machining down, the
array mixer blocks will be fabricated using this approach. The mixer blocks will be machined
at the University of Massachusetts (UMass), in return for which UMass astronomers will receive
a proportional amount of observing time on the HHT. A new numerically-controlled precision
milling machine has been constructed at UMass using Aerotech positioners [13] that will allow the
fabrication of waveguide components to a few microns of accuracy at low cost.

3 Scale Model Tests

SIS quasiparticle tunnel junction mixers have a rather large geometric capacitance that has been
traditionally tuned out using high quality non-contacting backshort and E-plane tuners [7]. The
reliance on waveguide tuners alone has two major disadvantages. The large capacitance and small
normal state resistance of the SIS junction typically places a severe demand on the waveguide tuners
and results in a relatively small frequency band over which an adequate match can be achieved.
In addition, the process of tuning with waveguide tuners becomes very complicated and time
consuming from the point of view of an astronomer using the full array. To improve the junction
match to the embedding impedance of the waveguide circuit and to increase the instantaneous
bandwidth of the mixer, a variety of inductive timing circuits fabricated along with the junction
have been used [14]. For such designs, a knowledge of the waveguide embedding impedance is
essential. Scaled model tests are a traditional technique to obtain the embedding impedance of a
probe in a waveguide. In this section, we describe the results of scaled model tests of the half-height
345 GHz mixer block presented in Section 2. In the next section, we discuss finite element analysis
(FEA) methods to obtain embedding impedances.

We constructed a half-height scale model (see Figure 4) with a center frequency of 5 GHz
(scale factor of 68) and measured three different RF choke structures to determine a favorable
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Figure 4: Schematic of the Scaled Model Test Jig. The backshort drive was constructed
with a captured pin and a precision screw to ensure smooth and repeatable motion inside
the waveguide.

embedding impedance. Acetyl was used as the substrate to approximate fused quartz. The real and
imaginary parts of the embedding impedance for one of the choke structures is shown in Figure 5(a)
for a backshort distance of 0.2 mm. Shown in Figure 5(b) is the input match of this waveguide-probe
combination to a tuned junction with an effective impedance of 40 + j20 a This impedance value
is being considered for one of the baseline designs of the 345 GHz array junction to be fabricated
by JPL [15]. As can be seen from Figure 5, this combination of embedding impedance and junction
design is able to provide a broadband match for the desired band of the array.

4 Finite Element Analysis

Typically, accurate scale model measurements are difficult, time-consuming and prone to uncertain-
ties for the following reasons: (1) the wide range of sizes (> 1000:1) in an SLS mount are difficult
or impossible to achieve in a model (2) The iterative process of modifying the scale model to study
the effect of changes involves re-machining and/or re-layout of probe circuits and (3) the problem
of providing small coaxial probes to the location of the SIS junction involves uncertainties in the
scale model measurements due to calibration errors and the fact that the probe itself is disturbing
the field at the measurement point.

We have performed numerical electromagnetic simulations of the waveguide mount. The ad-
vantages of numerical analysis are that one may study the effects of the dielectric, optimize the SIS
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Figure 5: (a) Scale model test results. Real and imaginary parts of embedding
impedance of half-height waveguide in combination with RF choke and probe in a
suspended microstrip configuration for a backshort distance of 0.2 mm at 345 GHz. (b)
Input match scaled back to the frequency of operation for an impedance of 40 + j20 f2
looking into the tuned junction.

tuning circuit using the embedding impedance, and modify the structure easily. Other advantages
include the ability to study the small size scales of the junction mount with the antenna probe,
and the ability to reduce the complexity of the problem by exploiting symmetry considerations.
The finite element analysis was done using Ansoft's HFSS [4]. The accuracy of HFSS in predicting
embedding impedances has already been demonstrated in the design of multipliers [16].

We tried several different approaches in the numerical analysis. Initially, voltage sources were
used at the location of the gap between the two antenna probes in the center of the waveguide. The
field-calculator in the post-processor of HFSS was then used to determine impedance by calculating
the Poynting power flow through the gap and using the Zpv definition to determine the impedance.
This technique gave reasonable results in measuring the embedding impedance, but was slow and
laborious. It also suffers from the fact that these impedances are time-dependent, and hence care
must be taken to set the phase of the excitation right. The next method was to "subtract" the RF
choke and antenna structure from the waveguide structure. Subtraction in HFSS is an "exclusive-
or" operation, and results in a new structure that contains one of the two objects but not both.
This has the effect of bringing the buried gap in the center of the waveguide to the outside world,
thereby allowing us to define a port and excite the gap with a TEM-type transmission line. In
Figure 6, we show the comparison of the scale model from the previous section to an HFSS model
configured using this technique. The backshort distance in the HFSS model was set to 0.2 mm,
and is the same as the scale model. It can be seen that although their location is in the same
general vicinity in the Smith Chart, the agreement between the scale models and finite element
analysis is not very good. We modeled the antenna structure as a perfect conductor, and this could
account for some of the discrepancy. However, since the HFSS model is performed at the frequency
of operation, much of the discrepancy is attributed to uncertainties in the scaling and calibration
of the scaled model measurements.

A third approach to the numerical analysis is to reproduce as faithfully as possible, the actual
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Figure 6: Comparison of the embedding impedance of the scale model with HFSS
analysis. The equivalent back-short distance of the scale-model at the frequency of
operation is 0.2 mm, and is the same for the HFSS model. The HFSS results are shown
after renormalizing to 50 Q. The two plots are for an equivalent frequency range of 300
to 400 GHz.

layout of the junction with relation to the antenna probe. Figure 7 shows the view of the HFSS
model used. The model is a 4-port network with port 1 being the SIS junction, port 2 the IF
port and ports 3 and 4 the input and the output waveguide ports respectively. The output port
is deembedded at a later stage and a backshort attached to it using analysis outside HFSS. The
zoomed-in view of the antenna-probe to junction transition shows the junction defined as a square
area. The insulator gap of the junction for this problem is a virtual object to help with creating
an adequate mesh for the problem. The actual port for the TEM transmission line is capped off at
the end with a perfect conductor. The capped feed ensures that the field propagates only into the
junction area, which is the area of interest. Once the problem is analyzed in HFSS, the four-port S-
parameter is exported (after renorm.alization to 50 S2 and deembedding) to a linear circuit simulator
(MDS) and optimized there. Figure 8 shows the MDS equivalent circuit model. The backshort is
modeled with a shorted half-height rectangular waveguide transmission line in the circuit simulator.
For the purpose of this analysis, the tuned SIS junction was replaced with an equivalent impedance
of 40 + j20 ci. The circuit was then optimized for the best backshort distance, resulting in the best
case input RF match shown in Figure 9. In practice, the SIS junction and tuning circuit as well as
the backshort can be optimized together with the embedding impedance S-parameter set derived
from HFSS for the best optimization. It can be seen from Figure 9 that the input match is much
better than that shown in Figure 5 using the scale-model measurements, and that one backshort
setting covers the entire band of interest. Another advantage of this analysis is that the coupling
of RF to the IF port and the effectiveness of the RF choke is easily calculated, and any transverse
resonance modes in the substrate channel can be studied carefully.
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Figure 7: View of the HFSS model and the defined ports of the 4-port model. The
zoomed-in view to the right shows the definition of the SIS junction as a square gap,
with a TEM port and a capped feed.

5 Conclusion

We have described the mixer block design for a 7-element SIS heterodyne array being built for the
HHT. The mixers employ half-height tunerless waveguide mounts with the junctions mounted in a
suspended microstrip configuration. Details of the feed horn, IF matching network and fabrication
issues were discussed. Scale model measurements were made of the embedding impedance offered
by the waveguide mount and compared with numerical simulations using state-of-the-art electro-
magnetic simulators. A technique to combine FEA with optimizing circuit simulators was used to
arrive at a design that provides a broad-band match for the entire frequency range of interest.

We wish to thank Neal Erickson for useful discussions on HFSS, and Jacob Kooi for discussions
and help with the design of the SIS junctions.
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LOW NOISE SINGLE SIDEBAND SIS MIXERS FOR MM AND
SUBMILLIMETER RADIO ASTRONOMY

A. Karpov, J. Blondel, M. Voss, D. Billon-Pierron, P. Pasturel, K. H. Gundlach

Institut de Radioastronomie Millimêtrique,
300, rue de la Piscine, F-38406 St. Martin d'Heres, France

We present our experience of the last years in development of the practical single

sideband SIS receivers for the 80 GHz - 400 GHz band and their operation at the TRAM

radio telescopes.

The receivers with a sideband rejection and extremely low noise, approaching the

quantum limit, are required for optimisation of the spectral observations at the modern radio

telescopes in the mm and sub millimetre bands. The tuning using a single backshort for

rejection of the image sideband inside of a mixer allow to obtain a minimum degradation of

the SIS receiver noise temperature.

The different types of the wave guide single sideband SIS mixers are developed for the

0.8 mm, 1.3 mm and 3 mm bands. The minimum SSB receiver noise ranges from 30 K at

85 GHz to 48 K in the 0.8 mm band. For the first time the SSB receiver noise as low as

3hv/k with the is demonstrated at the radio telescope with an SIS mixer.

After an analysis of the requirements for optimisation of the receivers for the radio

astronomy applications the mixer design and operation will be presented. We discuss the

HEMT/SIS problem in application to the 3 mm band and present the first laboratory results

with 25 K SSB mixer in the 3 mm band.
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A HIGH-POWER FREQUENCY-STABILIZED TUNABLE TWO-FREQUENCY
DIODE LASER SYSTEM FOR GENERATION OF COHERENT

TERAHERTZ-WAVE BY PHOTOMIXING

Shuji Matsuura and Geoffrey A. Blake
Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena. CA 91125

E-mail: matsuura@gps.caltech.edu

Pin Chen
Division of Chemistry and Chemical Engineering, California Institute of Technology, Pasadena CA 91125

J. C. Pearson and Herbert M. Pickett
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA 91109

Abstract

A tunable two-frequemcy high-power diode
laser system at 850 nm for terahertz (Thz)-
wave generation by photomixing in low-
temperature-grown GaAs photo-conductors has
been developed. The difference frequency is
obtained through a three laser system, where
two lasers are locked to different orders of a
Fabry-Perot cavity and a third is offset-locked
to the first, The difference-frequency signal is
generated by the offset laser and the other
cavity-locked laser. The spectral purity of the
beat note is better than 1 MHz. The maximum
output power of —500 mW was obtained by
using the master oscillator power amplifier
(MOPA) technique, simultaneous injection of
two seed frequencies with a single
semiconductor optical amplifier. Here we
report the generation of THz waves and
spectroscopy of acetonitrile as proof of
concept.

1. Introduction

The difference-frequency generation, or the
frequency down-conversion, by photomixing
using nonlinear optical materials and
photoconductors has been long investigated as
a promising technique to develop widely
tunable coherent sources in the terahertz (THz)
region. Photomixing in low-temperature-
grown (LTG) GaAs photoconductors with

planer antennas is the most attractive method in
terms of conversion efficiency 1 -3 , and LTG-
GaAs photornixer sources have already been
applied to laboratory spectroscopy by several
authors4-6 . However, the frequency stability
and calibration of these sources have not been
sufficient for high-resolution spectroscopic
applications. The frequency control and
calibration of pump laser system is the key
issues for the next generation of such THz
sources.

Diode-laser-based systems are suitable for
space-borne fiber-coupled instruments because
of their compactness, low power consumption,
and long lifetime.23 Wide frequency tunability
of diode lasers is also an important advantage
for applications in the Tliz-wave generation.
The advances in frequency stabilization of
diode lasers locked to cavity modes allows us
to define the frequency of the THz-wave
precisely. We have developed a fiber-coupled,
tunable, two-frequency diode laser system at
850 nm using such frequency-stabilization
scheme.

The THz-wave output power generated by
photomixing with a photoconductor has a
quadratic dependence on the photocurrent
oscillation induced by the pump lasers. Up to
now, the THz-wave output power generated
with LTG-GaAs photomixers have been limited
to 0.1-1 1.tW level corresponding to the ac-
photocurrent of —0.1 mA, dc-photocurrent of
—1 mA.6,7 The photocurrent is proportional to
the pump laser power, but conventional type
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photomixers cannot handle the incident power
over -50 mW because of thermal failure.'
Large dimension devices allow high-power
laser input and provide much higher
photocurrent by avoiding the thermal problem.
In order to drive these devices, the development
of high-power (>>50 mW) tunable diode laser
is required. Unfortunately, the output power of
our fiber-coupled diode laser system was not
sufficient for this purpose.

The master oscillator power amplifier
(MOPA) technique solve the dilemma between
narrow linewidth and high power. The master
laser with narrow linewidth is injected into the
power amplifier, and the laser power is
amplified while preserving the spectral purity.
Although the MOPA has been normally used
for single-frequency operation, simultaneous
two-frequency injection seeding to a single
power amplifier is achievable8 . The two-
frequency MOPA operation has an advantage

in spatial overlap of the two frequency beams,
which is essential to achieve an efficient
photomixing.

We developed a high-power, narrow-
linewidth, tunable two-frequency diode laser
system at 850 nm based on the two-frequency
MOPA with the fiber-coupled tunable master
laser and a single optical amplifier. In this
paper, design and performance of this system
and its application to the THz-wave generation
and spectroscopy are presented.

2. Laser system design and
performance

2-1. Frequency-stabilized tunable diode laser

The fiber-coupled tunable two-frequency
diode laser system to synthesize a precise
difference-frequency consists of three external

Fig. 1: Schematic diagram of the laser system and experimental setup of the spectroscopy. DL, DBR diode laser, PR,
partial reflector, AP, anamorphic prism pair; CH, optical isolator; X/2, half-wave plate; A, attenuator; HL, hyper-
hemispherical lens; PD, photodetector.
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cavity diode lasers as depicted in Figure 1.
Two of these lasers (#1 and #2) are locked to
different longitudinal modes of a Fabry-Perot
(FP) cavity with a free spectral range (FSR) of
3 GHz. The third laser (#3) is locked to one of
the cavity-locked lasers (#2) with a 3-6 GHz
tunable offset, which can be continuously
swept over the FSR. The difference frequency
between the #1 and #3 is precisely determined
by the sum of integral multiples of the FSR and
the offset frequency. All the components are
connected with single-mode polarization-
maintained fiber optics.

Each external cavity laser assembly consists
of an 852 nm distributed Bragg-reflector
(DBR) semiconductor laser diode (SDL5722),
an f=4 nun collimating lens, a 20% partial
reflector mounted on piezoelectric transducer
(PZT), an anamorfic prism pair, a 60-dB
optical isolator, an f=4 mm focusing lens, and
a FC-connecterized fiber mount. These
components were assembled in an aluminum
rail assembly as shown in Figure 1. The
temperature of the diode laser is controlled by a
thermo-electric (TE) cooler with an accuracy
better than 1 mK. The injection current is
supplied by a low noise (7 11A/4Hz) current
driver. The partial reflector and the DBR in the
laser chip constitute an external cavity with
FSR of -3 GHz. The optical feedback induced
by the external cavity narrows the linewidth of
-500 kHz, while typical linewidth of DBR
lasers is several megahertz. The laser
frequency was continuously tunable within the
FSR of the external laser cavity by changing
the cavity length. The continuous tunable
range could be expanded to 5 GHz, which
corresponds to the voltage limit applied to the
PZT (±I5 V), by tracking the laser temperature
to maximize the laser gain at the external cavity
mode frequency.

To improve the long-term frequency
stability, the laser frequency was locked to
longitudal modes of the ULE (Ultra Low
Expansion: a=-2x10- 10 °C- 1 ) FP-cavity with a
finesse of 750 and FSR of 3 GHz. The FP-
cavity is installed in a sealed box filled with dry
nitrogen to prevent from refractive index
change caused by variations in surrounding
pressure. To lock the laser frequency to the
FP-cavity mode, we used the Pound-Drever-
Hall method. The FM sidebands of the laser
are generated at -100 MHz with a fiber-coupled
electro-optic phase modulator (EOM), and the

modulated signal is injected into the FP-cavity.
The reflected signal from the FP-cavity is
detected and fed back to the PZT of the laser
cavity. The feedback loop bandwidth was
limited to 500 Hz by acoustic resonance of the
PZT. The dc-drift of the frequency caused by
thermal expansion of the external laser cavity is
canceled by tracking the P'ZT valtage with the
integrated error signal through the computer
control system. In the laboratory environment
the drift was so large that the feedback voltage
to the PZT reaches to the 15-V limit in a few
minutes. The drift was considerably reduced
by putting the whole laser system on a
temperature- controlled thick aluminum plate,
and the all-day-long cavity-lock of the laser
frequency was achieved.

Combined output power of the #1 and #3
lasers from the final 3-0 fiber coupler was
approximately 30 mW, while the output power
of each DBR laser was originally 150 mW.
The total power loss of the present system
consisted of the transmission loss in the free-
space optics in the laser assembly (1.5dB), the
insertion loss to the fiber (4dB), and the loss in
fiber directional couplers and at fiber
connectors (1.5dB).

2-2. Two-frequency MOPA system

The two-frequency MOPA system was
constructed using a single traveling-wave 850
nm semiconductor tapered optical amplifier,
which was a component of a commercial
external-cavity single-mode laser (SDL8630).
The two-frequency fiber-coupled output beam
from the tunable laser system, a master
oscillator, is launched into the free-space
through a collimating lens. The circular beam
passed through an optical isolator and a half-
wave plate for fine adjustment of the
polarization, and is reshaped to elliptical beam
by an anamorphic prism pair to match the
spatial mode to the amplifier facet spot. After
appropriate attenuation, the beam is injected
into the optical amplifier chip through an f=8
mm focusing lens. The output beam from the
amplifier is spatially filtered and collimated to
-3-mm size Gaussian beam by a lens
assembly. After passing through an attenuator
and a beam divider for monitoring the
spectrum, the beam is focused on the
photomixer.
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Fig. 3: The spectrum of the beat signal between the
two frequency components before amplification (upper)
and after amplification (lower).

Under the conditions of the temperature of
22 *C and the injection current of 1.9 A, the
optical amplifier provides the saturated output
power of —500 mW for the input power of
approximately 4 mW. Since we set the input
power to —10 mW, the amplifier was operated
under highly saturated conditions. Therefore,
the output power is insensitive to the input
power and the frequency.

2-3. Spectral properties

In Figure 2 the amplified output power as a
function of the frequency difference between #1
and #3 lasers is shown by the circles.
According to the highly saturated condition, the
output power was constant within 5% over the
entire difference frequency range.

The intensity ratio between the two
frequency components in the amplifier output,
1 3 /1 1 , measured with a scanning FP-
spectrometer is also plotted in Figure 2 as a
function of the difference frequency. The
intensity ratio was close to unity over a wide
range of difference frequencies from —10 GHz
to 1.3 THz. Unbalanced amplification occurred
at difference frequencies lower than 10 GHz
due to the two-frequency interaction driven by
the refractive index change induced by the
carrier density modulation at the difference
frequency7. The lower frequency limit of the
well-balanced two-frequency amplification is
determined by the carrier lifetime of the

amplifier.
Since the amplifier used in this system is a

component of a commercial external-cavity
single-mode laser, an amplifier chip facet was
anti-reflection coated (R .1%) but the other
facet was not coated (R=30%). Small variation
in the output power and the intensity balance
seen in Figure 2 are caused by the chip mode
with a spacing of —15 GHz. Therefore, these
frequency dependence can be considerably
reduced by AR-coating both of the amplifier
chip facets.

The spectral purity of the beat signal at the
difference frequency was measured with the
25-GHz bandwidth photodetector. Figure 3
represents the beat signal spectrum at 12.6 GHz
for both the amplified output and the master
laser. The linewidth of the beat signal was
approximately 1 MHz and completely preserved
through the amplification process.

3. Generation of THz-wave and
application to spectroscopy

3-1. Experimental setup

The laser system described above was
used for the 'THz-wave generation with a LTG-
GaAs photomixer, and the absorption
spectroscopy of acetnitrile (CH 3CN) was
carried out using this THz source. The
experimental setup of the spectroscopy is
shown in Figure 1. The two-frequency output
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Fig. 4: The measured rotational spectrum of acetnitrile.

beam from the MOPA is attenuated and focused
on the LTG-GaAs photomixier. The THz-
wave output beam is collimated with a
combination of a hyper-hemispherical lens put
on a backside of the photornixer and a Teflon
lens. The collimated beam passes through a 8-
cm long 1-inch diameter gas cell with
polyethylene windows. The transmitted beam
was weakly focused with a Teflon lens and fed
into a 4.2-K InSb hot-electron bolometer.

3-2. Generation of THz-wave by photomixing

The photomixer used in this experiment was
fabricated at Minnesota University. The LTG-
GaAs wafer was grown on a 0.5-mm.-thick
semi-insulating GaAs substrate, and a planer
log-spiral antenna with 1-gm -wide
interdesitated electrodes and 1-p.m-wide gaps in
a 10x10 1=2 active area was etched on the
wafer. The bandwidth of the photomixer
determined by a combination of the carrier

lifetime of the LTG-GaAs and the RC time
constant of the electrode is estimated to be
approximately 300 GHz. The dc bias voltage
was applied to the electrode by a constant
current supply of —0.5 mA for the laser power
of 30 mW.

Before carrying out the spectroscopy, the
THz-wave power was measured- without the
gas cell. The pump laser beam was modulated
at 400 Hz by a mechanical chopper, and the
output signal of the InSb detector was
measured. The x100-amplified detector signal
at 300 GHz was —100 mV that corresponds to
the radiation power of —1 gW.

3-3. Spectroscopy

The tone-burst FM spectroscopy method9
was used to obtain the spectrum. The injection
current of the #1 cavity-locked laser of the
master laser system was modulated at 2 MHz
above the cavity-lock loop bandwidth, and the
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modulation input was switched on and off at a
10-kHz rate. The detected signal was
demodulated by a lock-in amplifier at 10-kHz
switching rate. The spectrum was obtained by
sweeping the offset frequency. The lock-in
signal traces the second derivative of the
absorption spectrum.

Figure 4 presents the absorption spectrum of
CH 3CN J=16 rotational transitions near 312
GHz. The lock-in amplifier signal taken by a
single frequency sweep with a rate of 2
MHz/sec was plotted against the offset
frequency between #2 and #3 lasers. The data
sampling rate was 7 sample/sec which
corresponds to the frequency resolution of 0.3
MHz, while the time constant of the lock-in
amplifier was 0.3 sec. The spectrum shows a
K-structure of a symmetric-top molecule that
was assigned to K=0-11 lines as depicted in the
figure. The K=0 and 1 lines separated by -6
MHz are clearly resolved. The width of the
absorption lines was pressure-limited, while
the gas pressure was 60 mTorr. To evaluate
the instrumental linewidth, further
measurements by changing the gas pressure are
required.

The lock-in amplifier outputs for the
absorption lines were -100 mV, while the
noise amplitude was -5 1.Np-p, and the
detection limit of the absorption is estimated to
be -10-4. The spectrum of the C13-isotopomer
of acetnitrile, which has the natural abundance
of -1%, was detected with a signal-to-noise
ratio of -20 according to the detection limit.
Unfortunately, the noise originated mainly
from an electronic pick-up at the A/D input, and
the detection limit was determined by neither
the detector noise nor the source noise. The
detection limit of 10-5 level can be achieved
with the present system by reducing this noise.
Although the present measurement was carried
out at -300 GHz, the source intensity is
sufficiently high for the spectroscopy at higher
frequencies if only the detector is replaced to
that for high-frequency use; the output power at
1 THz is estimated to be -10dB down.

For further spectroscopic measurements
such as the search for unknown molecular lines
and the use for astronomical observation, the
absolute frequency calibration of the system is
necessary. The frequency calibration is carried
out by measuring the FSR of the FP-cavity.
Once the exact value of the FSR was obtained,
the Tliz-wave frequency can be determined

with an accuracy of -10- 10, even if there exists
a fluctuation of the cavity temperature of -1 *C,
because of an extremely low thermal expansion
coefficient of the cavity material which is
equivalent to the crystal used as a microwave
oscillator. The FSR was measured by
detecting the beat signal between the two
cavity-locked lasers (#1 and #2). The accuracy
of the measurement was -10 kHz, while the
FSR is 3 GHz. Well-known strong molecular
lines in the THz region such as rotational
transitions of carbon monoxide (CO) are usable
for more accurate calibration. Frequencies of
such molecular lines in the THz range that
corresponds to -300 times of the FSR are
known with an accuracy of -10- 7, and the
resultant accuracy of the FSR measurement is
expected to be -3x10- 10 or -300 Hz. The
cavity calibration with CO lines is in the
process.

4. Conclusions

A 850 nm tunable two-frequency diode
laser system based on the three-laser frequency
control scheme and the two-frequency MOPA
technique was developed, and the output power
of 500 mW and the linewidth of <1 MHz were
achieved. The laser system was applied to the
THz-wave generation using the LTG-GaAs
photomixer, and the absorption spectroscopy
of acetnitrile with this source was
demonstrated. The present THz-wave source
system is usable for actual spectroscopy, only
if the frequency calibration is carried out. The
system will be useful not only for spectroscopy
but also for the application in development of
local oscillators for future space-borne
heterodyne receivers.

The photomixer used in the present
experiment provided the output power of -1
IINV for the pump laser power of 30 mW.
According to a straightforward calculation by
the quadratic dependence of the THz-wave
power on the pump laser power, the sub-mW
level output power is achievable by using the
present laser system with the maximum power
of 500 mW. In order to use such high-power
laser effectively, the development of new type
of the photomixer with high thermal-damage
threshold such as the large dimension device is
required.
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Since the gain bandwidth of the
semiconductor optical amplifier is over 10
THz, the two-frequency MOPA system is
applicable to the difference-frequency
generation of the mid-infrared radiation. At
higher frequencies, even at several THz, the
optical down-conversion method using
nonlinear optical materials lo or recently
developed quantum-well devices could be more
efficient than the electro-optical conversion
method using the photomixer. Further
development of nonlinear optical materials and
novel devices with large x( 2) at the diode laser
frequency and the phase matching condition at
the THz frequency is expected.

We thank T. J. Crawford of Jet Propulsion
Laboratory for his technical support. This
work was supported by the National
Aeronautics and Space Administration.
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ABSTRACT

ESA's Far-IR and Sub-millimetre-wave Telescope, FIRST, is an astronomy space mission which will provide
an unobstructed view of the universe in the last major unexplored region of the electromagnetic spectrum.
The satellite is planned to be launched in mid 2006 and will carry a payload of three instruments spanning
the wavelength interval 80 and 800 pm. ESA has recently released an Announcement of Opportunity (AO)
asking for interested parties to make proposals to provide these instruments and this paper will describe our
proposed front-end for a Heterodyne Instrument for FIRST - HIFI. HIFI will be built by a large consortium
of European, American and Canadian institutes which began work defining a heterodyne instrument in 1996.

HIFI will cover the frequency interval 480 - 1250 GHz in 5 bands using pairs of SIS tunnel junction mixers
to receive both polarisations. The frequency ranges 1600 - 1900 GHz and 2400 - 2700 GHz will also be
covered using single hot-electron bolometer mixers. A modular construction will be used with 6 mixer
assemblies, one for each of the 5 lower bands and one for the two high-frequency bands. Each mixer
assembly will contain optics for local oscillator injection and the first stage of IF amplification. The local
oscillator signals are generated outside the cryostat in a separate unit and pass through dedicated windows in
the cryostat wall. The local oscillator unit is described elsewhere. Low noise InP HEMT's with very low
power consumption will be used in the IF preamplifiers and will provide a 4 GHz IF bandwidth. A suite of
spectrometers in the warm service module of the spacecraft will analyse the IF signals with frequency
resolutions ranging from 100 kHz to 1 MHz.

The mixer assemblies slot into a housing containing the optics common to all bands. The common optics
performs the functions of refocusing the beam from the telescope, splitting the focal plane amongst the 6
mixer assemblies, chopping, and calibration.

1 INTRODUCTION

The proposed Heterodyne Instrument for FIRST,
HIFI, has been optimised to address a number of
key themes in modern astrophysics related to
understanding the cyclical interrelation of stars and
the interstellar medium of galaxies. This interplay
between stars and the ISM drives the evolution
and, thus, the observational characteristics of the
Milky Way and other nearby and far away
galaxies, all the way back to the earliest
protogalaxies at high z.

By combining the high spectral resolving power
capability of the radio heterodyne technique with
quantum noise limited detection from super-

conductor physics and with the state-of-the-art in
microwave technology, IHFI will provide unrivalled
spectral resolution and ultimate sensitivity over the
frequency ranges 480 to 1250 GHz (in 5 bands),
1410 to 1910 GHz, and 2400 to 2700 GHz. The
instrument will be able to perform rapid and
complete spectral line surveys with resolving
powers from 103 up to 107 (300 — 0.03 km/s) and,
will complement the spectroscopy capabilities of
the two incoherent instruments on FIRST.

This instrument will fully exploit the recent rapid
pace of development in sub-mm wavelength mixer
technology to give sensitivity close to the
theoretical limit. The first five frequency bands
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will each contain a pair of mixers using
superconductor-insulator-superconductor (SIS)
tunnel junctions. Both polarisations of the
astronomical signal will be received for maximum
sensitivity. Channel 6 will contain two mixers
based on the recently-developed fast hot-electron
bolometers (FMB) using thin superconducting
films — each mixer will cover one of the sub-bands.
The instrument will operate at one frequency at a
time, i.e. only one of the frequency bands will be
active.

HIFI will have an instantaneous IF bandwidth of
4 GHz analysed in parallel by two types of
spectrometers: a pair of wide-band spectrometer
(WBS), and a pair of high resolution spectrometer
(FIRS). The wide-band spectrometer will use
acousto-optic technology with a frequency
resolution of 1 MHz and a bandwidth of 4 GHz for
each of the two polarisations. The HRS will
employ either a digital auto-correlation
spectrometer (ACS) or a chirp transform
spectrometer (CTS) and will provide two
combinations of bandwidth and resolution: 1 GHz
bandwidth at 200 kHz resolution, and at least
500 MHz at 100 kHz resolution. The HRS will be
divided into 4 or 5 sub-bands each of which can be
placed anywhere within the full 4 GHz IF band.

HIFI will consist of three major sub-systems and
an instrument controller:

1. The focal plane sub-system comprises the
focal-plane unit (I-TFPU) inside the cryostat,
containing relay optics, mixers, low-noise IF
HEMT pre-amplifiers, a focal plane chopper,
and a calibration source; and the HFPU control
unit (HICU) which supplies the bias voltages
for the mixers and IF preamplifiers in the
HFPU and controls the frequency diplexers,
the focal plane chopper mechanism and the
calibration source.

2. The local oscillator sub-system comprises: the
local oscillator unit (HLOU) located on the
outside of the cryostat generating the LO signal
which is coupled into the liFPU via a window
in the cryostat wall; and the local oscillator
control unit (HLCU) in the service module
(SVM) which controls the frequency of the
local oscillator with a precision of 1 part in
108.

3. A back-end sub-system (HBES) within the
SVM. This contains the IF processor, WBS,
HRS, and backend control system (BCS).

4. An instrument control unit (HICU) within the
SVM which interprets commands from the

Instrument Control Unit

Figure 1. Block diagram of the HIFI instrument
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satellite telecommand system, controls the
operation of the instrument, and returns
science and housekeeping data to the satellite
telemetry system.

Figure 1 is a block diagram of the HIFI showing
the relationship between the various units of the
instrument.

2 FOCAL PLANE SUB-SYSTEM

2.1 General Description

In the HFPU the sub-mm wavelength signal from
the telescope is mixed with radiation from a local
oscillator and the "beat frequencies" are generated
in a cryogenically cooled mixer. The instrument
measures radiation in two polarisations in 5
contiguous bands covering the frequency interval
480 to 1250 alz and in a single polarisation in
two sub-bands around 1.7 THz and 2.5 THz. There
are 6 optical beams coming from the telescope, one
for each of the 5 dual-polarisation bands and one
for the two high-frequency sub-bands.

The HFPU employs a highly modular design
consisting of:

• a common optics assembly (COA) which
serves as the support structure for the other
FIFPU modules and contains the optical
elements which are common to the 6 optical
beams,

• 6 mixer assemblies (MA) containing the
optical elements, mixers and IF components
specific to each of the 6 instrument bands,

• a chopper assembly containing a nutating
mirror and drive mechanism,

• a calibration assembly containing a black-body
calibration source and refocusing optics.

These elements are described in the following
sections.

Extremely flat and stable spectral baselines are a
stringent requirement for the HIFI instrument in
order to be able to study the very weak broad
emission and absorption lines of distant galaxies
and to perform broadband spectral surveys. Thus,
special emphasis is placed on the design of the
optics in the I-IFPU to avoid generation of standing
waves. It also includes a chopper mechanism to
switch between two positions on the sky, and will
allow the standard dual beam switch techniques for
standing wave elimination. In addition, the
specification of the intermediate frequency
processing from the first IF amplifiers down to the
spectrometer backends are driven by these
requirements, resulting in particular in the
necessity of mounting the first IF amplifiers very
close to the mixers (see below) and carefully
controlling the thermal environment of critical
components with regard to stability.

2.2 Common Optics Assembly

The functions of the instrument optics and their
order of implementation are indicated in Figure 2.
The first function is calibration (CAL) followed by
focal plane chopping (CHOP), band splitting
(CHAN), polarisation separation (POL), and LO
injection (LO).

The Common Optics Assembly (COA) contains
the optics from mirror M3 in the telescope focal
plane through to but excluding the Mixer
Assemblies (MA) which are described in Section
2.5 (see Figure 3). The COA also includes the
calibration assembly.

The telescope focal plane mirror (M3) acts as a
folding mirror and also as a field mirror to reduce
the optical path length towards the pupil image (=
image of the telescope secondary mirror) for
packaging reasons. The telescope focal plane is re-
imaged in the main optics by means of a Gaussian
telescope at unit magnification implemented by a
collimating mirror and an imaging mirror, both
with a focal length of 280 mm. Between these two

Figure 2. HIFI Common Optics functional block diagram
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mirrors a flat chopper mirror is positioned in the
pupil plane. This mirror implements the second
function mentioned above.

After the imaging mirror a flat mirror folds the
beam towards a stack of 6 beam splitting mirrors
placed at an image of the focal plane. The centres
of these mirrors are located on a line oriented
perpendicular to the plane shown in Figure 3.
These 6 mirrors differ in orientation so that the six
resulting beams are separated in direction, thus
implementing the function of beam separation. The
focal length of the individual band splitting mirrors
can be chosen to alter the system exit pupil
location while keeping the focal plane image in the
same position. Finally the images on the band
splitting field mirrors (6x) are re-imaged into the
mixer assemblies, which are mounted onto the
Main Optics structure in a stack.

The housing of the COA and the mirrors will be
machined from a single block of aluminium giving
rigidity and dimensional stability. Mirrors will be

bolted to flanges in the housing using 3 fixation
points and if necessary shims will be used to adjust
the alignment. The mirrors can be added
sequentially to allow the alignment to be checked
optically at each stage. This construction technique
was used very successfully in the Short
Wavelength Spectrometer (SWS) flown on ISO.

2.3 The chopper-mechanism

Most observations with HIFI will be made using
beam switching. A focal plane chopper within the
instrument will switch the telescope beam between
the astronomical source and a nearby reference
position. The spectrometer system will measure the
difference in emission between the two positions.
The focal plane chopper in HIFI will have a beam
throw (separation between source and reference
position) of 3 arcmin. on the sky and will chop at
frequencies up to 1 Hz. The mechanism is similar
to the scanning mechanism flown in SWS and
LWS on board ISO. The mechanism moves a
mirror between three positions: two sky positions

Figure 3. HIFI Common Optics layout
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Figure 4. Drawing showing the HIFI mechanisms: a) chopper; b) diplexer

and a third calibration position. The required scan
angle for the present optical design is 4.6° (pk-to-
pk).

The mirror is supported by two flexural pivots. A
copper coil carrying a current moving in a radially-
oriented magnetic field from SmCo permanent
magnets provides the drive force (Figure 4a). The
dissipation in the motor coil is estimated to be
0.5 mW on average for square wave chopping of 1
Hz. An LVDT position sensor (also flown on
SWS-ISO) provides position feedback for the drive
electronics. The dissipation in this sensor is about
0.6 mW.

Because of the vital position of the chopper in
HIFI, redundant wiring, drive coils and drive
electronics will be used for the motor.
Additionally, the neutral position of the mechanism
will be a sky position allowing HIFI to execute
most of the scientific observations using telescope
position switching and frequency switching in case
of failure of the chopper; external astronomical
sources would have to be used as calibrators.

2.4 Calibration Assembly

The calibration assembly, located just above the
input opening of the main optics housing, provides
the instrument with a black body source having an
adjustable temperature in the range 15-100 K. This
unit couples to the instrument via a part of M3 and
is selected for calibration measurements by
suitably positioning the chopper mirror. The
auxiliary optics in the calibration unit minimises
the surface area of the source so as to reduce the
heat load on the cryostat.

The goal is to achieve an instrumental calibration
accuracy of 3 %. The end-to-end calibration of the
system including the telescope will be
accomplished by observation of astronomical
sources of known strength. The accuracy achieved
will depend upon pointing accuracy but should be
better than 10%.

2.5 Mixer Assemblies

The HIFI mixers are located in Mixer Assemblies
(MA). The MA's contain mechanical supports,
mixers, diplexers and polarisers as well as IF
amplifiers, and are mechanically mounted on the
HFPU. Thermal straps connect the mixers and 1st
stages of the IF amplifiers to the "1.7 K level", and
the 2nd stage IF amplifier to the "15 K level". A
connection to the "4.3 K level" is used to heat-sink
an internal wiring harness. A 0.5 K adsorption
cooler will be included for the aluminium HEB
mixers proposed for band 6.

There will be 6 MA's, each covering a certain
frequency range with two mixers, only one MA
will operate at any time. The pair of mixers in
individual MA's will operate on orthogonal
polarisations and are described in Section 2.7.

The optical input to an MA consists of a signal
beam and a LO beam. In the MA box the signal
beam will be split into 2 polarisations for the 2
mixers. The LO beam will also be split into 2
beams with suitable linear polarisations to be
coupled to the mixers. The combining of the signal
and LO beams will be by a beamsplitter for the
lower frequency two bands, and by tuneable
diplexers in the higher bands where less LO power
is available. This gives rise to two different optics
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Figure 5. Perspective view showing the LO beam disposition

layouts for the MA boxes, but they will be identical
externally.

2.5.1 The Diplexer Mechanisms

The function of the mechanism in the diplexer is to
translate a rooftop mirror over about 0.2 mm full
stroke. An aluminium rooftop mirror is supported
by four leaf springs and driven by a moving coil in
a static magnetic field (Figure 4b). A similar
mechanical concept was used for the Fabry-Perot
mechanism in SWS on ISO. The dissipation is 0.6
mW in the drive coil and about 0.7 mW in the
LVDT position sensor. The mechanism is used in
bands 3-6 in HIFI.

2.5.2 0.5 K Adsorption Cooler

For the 0.5 K level we will include a dedicated 3He
adsorption cooler of a type similar to that flown on
IR Telescope in Space (IRTS). This is a sealed
device which can provide the necessary small
cooling power at 0.5 K and rejects the heat to the
"1.7 K level" of the cryostat through a thermal
strap. The cooler requires recycling every 48 hours
by an electrical heater and when operating will
result in a time-averaged dissipation of about
2.4 mW, peak dissipation is expected to be about
50 mW.

2.6 Local Oscillator Optics

The IlLOU is located outside the dewar at an
optical distance of more than 650 mm from the
ffiFI HFPU. The LO beams are coupled through
vacuum windows in the dewar wall and directed
into the respective MA's by a set of folding mirrors
(Figure 5). We have chosen to use 7 separate sub
windows each optimised for transmission of its LO
band. The sub-windows will be small to reduce the
thermal load on the cryostat due to radiation and
this is accomplished by focusing each beam to a
minimum waist at the window location.

2.7 Mixers

Existing technologies for fabricating sensitive
heterodyne mixers favour the use of waveguide
mixers for the lower frequency bands, while the
higher frequencies will use lenses and planar
antennas such as double slot lines. However both
solutions are compatible with the chosen
mechanical and optical configurations.

The proposal for the MA's, mixers and junctions is
based on the following assumptions.

• Fixed tuned, double sideband (DSB) mixers in
dual polarisation for optimum sensitivity and
redundancy.
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Centre frequency 10 GHz for SIS mixers,
4 GHz for HEB mixers

Bandwidth 4 GHz

IF power level at SVM -90 ± 5 dBmW/MHz

IF system noise 10 K — baseline
temperature 5 K — goal

Passband ripple ± 1.5 dB

Amplitude non- < 1 %
linearity

Table 1. HIFI DSB receiver noise temperature for 3 cases and probable mixer types: (1) State-Of-the-Art
Performance (SOAP), (ii) Baseline values and (iii) Goal values. The last column indicates the baseline mixer type:
WG — waveguide, QO — quasi-optical.

band range,

GHz

DSB noise temperature, K mixer technology mixer
type

SOAP Baseline goal SOAP Baseline goal

1 480 80 70 70 Nb—SIS Nb—SIS Nb—SIS WG
640 130 110 110

2
,

640 130 110 110 /7 NbTiN—SIS NbTiN—SIS WG
800 500 150 130

3 800
960

500
700

150
190

130
160

,, 7, ,, WG

4 960
1120

700
1600

190
230

160
190

,, // /, WG

5 1120
1250

1600
1900

230
510

190
210

// ,7 /, WG

6a 1410 2100 650 300 Nb—HEB Nb—HEB Al—HEB
'1910 2100 650 300

6b 2400 2500 800 450 /7 71 7/ QO
2700 2500 800 450

,

• Continuous frequency coverage of 480—
1250 GHz split into 4 sub-bands of 160 Gliz
bandwidth and one of 130 GHz with an
overlap of 2 GHz between bands.

• 2 sub-bands covering 1410-1910 GHz and
2400-2700 GHz without dual polarisation.

The proposed frequency bands, sensitivities and
foreseen detector types are given in Table 1.
Sensitivity values are given for three cases: (i)
presently achieved values with state-of-the-art
performance (SOAP); (ii) Baseline values to be
achieved after the development years from 1998 to
2000; (iii) Goal values, expected to be achievable
after further improvements before delivery of the

FM in 2004. The use of new detector materials
such as NbTiN makes the expected improvement
in sensitivity possible.

The SIS mixers need an adjustable magnetic field
of a few hundred Gauss which is provided by small
superconducting electromagnet coils. These
magnets are integrated in or close to the mixers. To
occasionally remove unwanted trapped flux from
the junction, a heater resistor, either on chip or
close to the chip, is used to warm up the mixer chip
just beyond the superconducting transition
temperature of the SIS junction materials
momentarily. The HEB mixers of band 6 do not
need a magnetic field.

Table 2. Cryogenic IF preamplifier performance
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1.7 K level

Th
15 K level

SlS mixers single-ended amplifiers with isolators
power

combiners 8-12 GHz

HEB mixers balanced
amplifiers 2-6 GHz

Figure 6. Block diagram of IF pre-amplification scheme.

2.8 IF Preamplifiers

The function of the IF preamplifiers of the HIFI
instrument is to amplify the IF signals from the
mixers with the minimum of additional noise.
Other aims are to achieve flat gain over the band,
low power dissipation, stability and reliability. The
IF preamplifiers will be as close as possible to the
mixers and operate at 1.7 K to maximise
sensitivity. The preamplifier outputs will be
connected to the IF processor in the SVM by
coaxial cables in the spacecraft cryoharness. One
mixer assembly with two mixers and their
associated IF preamplifiers, one set for each
polarisation, will operate at a time. A summary of
the cryogenic IF system is given in Table 2.

The basic IF pre-amplification scheme is shown in
Figure 6. Each mixer is followed by a dedicated IF

preamplifier — 6 bands times 2 polarisations giving
12 preamplifiers in total. For the SIS mixers of
bands 1 to 5, these operate with an IF of 10 GHz,
while band 6 will use HEB mixers and have an IF
centre frequency of 4 GHz. Since only one pair of
mixers will operate at any time, we propose to use
power combiners to feed the signals from bands 1
to 5 into a single pair of coaxial cables — the choice
of band is made by activation of the required pair
of preamplifiers. The IF signals from band 6 will
be fed into a second pair of IF cables. This reduces
the number of coaxial cables between the front-end
and the IF processor to four, with a consequent
reduction in thermal load.

Cryogenic isolators at 1.7 K will be used to
suppress reflections between the mixers and
10 GHz preamplifiers, but balanced amplifiers will
be necessary for the 2-6 GHz band. Fixed

K level 4.3 K level 15 K level

0.1 mW 3.3 mW0.5 K
levei 4 or 6.4 mW conduction 1.1 orOmW conduction 24 mW

I Oww
disupabon

dissipation dissipabon d pation

4.3 or 3.2 mW1 421 mw

4.3 K strap 15 K strap

4.1 or 6.5 mW

1.7 K strap

Figure 7. Diagram showing the HFPU thermal interface with the spacecraft.
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Figure 8. 5-sigma point-source line flux detection limits for a 1 hour integration and for three
velocity resolutions starting from the top: 300, 30, and 3 km/s

attenuators after each preamplifier will be used to
set the correct IF output levels and band-pass
filters in each chain will suppress out-of-band
signals.

A total IF gain of 38 dB or more is required in the
I-IFPU to overcome cable and other losses and to
render the noise contribution of the back-end
system insignificant. To avoid problems with
feedback and instability the desired amplification
will be achieved by a cascade of two amplifiers.
The baseline is to cool the 1 5t stages of the IF
preamplifiers to 1.7 K with the second stages
operating at 15 K where there is a higher heat-lift
capacity. An option to integrate the first
preamplifier stage into the mixer to obtain the
maximum possible sensitivity will be studied. If
the cooling capability at 1.7 K is insufficient for
the expected 4 mW dissipation of the 1 st stages of
the preamplifier, then a back-up option is to
operate them at 4.3 K.

2.9 Focal Plane Unit Control Electronics

The Focal plane unit Control Unit (HFCU) will
contain electronics to perform the following
functions:

• control the mechanisms, the calibration source,
and the 0.5 K adsorption cooler,

• provide suitable bias voltages and currents to
the mixers, mixer magnets, de-flux heaters and
IF preamplifiers,

• interface with the Instrument Controller Unit
(HICU) to allow it to control all functions and
to return housekeeping data.

The digital interface controller forms the heart of
the ILECU. Implemented in an FPGA or ASIC, it
will communicate with the HICU via balanced
serial digital interfaces. It will store in volatile
memory all settings relevant to the above
functions, as received from the HICU. These
settings will be fed to D/A converters, thus
generating reference levels that are translated into
accurate mechanism positions, bias
currents/voltages or temperature levels. The HFCU
will also periodically recycle the 0.5 K adsorption
cooler by passing current through a heater.

The HFCU will also contain a data acquisition
system to collect analogue housekeeping
information on all relevant parameters of !ECU
and HFPU: mechanism positions, bias
current/voltage, temperature levels etc. This
analogue housekeeping circuitry will include
signal conditioning (filtering, amplification),
multiplexing and A/D conversion. The HFCU will
also provide digital housekeeping: information on
unit status and settings. All housekeeping
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information will be available to the HICU upon
request, through the interface controller.

The HFCU will obtain secondary power from a
dedicated section of the DC/DC converter in the
HICU. In order to support stand-by and sleep
modes, parts of the HFCU electronics can be
switched off.

2.10 Thermal Interface

The thermal interface of the HFPU is shown
schematically in Figure 7. The housing, optical
components, and 2nd stage IF preamplifiers are
cooled to 15 K by thermal straps to the S/C. There
is only limited heat transfer from the IFPU
housing to the optical table. A strap to the 4.3 K
level provides a heat-sink for the cables to the
mixers. The SIS mixers operate at 1.7 K being
cooled by a strap to the helium tank. Heat rejected
from the 0.5 K adsorption cooler is also removed
through a strap to the 1.7 K level.

3 PREDICTED PERFORMANCE

We present the baseline observing performance of
HIFI for three illustrative cases: a deep, point
source integration, a frequency survey, and
mapping is shown below. We have not made any
allowance for calibration and other overheads.

3.1 Deep Integration

For this case taking a spectral resolution of R=104
(30 lcm/s velocity resolution), 1 hour integration
time gives the 5a flux detection limits shown in
Figure 8.

3.2 Line survey

In Table 3 we list the expected 1-cs noise levels for
a complete 24-hour line survey over various
frequency intervals and at a resolution of 1 MHz.

3.3 Mapping

In Table 4 we list the expected speed in mapping a
region to the given noise levels using the on-the-fly
technique.

Table 3. Spectrum 1-0 noise level for 24 hour line
survey at l MHz resolution

Frequency ranee spectrum 1-a noise level

480-1250 GHz

1410-1900 GHz

2400-2700 GHz

18 InK

52 InK

73 inK

Table 4. The mapping speed in arcmin : per hour to
achieve the stated noise level in a fully sampled map

Frequency,
GHz

noise level.
arsiK

mapping speed
f(arcmin2hr-1)

500 0.1 530

1000 0_3 290

2500
,

1 _ 41
.

4 SUMMARY

We have described the focal plane unit of HIFI as
proposed for FIRST. According to the current
mission schedule, the instrument will be launched
at the end of 2005 and will provide the first high
resolution view of the sub-mm universe unaffected
by absorption in the Earth's atmosphere.
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Abstract
The Heterodyne Instrument for FIRST
(HIFI) shall cover the full frequency range
from 480 to 1250 GHz plus two additional
parts of the spectrum around 1.6 and 2.6
THz. To be able to cover this frequency
range, the Focal Plane Unit and the Local
Oscillator Unit of HIFI will be split into 6
channels. The Local Oscillator Unit will be
located at the outside of the satellite's
LHe dewar and will be operated at a tem-
perature of about 100 K. Each of the
channels I to 5 consists of 2 chains of
wide bandwidth HEMT power amplifiers
in the 60 to 110 GHz range feeding wide
band planar multipliers. To provide
enough output power to pump two mixers
at perpendicular polarizations wire grid
beam splitters will be used. The amplifiers
are fed by an actively multiplied tunable
YIG oscillator which is located in the am-
bient temperature service module part of
the satellite. The 66 channel is split into a
1.6 and a 2.6 THz part. Here, optical
mixing in LTG GaAs will provide the LO
power to feed a set of BEB mixers. The
overall LO system design as well as the
necessary development program are de-
scribed.

Introduction
The ESA cornerstone mission 'Far
Infrared and Submillimeter Telescope'
(FIRSI)"2 will consist of a 3.5 m tele-
scope that is mounted on a LHe cryostat.
It will give the first opportunity to cover a
large part of the subnillimeter and far
infrared wavelength range with a sensitiv-
ity close to the quantum noise limit at high
angular and spectral resolution and with-
out damping absorption of atmospheric
water vapor and trace gases. A heterodyne
instrument on FIRST will allow to study
the complex chemistry and dynamics in a
variety of astronomical sources ranging
from comets to distant galaxies3 . Essential
to achieve this goal will be a complete
coverage of a wide frequency range.
Therefore, (HIFI) shall cover the full fre-
quency range from 480 to 1250 GHz plus
the astronomically important spectral re-
gions from 1410 to 1910 GHz and from
2400 to 2700 GHz. HIFI consists of four
sub units, the Focal Plane Unit inside the
cryostat, the local oscillator system, the IF
section, and the control electronics. This
paper describes the current baseline for the
LO system.
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Figure 1: Schematics of the LO system with respect to the focal plane unit (FPU)

General Description
The design of the LO system is driven by
the choice of mixer frequency bands and
mixer properties, and by the spectroscopic
requirements, i.e. maximum resolution and
bandwidth. The HMI frequency range is
split into 6 mixer bands which are oper-
ated in double sideband (DSB) mode.
The lower five mixer bands are equipped
with SIS mixers with an IF range from 8-

12 GHz. Band 6, which is called the ultra-
high frequency channel (UHF) will be
equipped with hot electron bolometric
mixers (HEBMs) with an IF range from 2-
6 GHz.
The HIFI backend will consist of a high
resolution spectrometer with a resolution
of 0.1 MHz at a minimum bandwidth of
500 MHz and a wideband spectrometer
with a resolution of 1 MHz and a band-
width of 4 GHz.
An overview of the local oscillator part of

Table 1. Proposed mixer, local oscillator and amplifier frequency bands (* for band
6 the baseline is to use a photomixer LO source)

band

mixer

operating range,
GHz

band

LO

tuning range,
GHz

multiplier

stages

LO amplifier

frequency
band, GHz

1 480-642 la 492-550 x2x2x2 61.5-68.8
lb 572-630 x2x2x2 71.5-78.8

2 640-802 2a 652-710 x2x2x2 81.5-88.8
21, 732-790 x2x2x2 91.5-98.8

3 800-962 3a 812-870 x2x2x3 67.7-72.5
3b 892-950 x2x2x3 74.3-79.2

4 960-1122 4a 972-1030 x2x2x3 81.0-85.8
4b 1052-1110 x2x2x3 87.7-92.5

5 1120-1250 5a 1132-1174 x2x2x3 94.3-97.8
5b 1196-1238 x2x2x3 99.7-103.2

6 1410-1910 6a 1414-1906 x2x2x2x3 . 58.9-79.4
2400-2700 6b 2404-2696 x2x2x2x3 . 100.2-112.3 ,
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the HIFI instrument is given in Figure 1. It
consists of a coupling optics part inside
the LHe vessel, the Local Oscillator Unit
and the LO control electronics.
The Local Oscillator Unit will be arranged
in 6 local oscillator assemblies (LOA's)
with a spacing of about 50 mm between
the optical axes of adjacent LOAs yielding
one optical plane per mixer band which
eases alignment and gives a high degree of
modularity. The LOAs are fixed to a me-
chanical support structure. Each LOA
feeds both polarizations of the Focal Plane
Unit's mixer bands.
The LO control electronics, which is sited
in the service module of the satellite and
which also supplies the electrical and mi-
crowave signals needed by the Local Os-.
dilator Unit, monitors the LO system, and
reports its status to the instrument control
unit.
For bands 1 to 5 the high IF frequency and
DSB mixer opetation is used to reduce the
tuning range required from the LO, but to
ensure a smooth transition between adja-
cent mixer bands a band overlap of 2 GHz

was assumed. Further, due to the re-
stricted tuning ranges of sub-mm LO
sources, we have chosen to use two LO
sources to cover each mixer band. Only
one LO source is operational at any given
time. This LO pumps two mixers operat-
ing on orthogonal polarizations.
Assuming equal tuning ranges for the up-
per and lower LO sources for each mixer
band, the above leads to minimum LO
tuning ranges of 58 GHz for bands 1 to 4
and 42 GHz for band 5. We expect that
the tuning range of LO sources will be
increased in which case we can use any
overlap between the coverage of upper
and lower LO sources for each band to
increase the redundancy. An overview of
the different frequency bands applicable to
HIFI is given in Table 1.

LO Sources
For bands 1 to 5, the listed tuning ranges
can only be achieved if a broadband, high-
power mm-wave source is available to
drive the varactor frequency multiplier
chain. In our baseline design we propose

100K Band

61-104 GHz

Figure 2: Schematic diagram of bands 1-5 of the LO system using power amplifi-
ers
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Table 2: Current performance of whisker-contacted and planar frequency multi-
pliers

ype Multiplication Output Frequency Output Power Efficiency
GHz mW

planar x2 160 77 22
whisker x2 167 30 30
whisker x2 190 15 15
planar x2 240 6 15
planar x2 320 9 13

whisker x3 334 7 10
whisker x2 384 1.5 10
whisker x2 500 2 (est.) 20 (est.)
whisker x3 800 0.04 4
whisker x3 1000 0.06 1

to use custom high-power mm-wave am-
plifiers manufactured by TRW 5 to drive
cascaded frequency multipliers. Such an
LO source has already been demonstrated
to work well at 500 GHz. A possible
backup solution using mm-wave Gunn
oscillators to drive the multiplier chains
(as used in almost all ground-based sub-
mm receivers) is unlikely to have the re-
quired electrical tuning range. In this case
we would either have to resort to me-
chanically tuned Gunn oscillators or use 4
LO sources per mixer band and a more
complex optical setup employing fixed
tuned diplexers. For band 6 laser pho-
tomixers are under development. A sche-
matic diagram of the LO channels 1 to 5 is
shown in Figure 2.

LO Sources for Bands 1 to 5

High Frequency Power Amplifiers
The successful development of GaAs p-
HEMT MMIC power amplifiers in the
60-110 GHz frequency range makes it
feasible to use them as the broadband
sources to drive the frequency multiplier
chains. Units manufactured at TRW have
demonstrated output powers of 350 mW,
an output power far exceeding what is

available with Gunn devices. Presently,
instantaneous bandwidths of 10 GHz are
available but with modest further devel-
opment this is expected to increase to
15 GHz.

Frequency Multipliers
An overview of state-of-the-art varactor
frequency multiplier performance is given
in Table 2. Generally, at lower frequen-
cies, planar and whisker-contacted multi-
pliers show rather similar performance.
However, considering the reproducibility
needed for a satellite project, the high
power-handling capability and the wide
bandwidth needed for the HIFI LOs, pla-
nar Schottky diodes will be used for at
least the first stage of the varactor multi-
plier chains6'7. As backup, particularly for
the high-frequency multiplier stages,
whisker-contacted multipliers will be
useds. Although the whisker contact is
difficult to manufacture, it presents an
important 'free' parameter for matching
the diode to the embedding circuitry. Due
to its extremely low mass it is not very
vulnerable to vibration and such devices
have flown on various sateffites (e.g. MLS
on UARS, MAS on the Space Shuttle).
For the final design, several LO chain and
technology options will be considered.
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Various multiplication schemes are feasi-
ble to generate an LO signal at THz fre-
quencies. Best results are obtained with a
cascade of multipliers with small multipli-
cation factors (x2 or x3), since they pro-
vide the highest efficiency and are easier
to make broad band. A design goal is to
cover a full mixer band with a single mul-
tiplier chain. This way we obtain full re-
dundancy with the second chain.
As baseline we have chosen an amplifier
driving a cascade of 2 planar frequency
doublers followed by a whisker contacted
final stage of frequency multiplication. As
an option we will actively pursue a goal of
integrating the first 2 doublers into an
MMIC since development work in this
area has already shown very promising
results. This goal will open up the possi-
bility of combining the amplifier and
MMIC multiplier in a single package with
consequent benefits of improved perform-
ance, reduced mass and smaller volume.

Band 6: Laser Photomixer Local
Oscillator
In the Laser Photomixer Local Oscillators
two near-IR laser beams are combined in a
photomixer to generate a difference fre-
quency in the THz region. The current
system concept is composed of four dif-
ferent components, the laser sources, the
optical processing hardware, the control
electronics, and the photomixer assembly
(see Figure 3).

Two laser sources are currently under
evaluation: a Distributed Bragg Reflector
(DBR) laser diode with external optical
feedback and an external cavity diode
laser. In both cases the laser source in-
cludes a laser with its respective optical
feedback mechanism and the necessary
isolation and optics to couple the radiation
into Polarization Maintaining (PM) single
mode fiber.
The optical processing unit is assembled
from fiber-optic components, and includes
two Elect° Optic Modulators (EOM), a
number of directional couplers, a wave-
meter, a Cs reference cell, a number of
photo detectors, an Ultra Low Expansion
(ULE) high finesse cavity and an optical
amplifier (MOPA). A MOPA amplifier has
demonstrated the ability to amplify two
laser signals separated by more than
10 GHz.
The control electronics supply the current
and feedback to the lasers, and provide all
the necessary signal processing to control
the laser source frequencies. A microproc-
essor controls the operation of the laser
frequency locking system. To date, a line
width (FWHM) of 500 kHz has been
demonstrated along with all-day lock
times using 852 nm DBR lasers. The abil-
ity to generate any offset frequency to
100 kHz within the 1.5 THz tuning range
of the lasers has been demonstrated. Opti-
cal feedback experiments at Caltech have
demonstrated that a 100 kHz line width is
possible.



Current etalons have free spectral ranges
of —3 GHz. The current baseline is to use
a system with three external-cavity lasers.
The reference laser and the offset laser
would be fixed tuned gratings (tuning
bandwidth —60 GHz), while the second
cavity locked laser would be a tuned
grating device (tuning bandwidth
—10 l'Hz). The two fixed tuned devices
would lie near the 371 l'Hz Cs line and
would use that to determine the cavity
order for the reference laser and tune the
microwave frequency offset around the
cavity order picked. The cavity order of
the second laser would be determined by a
wavemeter with better than a free spectral
range resolution. The free spectral range
of the etalon will be measured to better
than the required part in 1 O s accuracy.
Several suitable calibration methods are
known and the actual calibration proce-
dures will be developed and evaluated this
year.

LO Assemblies
There are two types of local oscillator
assemblies (LOA), the standard version
for bands 1-5 using frequency multiplier
chains, and a photomixer version for band
6.

LO Coupling Optics

The design drivers for the calculation of
the detailed optical parameters of the LO
beam-guide are the geometrical fa) ratio
of the beams entering the mixer assem-
blies, the locations of the relevant compo-
nents as defined by the satellite set-up
(e.g. position of the Focal Plane Unit, po-
sition of cryostat window, etc.), and the
requirement to minimize the IR heat load
through the cryostat windows. In addition,
the LO coupling shall be wavelength inde-
pendent within a mixer band, and the opti-
cal path between the first mirror outside
the dewar and the LO source has to be
large enough to accommodate for the nec-

essary optical components. This is espe-
cially important in the case of the backup
solution with four LO sources per band
that are coupled by fixed tuned diplexers.
In that case, a third focusing element will
have to be implemented.
To minimize diffraction effects, aperture
diameters of the optical elements are cho-
sen as four times the 1/e2 beam radius
within the element.
A detailed study of the different design
criteria resulted in the need of a minimum
of 2 focusing elements along the optical
path, one inside and one outside the cry-
ostat. However, there is some flexibility in
the choice of beam sizes and this will be
exploited, for example, to reduce the size
of the LO window in the cryostat or to
relax the lateral alignment tolerances be-
tween the local oscillator unit and the fo-
cal plane unit.

Local Oscillator Assembly for
Bands 1 to 5
The LOA for bands 1 to 5 (see Figure 4)
consists of a small optics part with a fo-
cusing mirror and a wire grid beam corn-
biner and two essentially identical LO
sources oriented with orthogonal polari-
zation. Together these two sources pro-
vide full frequency coverage of the par-
ticular mixer band. The chosen arrange-
ment of two LO sources (one operational)
pumping two mixers on orthogonal polari-
zations can be implemented with minimal

tiC)

170

Figure 4. Layout of the local oscillator
assembly for bands 1 to 5
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The LO Control Unit
The LO control unit will perform several
functions. It will allow the selection of the
proper LO band, provide the drive fre-
quency for the local oscillator unit and
adjust the power level to the LO to the
mixers. In addition, the LO control unit
will supply and monitor the bias for the
multipliers and amplifiers and provide the
DC/DC power conversion.
The LO control unit will provide the mi-
crowave signal to drive the power amplifi-
ers (see Figure 2). The high stability os-
cillator will provide the reference fre-
quency for a synthesizer which will have
an output in the 26 to 40 GHz range. The
output of this oscillator will be amplified,
and fed to the Local Oscillator Unit via
low loss coaxial cable. The step size of the
synthesizer has to be small enough to have
two steps within the 500 MHz minimum
bandwidth of the high resolution spec-
trometer backend. With a maximum over-
all multiplication factor of 36 in bands 1 to
5 this leads to a step size in the order of a
few MHz to a few tens of MHz. Within
the Local Oscillator Unit, the 26 to
40 GHz signal will be distributed to the
different LO assemblies. The feed signal
will be further amplified and, depending
on the frequency range of the LO assem-
blies, doubled or tripled for each band
separately. With a second chain full fre-
quency coverage and a high degree of

loss.

Local Oscillator Assembly for
Band 6
The photomixer assembly will include a
fiber multiplexer feeding a set of fiber-
coupled photomixers. Each photomixer
will be integrated with a planar antenna on
high resistivity Si lens to couple out the
sub-mm radiation efficiently. Photomixers
have been demonstrated to provide output
power at 1.6 and 2.6 'THz. However, this
power is still not enough to drive the HEB
mixers at the frequencies needed for band
6. Further photomixer development is
currently focused on improving device
performance and reliability by research in
the areas of faster materials, increased
output power and efficiency, and in-
creased input power handling. The current
plan is to use local heaters to warm the
photomixers to above 250 K so that
852 nm lasers can be used.
All of the laser system except the pho-
tomixers will reside in the service module
of the FIRST satellite. Transmission of the
signal to the photomixer will take place in
PM fiber which has a loss of less than
3 dB/km.
To minimize optical losses in the bands 6a
and 6b, the two beams will be conducted
separately through the window section of
the satellite's LHe vessel and combined
again inside the cryostat to feed the mixer
assembly of band 6.

Table 3. Local oscillator spectral purity and stability.

Parameter value notes

Frequency accuracy

Linewidth

Carrier-to-noise ratio

,

I part in 108

25 kHz

70 dB

90 dB

139 dB

155 dB

0.1 MHz offset

1 MHz offset

2 GHz offset

10 GHz offset
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redundancy will be obtained.
In order not to compromise the frequency
resolution or sensitivity afforded by the
instrument it is necessary that the LO sig-
nal is of high spectral purity and stable in
frequency. Table 3 lists the necessary re-
quirements.

The Interface to the Satellite
The local oscillator unit will be bolted to a
plate or space-frame on the side of the
satellite's payload module over 3 fixation
points. The mechanical interface will me-
chanically support the Local Oscillator
Unit and will be used to maintain its
alignment with respect to the Focal Plane
Unit. The LO unit is thermally insulated
from the payload module by a low heat
conductivity mounting structure and, op-
tionally, by a thermal radiation shield. The
heat generated by the LO unit will be radi-
ated into deep space to achieve an oper-
ating temperature of 100-150 K.

Discussion
The HIFI LO system described above has
some intriguing features. It is compact,
shows a high degree of modularity, and is
relatively simple considering the complex-
ity of functions it has to perform.
To ensure the feasibility of the described
LO system and to increase the redun-
dancy, several items need further devel-
opment. For channels 1 to 5, this holds
especially for the MAIIIC power amplifiers
and the planar and whisker contacted
multipliers. The efficiency and output
power of both items have to be increased
as well as their bandwidth and reproduci-
bility.
For the multipliers the development goal is
broad band operation without mechanical
tuners. To save cost, scaled planar dou-
blers will be developed at least for the first
multiplication stage We hope to be able to

integrate up to the first two multiplier
stages into the power amplifier module.
Concerning channel 6, the efficiency and
output power of the laser photornixer LO
has to be increased even considering the
low power levels requested by the HEB
mixers.
Finally, the layout of the LO optics will
have to be refined to be able to relax
alignment tolerances of the LO unit rela-
tive to the focal plane unit at minimized
window losses and to further reduce the
size and mass of the LO unit.
Sutnmarizing, a compact LO system for
the HIFI instrument is within reach. Cur-
rent estimates of the size and mass of the
most critical part of the LO system, the
LO unit, yield dimensions of
200x130x300 mm3 and a mass of less than
10 kg. Since only one LO chain will be
operational at any given time, the power
consumption of the LO unit can be kept
below the 6 W limit, that has been speci-
fied by ESA.
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ABSTRACT

Very wideband heterodyne receiver systems are planned for many astronomical
applications during the next 540 years extending up to 2.7 THz for space and airborne
applications. At present the only means to provide sufficient local oscillator power for these
subinillimeter receivers is the Schottky varactor diode frequency multiplier. Using these devices in
a chain of multipliers will require high output power with high efficiency in the early stages. This
paper describes two new designs for planar varactor doublers which cover wide bandwidths with
fixed tuning. A doubler for 150 GHz has 28% peak efficiency with a 3 dB bandwidth of 130-168
GHz. Room temperature output is 2540 mW and the efficiency increases to a peak of 37% with
—55 mW output when cooled to 80 K. A similar doubler has been designed for 270-340 GHz..

INTRODUCTION

Very wideband heterodyne receiver systems are planned for many astronomical
applications during the next 5-10 years. These include the SOFIA airborne observatory, the
FIRST spacecraft, the Millimeter Array (MMA), the Subinillimeter Array and numerous single
antenna ground based observatories. Of these, the requirements for FIRST and SOFIA are the
most demanding in terms of frequency coverage although the MMA will require by far the most
receiver systems. At present, there are plans to include receiver systems on FIRST which may
extend up to 2.7 THz, and on SOFIA up to 1.9 THz. Currently the only means of supplying this
LO is the Schottky varactor frequency multiplier. All of these systems require the maximum
bandwidth in all of their LO components, and it is desired that the LO components use planar
technology wherever possible.  This paper describes work on frequency doublers which
demonstrate the potential to build wideband fixed tuned planar diode doublers centered at
frequencies of 150 and 300 GHz, with sufficient power output to drive subsequent multiplier
stages.

Planar diodes have shown the potential to replace whisker contacted diodes throughout the
nun and subinillimeter range, with performance in many types of devices which is as good or better
than the whiskered diodes they replace. Planar diode arrays have been used in balanced doublers
for 160 and 320 GHz [1,2], achieving very high power output and efficiencies at both frequencies.
However, planar diodes include higher parasitic capacitance than is usually present in whiskered
diodes, and this extra capacitance tends to limit the matching bandwidth that is possible with fixed
tuning. Planar diodes also open up many additional circuit concepts that are not practical with
whisker contacts, and this additional circuit flexibility in many cases more than compensates for
the higher parasitics. The doublers described here have fixed tuned bandwidths which are larger
than has been accomplished with whiskered designs, and are very efficient. They also are fairly
easy to fabricate and are sufficiently robust that they can survive and operate at 77K.
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CIRCUIT DESIGN

The doubler circuits are based on balanced designs using 4 diodes, which have been
previously built for 160 and 300 GHz. Earlier models have achieved high efficiencies, with a
maximum power output at 160 GHz of 63 mW, and a maximum output of 7.5 mW at 320 GHz.
These results were obtained with a circuit originally designed for whiskered diodes, which could
deliver high efficiencies only when tuned for narrow bandwidths [1,2,3]. The new 150 GHz
doubler uses the same four diode arrays that were used previously (UVa batch SC6T6) and
achieved an efficiency of 40% in doubling to 158 GHz, while the 300 GHz doubler uses the same
diode arrays (UVa batch SB3T2) that were used in the previous 300 GHz design, and gave
doubling efficiencies of 18% at 280 GHz and 13% at 320 GHz. However, the actual circuits have
been extensively changed to maximize the bandwidth, and also to make machining and assembly as
easy as possible. The configurations of these diodes are shown in Fig. 1.

Figure 1. Planar varactor diodes used in the two doublers. The dimensions of the 150 Gliz
chip are 800x224 ttun and those of the 300 GHz chip are 490x135 fun. Circles mark locations
of the anodes.

The diodes were designed somewhat conservatively several years ago, and their relatively
large pad sizes, particularly of the intermediate ohmic contacts, would appear to add serious
parasitic capacitance. The overall lengths of the diodes were chosen to match the existing whisker
contacted doubler designs and had nothing to do with optimized matching for a planar diode. It
was believed at the time that the thickness of the GaAs substrate should also be minimized, since it
increases the parasitics. However, the studies performed for this design show that the bandwidth
of a complete doubler circuit is not critically dependent on any of these concerns, although all of
them do have an effect on the final design. As an aid to the building of circuits which should be
relatively easily fabricated, we assumed for this design that the GaAs thickness was 37 RI,
although thinner diodes arc available. For future layouts, we investigated modifications to the
diodes which would improve the power balance between the anodes and also the modification of
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the center pads to facilitate wideband matching. The goal of this work is ultimately to make a
planar diode where much of the circuit would be incorporated onto the GaAs wafer, but this design
is intended as a demonstration based on currently available diodes.

The circuit design is based entirely upon an HF SS [4] analysis of the planar diode as
embedded in a waveguide. Experience has shown that this finite element simulator is sufficiently
accurate that the results may be used for detailed circuit design without the need for prototyping or
scale modeling. The diode is modeled including details of all of the metal pads, but with minimum
fidelity to the areas around the anodes. The GaAs substrate is modeled as a uniform slab, without
the region of high doping found under the metal pads, and with no channel under the fingers
connecting the anode pads with the ohmic pads. The anodes are modeled as very short square
coaxial lines which enter into the metal pads and then end. Ports are defined at the ends of these
lines and are used as the diode terminals in later circuit simulation. All of the omitted detail makes
the diode much easier to draw and very much quicker to simulate, and its effect on the final
solution is too small to justify the effort to include it, given a number of more important parameters
which are not so well known. All materials are assumed to be lossless, since the effect of losses is
expected to be fairly small, and should have little effect on the design so long as inherently high
loss geometries are avoided.

For simplicity, the circuit is split in half along the symmetry plane of the waveguide H-
plane midline. At the input frequency the symmetry plane is a perfect electric conductor, and the
waveguide is extended in both directions for a distance from the diode sufficient to attenuate higher
modes, and is then ended with two ports. For the output, the symmetry plane is a magnetic
conductor. The center pad of the diode connects to a metal strip extending to one of the waveguide
ports, which forms the output TEM port, and the other waveguide port is not used. This method of
analysis is essentially the same as that used in reference 5.

The S parameter files created with HFSS are imported into a linear simulator (HP MDS
[6]) and the remainder of the circuit is initially designed using ideal circuit elements. In this
simulation the diode itself is modeled as a linear element consisting of a series resistor and
capacitor. The effective values of these elements were determined using a nonlinear simulation of
the diode to be used, with the diode biased to the lowest voltage for which nearly optimum doubling
efficiency is obtained. This bias minimizes the diode Q, which is found to be about 5.9 for the
input circuit and 2.9 for the output circuit. The assumed zero bias junction capacitance of 45 If
used in the 150 GHz doubler gives an effective capacitance in the simulation of 22 if, and an
effective resistance of 16 C2 at midband. At the output frequency the capacitance is 19 if while the
midband resistance is 20 Q.

The complete circuit for the 150 GHz doubler can be viewed with a number of
simplifications in the following way. At the input the diode has significantly less than optimum
inductance to resonate out the diode capacitance. As a result the diode load is quite capacitive, and
this reactance is tuned out by placing the input backshort quite close to the diode. The long section
of reduced height waveguide, which is necessary for TM1 1 mode suppression, also acts as an
impedance transformer to the higher impedance waveguide. The remaining waveguide lengths
were empirically chosen for the best wideband match, using series elements only, and may not
represent the best input matching solution. More general forms of a matching circuit, including
stubs or irises, may work better, but are more difficult to design. At the output frequency, the
diode has too much inductance, and it is necessary to place a semi-lumped capacitor as close as
possible to the center pad to tune it out. This capacitance is produced by the initial wide line,
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which might work even better if wider, except that it is entirely within the input wavezukie and
would affect the input circuit. Following this element, the impedance is quite high and a quarter
wave high impedance line consisting of a free standing 120 pun wide ribbon is used for matching.
Finally, a half wave long mismatched (low impedance) line in coax is used to improve the
broadband match. The transition to waveguide was initially designed to have no effect except as a
mode transition, but the actual transition used was found to enhance the match after optimization.
The output circuit was developed by working outward from the diode, adding circuit elements one
at a time with each succeeding length and impedance optimized for the best match into a arbitrary
resistive load. This approach ensures that the circuit has some logical structure that is likely to be
close to a global optimum. In the end, all of the circuit elements were reoptimizeci, leading to some
significant changes but the same basic concept
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Figure 2. Internal detail (top) and overall view of 150 GHz balanced doubler.
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The maximum practical bandwidth was desired, and a circuit was designed covering 135-
170 GHz, with an input return loss of 7-8.5 dB over the full band and an output return loss of 9-10
dB. The resulting mismatch losses seemed to be acceptable, and predicted very flat performance
over the band. The complete circuit that resulted is shown in Fig 2. The doubler is designed with
the input and output directly in line, which requires bending the input waveguide tightly. To save
length, one right angle bend ()CCM within one of the impedance matching sections. The overall
size of the block is determined by flange dimensions, with a length of 1.5 cm to accomodate
internal flange screws. In this design all circuit elements were constrained to be easily machined,
with very high and low impedances eliminated, and both backshorts were machined in place with
no provision for adjustment. The only free parameter remaining is the varactor bias voltage, and it
is fairly tightly constrained (to 4-5 V per anode) in order for the diode to work well. The design is
quite sensitive to varactor capacitance, and adjusting the bias voltage to compensate for errors is
not very successful for more than a 10% variation. Diode thickness is also fairly critical as well,
although -±121.im variation can be tolerated, particularly if the diode capacitance is changed to
compensate.

The circuit assembly began by soldering in the coaxial pin which is attached to an
insulating pad of an expansion matched circuit board [7]. Then a gold ribbon was cut to the
correct shape to form both the low and high impedance sections, and this ribbon was soldered to
the diode center pad. The diode and ribbon were laid into the block with the end of the ribbon
resting in a cutout in the coaxial pin, and the two outside pads of the diode were soldered to the
doubler block. The ribbon was attached to the pin by filling the cutout with conductive epoxy.

The 300 GHz doubler was designed in much the same way except that only the input
circuit was designed for maximum bandwidth, with an expected matching band of 270-340 GHz.
The output circuit was not designed for such a wide band except with backshort tuning, but is
expected to cover the upper half of the band with a fixed setting. This doubler is still being
machined so no results are available, but assuming this design is successful, a full bandwidth
output circuit would be a straightforward next step. However, a problem with the diode design
was noted in this process, which is that the power division between the pair of series diodes is poor
in the output band, differing by over 1 dB at the highest frequencies, and is accompanied by a
phase shift as well. These problems are particularly apparent if the GaAs thickness exceeds 37
pm, which is desired for the best strength of the chips. The amplitude and phase imbalance
decrease the maximum efficiency of the chip and also may lead to unequal bias voltage division,
further degrading the efficiency. This problem lead to a redesign of the diode chip for future
fabrication, with the overall size scaled downward slightly, and the finger lengths adjusted. To
facilitate a wideband output match, and also to increase the bonding or soldering area on the chip,
the center pad was increased in area significantly. This should allow the output connection to the
diode to be simply a high impedance line, while at the input these changes have little effect.

TEST RESULTS

Testing of the 150 GHz doubler was somewhat difficult because its bandwidth exceeds
that of any source with sufficient power to drive it. This is a high power doubler and can not be
properly tested with an input power below 100 mW. The plan for FIRST and other upcoming
systems is to use MMIC power amplifiers to drive the complete LO multiplier chain, but these
amplifiers at present are available at only 94 GHz with relatively narrow bandwidths. The purpose
of these doublers are largely to demonstrate that such sources are indeed practical, and to justify
the effort required to develop the power amplifiers, and other related components. At this time the
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only alternative is to use several high power narrow band oscillators, and these limit test
frequencies to only a few values. We used IMPATT oscillators at 75, 80 and 85 GHz with power
outputs >250 mW, and Gunn oscillators with 80430 mW output to cover the other parts of the
band. Input powers for frequencies above 75 GHz, and all output powers, were calibrated with a
well matched, stable calorimeter in WR10 waveguide [8] with an accuracy of 5%. At lower
frequencies a commercial WR12 power sensor was assumed to be accurate.

Initially the doubler input and output return loss were measured with a small signal
reflectometer to determine the general matching band. This type of measurement is useful because
while the resistive part of the diode load under small signal conditions consists only of the series
resistance of the diode, the varactor can be biased to simulate the actual large signal capacitance,
and the reactive part of the match is much more critical. The resultant return loss curves show
very poor match but the bandwidth of the match is representative of the actual large signal match.
The measured input return loss showed a fairly flat return loss of 2-3 dB over the band of 65-85
GHz, with a varactor bias of 4.5 V, and a very poor match more than 3 GHz to either side of the
band. The band could be shifted significantly through a change in bias, but no other bias produced
a flat response. This method may be used to estimate the actual rf series resistance and the fit to
this data is 4.5 0, as compared to a dc value of 1.7 CI At the output the match was measured
from 135-170 GHz, and appeared to correspond to the design band, but the match was much better
toward the low frequency end, and near 170 GHz was quite poor. These tests showed no narrow
features, and served to justify the rather sparse sampling of the band under large signal pump.

30

130 140 150 160 170

Output Frequency (GHz)
Figure 3. Maximum efficiency of the planar diode doubler. The input power for the best
efficiency is 100-150 mW, with the maximum safe input power about 180 mW.

478



Large signal tests provided the data shown in Fig. 3 which shows the efficiency at
optimum input power (or at the highest available power where input power is limited). At all
frequencies, the maximum safe input power could be as large as 180 mW, with the efficiency
slowly decreasing up to this power. The optimum bias voltage varies from 7 to 11 V across the
band, depending on both power and frequency. Bias current is less than 1 mA for an input power
below 120 mW. The operating band is shifted slightly lower than the design by about 5 GHz,
while the total bandwidth meets expectations. The input return loss was measured at peak
efficiency at 70, 75, 80 and 85 GHz and was found to be 6 dB ±0.2 dB at all frequencies. While
this is less than predicted, the very flat match is as designed. The poorer match is probably due to
interactions between the input and mismatched output impedances that were not considered in the
design. Other contibutions may be small differences between the design and the actual circuit that
was fabricated, and diode properties different from those of the design. It is not possible to directly
measure the output match of a doubler, but it may be inferred from the improvement possible by
adding an output tuner. With an input of 80 GHz, we added a Teflon quarter wavelength plug into
the output waveguide and adjusted its position for the greatest output. The power increased by
only 10%, indicating that the output return loss is —10 dB, which is comparable to what is
expected. The small signal measurements predict that the output match is better at lower
frequencies, and this would appear to be the case based on the flat input match and the higher
efficiencies at lower frequencies. Errors in the construction of the TEM line almost exclusively
affect the output match, and can easily produce this response. There is no way to be certain of the
power that a given varactor is capable of producing, since the dc series resistance is a poor
predictor, but using the small signal fitted value of 4.5 Q for Its, an efficiency of 52% is predicted
at 150 GHz. The best previous results with this batch of diodes gave 40% efficiency at 158 GHz
output, with 120 mW input, and optimized input and output matching. The best results with this
doubler, 28% at 150 GHz, if corrected for the input mismatch alone would give 37% efficiency,
and the output loss due to the widebanding circuit is certain to be somewhat greater than that of the
previous narrow band circuit, so it appears that this doubler's performance is consistent with
expectations.

COOLED OPERATION

The increasing mobility of GaAs with decreasing temperature leads to a reduction of the
series resistance and increased efficiency, as well as Unproved power handling. This makes cooling
a multiplier chain an attractive option since each of its stages will improve [9], and at frequencies
above 500 GHz the improvement in a single stage may be a factor of three. For this reason this
doubler was tested at 77 K by cooling over a bath of liquid nitrogen. A single frequency of 150
GHz was measured, with an input power of 140 mW. The output power increased by a factor of
1.31, bringing the efficiency up to 36%, and the output power to 51 mW. This improvement is
comparable to that measured previously in a similar doubler using whisker contacted varactors
[10], and is consistent with the known mobility increase in GaAs. The improvement can not be due
to a changing impedance match since the bias was unchanged, and the varactor capacitance is very
nearly independent of temperature. It should be noted that the diode in this doubler is installed by
soldering it in with 96C melting solder, so its operational temperature range is extremely wide. No
special effort was made to ensure the survival of the diode over this temperature range except to
use a thin gold ribbon as the contact to the center pad of the diode. The doubler block itself is
brass with a thermal expansion coefficient very poorly matched to GaAs, but the differential
expansion over the length of the diode is only —2 pm, and the indium solder has considerable
compliance.
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CONCLUSIONS

A new frequency doubler has been built with 25% bandwidth to 3 dB points, centered at
150 GHz. The frequency response is flat to within 1 dB over 20% bandwidth and the minimum
power output over this range is 40 mW, with —25% efficiency The design, using planar diodes, is
quite robust mechanically and operates with 30% higher power and efficiency when cooled to 77K.
A second doubler for 300 GHz has been designed with comparable bandwidth, but is still under
construction. Both doublers were designed with the aid of HFSS, and it appears that this computer
program is sufficiently accurate to be the sole tool needed for the design of these devices without
additional prototyping or modeling. This circuit is a hybrid construction of waveguide, coax,
stripline and a free standing GaAs circuit, which is a bit complex to assemble. The TEM portion
of the circuit could be redesigned as a microstrip circuit on quartz as has been done with a
wideband 80 GHz doubler [11], which would simplify the assembly. Designing a diode
specifically for a wideband circuit should improve the input and output match, and some work in
this direction has been done in recent designs, particularly to help the output match. Doublers of
these types could form the first stages of a multiplier chain to the THz range.
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ABSTRACT
Considerable success has recently been gained in the design and production of high
powered frequency triplers incorporating Schottky varactor diodes. The design
approach that was used for this goal has now been turned to the design of fixed tuned,
broadband frequency triplers specifically intended for use in SIS receivers.
The tripler reported here makes use of a Heterostructure Barrier Varactor or HBV. A
waveguide circuit has been designed that provides more than 501.ff of output power
for an input power of 10mW over a frequency range of 250 - 300GHz completely
fixed tuned and without the need for bias.
Further modification of the waveguide circuit should extend the useful fixed tuned
bandwidth to greater that 100GHz centred at 300GHz.

INTRODUCTION
Future space missions such as FIRST have a requirement for fixed tuned frequency
multipliers. Also, there are now a number of large millimetre and subnaillimetre
astronomical arrays both planned and under construction. These will not be able to
rely on tuneable frequency multipliers as the receiver local oscillator source because
of the increased system complexity that would result. Consequently the requirement
for fixed tuned, ultra broadband sources is now becoming urgent.
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When considering the design of broadband frequency sources intended for use with

SIS receivers it is important to note that high levels of local oscillator power are not

required even though most of the available power is dumped via a 20dB beamsplitter.

A design study for a broadband Schottky varactor tripler shows that the idler

termination of the second harmonic provides the limitation to bandwidth. This is

where the FIBV has a considerable advantage. HBV frequency triplers have been

demonstrated and are now showing performance levels [1, 2] that are very respectable

compared with conventional varactor triplers. Possessing an anti-symmetric

capacitance versus voltage (CV) characteristic ensures that only odd order harmonics

are produced. In addition, unlike an antiseries arrangement of varactor diodes, a 1-D3V

tripler does not even require a particular configuration of the external RF circuit to

cancel out unwanted harmonic products, as is the case for a balanced doubler or

quadrupler. Cancellation of unwanted harmonics for a HBV is carried out within the

intrinsic device.

In many ways therefore the design of a tripler based on a HBV is similar to that of a

fundamental mixer with the added complication of providing a broadband input

circuit. This paper discusses the design of a fixed tuned unbiased HBV tripler that has

been specifically targeted as an LO source for a fixed tuned SIS receiver operating in

the frequency range 250 -300GHz.

TRIFLER DESIGN

The tripler has been designed to provide a minimum of 201.1,W for an input power of

10mW over a frequency range of 250-300GHz. This amount is perceived to be

adequate for a well designed SIS receiver, however, in the event this specification was

easily surpassed.

As no available custom made tripler mount was available for this work an obsolete

varactor waveguide doubler block, NB-6, was used. This doubler was originally

designed (in 1978) to operate in a tuned manner from 180-220GHz and so includes

both E and H plane tuners on the input but only an E-plane tuner on the output In

addition, the waveguide is standard size (reduced height) for the band below that at

which the HBV tripler was intended to work. This choice of block was therefore by

no means ideal but was the only one available at the time.

For the design of the block a modified version of the Eisenhart and Khan [3] analysis

was used [4]. The Eisenhart and Khan (E & K) analysis models the waveguide

configuration shown in figure 1.
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Whisker post HBV Planar probe RF filer 50C2 transmission lire

The analysis allows the waveguide arms to be terminated in any complex reflection

coefficient, the position of which is again arbitrary. In this way it can be used to

model the output circuit of the proposed HBV tripler. The code has been modified to

take into account the effect of placing a contacting probe across the gap between the

end of the post and waveguide wall. This structure is realised in practice by the use of

a fiat 21.tm thick gold probe integrated with the quartz microstrip filter. The probe is

suspended in air, spanning the waveguide.

Planar Probe

Figure 1:The Eisenhart and Khan geometry

The HBV device is then soldered between the end of the probe and the waveguide

wall winch is formed by the end of the now redundant whisker post. A schematic of

this arrangement is shown in figure 2 with a photograph of the inside of the NB-6

doubler block and an SEM of a planar HBV diode chip (INA-NRL-1,174-17).

Figure 2: A schematic of the HBV assembly, and the inside of the NB-6 doubler block
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In order for the tripler mount to be designed accurately (that is the dimensions of the

waveguide probe and the microstrip RF filter), a target impedance is required.

An analytical model for a BBV device has been derived [5] and used to produce a two

dimensional map of predicted performance (efficiency) as a function of output

impedance. This is then plotted on a Smith chart. Two such plots are shown below in

figure 3 for 61..tm and 81.tm diameter HBVs operatin g under the conditions indicated.

270

Contour plot for the 8 gm diode pumped at 87 GHz
and 50 mW input power. The contours corresponds

to 1, 2, 3, 4, 5, 6, 7% efficiency respectively . The
simulated peak efficiency was 7.8%.

270

Contour plot for the 6 gm diode pumped at 78 GHz
and 30mW input power. The contain corresponds to
2, 4, 6. 8, 10, 12, 14 and 16 % efficiency respectively.
The simulated peak efficiency was 17.5 %.

Figure 3: Predicted efficiency as a function of output embedding impedance for a

HBV tripler.

These plots can then be compared with similar plots of predicted embedding

impedance as a function of frequency and backshort position, produced using the E &

K analysis. Optimisation of the waveguide probe for the NB-6 block was restricted to

the variation of the probe width and gap only, as the waveguide dimensions a and b

were not adjustable. Figure 4 shows a series of embedding impedance plots for a

frequency range of 200-300GHz as a function of backshort position. The final circuit

parameters that gave the most broadband response for the NB-6 mount are, w =

0.176 mm, g = 0.111 mm. It is important to note that the final frequency response

available is limited purely by the choice of waveguide dimensions which are fixed. It

will be shown later that once the waveguide dimensions a and b are adjusted a much

more broadband device is obtained.
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An analytical model for a HBV device has been derived [3] and used to produce a two

dimensional map of predicted performance (efficiency) as a function of output

impedance. This is then plotted on a Smith chart. Two such plots are shown below in

figure 3 for 61.1m and 8gm diameter HBVs operating under the conditions indicated.
90

270

Contour plot for the 8 gm diode pumped at 87 GHz
and 50 mW input power. The contours corresponds

to 1, 2, 3, 4, 5, 6, 7% efficiency respectively . The
simulated peak efficiency was 7.8%.

270

Contour plot for the 6 Inn diode pumped at 78 GHz
and 30mW input power. The contours corresponds to
2, 4, 6, 8, 10, 12, 14 and 16 % efficiency respectively.
The simulated peak efficiency was 17.5 %.

Figure 3: Predicted efficiency as a function of output embedding impedance for a
HBV tripler.

These plots can then be compared with similar plots of predicted embedding

impedance as a function of frequency and backshort position, produced using the E

K analysis. Optimisation of the waveguide probe for the NB-6 block was restricted to

the variation of the probe width and gap only, as the waveguide dimensions a and b
were not adjustable. Figure 4 shows a series of embedding impedance plots for a

frequency range of 200-300GHz as a function of backshort position. The final circuit

parameters that gave the most broadband response for the NB-6 mount are, w =

0.176 mm, g = 0.111 mm. It is important to note that the final frequency response

available is limited purely by the choice of waveguide dimensions which are fixed. It

will be shown later that once the waveguide dimensions a and b are adjusted a much

more broadband device is obtained.
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Figure 4: Fixed tuned output embedding impedance as a fiazction of backshort

position. For comparison, the efficiency contour plot for a 6 pin HBV is shown on

the left.

This series of plots show that for a fixed backshort position it is not possible to

provide the optimum embedding impedance over the frequency range 200 - 300GHz.

Variation of the probe and HBV position within the waveguide was attempted but a

more broadband response could not obtained. The plots indicate that as the backshort

is moved away from the HBV the frequency response would shift. This trend was

observed in the real tripler. Further evidence as to the accuracy of the E K

predictions came about by accident when upon insertion into the waveguide the output

backshort became trapped at a position of 4.45mm from the HBV instead of a position

0.45mm (the position corresponding to the best broadband response).

(4 . 45 Back short tam)

Figure 5: Effect of misplacement of backshort on the broadband frequency response.
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This occurred during the first iteration of RF testing. Disappointingly, the tiipler

showed a far from broadband response, rather a series of resonances. However, once

the error with the output backshort was found the E  K analysis was re-tun for this

backshort position. The results are shown in figure 5. From the E & K analysis a

series of resonances is predicted for a backshort fixed this far back from the HBV.

Due to dispersion, the frequency response follows a series of loops. As the loops

move inside the Smith chart a sharp improvement would be observed followed by a

rapid degradation as the output impedance moves towards the open circuit position.

Whilst initially a source of some disappointment this exercise did, however, give

some indication as to the validity of the design approach.

Once the correct backshort position was obtained the tripler produced a smooth

broadband response as expected. The optimisation process was then simply to move

the backshort in small increments and measure the frequency response. This was

carried out iteratively until the desired response was obtained. The most flat frequency

response was obtained for a backshort position of 0.45mm.

The final frequency response, after the backshorts had been locked is displayed in

figure 6. For comparison purposes the triplers performance has been measured at the

Smithsonian Institute. The output levels measured at both establishments agree well.

In addition, the harmonic frequency response of the tripler has been investigated using

a Fourier Transform Spectrometer at RAL and no unwanted second or fourth

harmonics were observed measured to within the sensitivity of the system.

Final measured frequency response as a
function of input power (Backshort fixed
at 0.45mm)

Final fixed performance for 10 mW input.
Comparison of measures made at RAL
and the Smithsonian Institute

Figure 6: Final fixed tuned frequency response for the NB-6 `tripler'.
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Figure 7: Measured and de-embedded reflection coefficients for the finished tripler.

DISCUSSION

The HBV tripler provides a minimum of 5011W for a frequency range of 250 -

350GHz, however, the efficiency is very low, only over most of the band. The

efficiency improves slightly for harder pump power which would imply that this diode

is too large in area for the intended 10mW input power available for this application.

Another design parameter that could be improved is the input circuit impedance. No

attempt has been made to optimise this aspect of the design. The input return loss and

reflection coefficients have been measured at the Smithsonian Institute. The results are

displayed in figure 7. It can be seen that there are substantial gains to made with

regard to this aspect of the device.
However, the area in which most gains are likely to be made involve the complete

redesign of the waveguide mount this time including the waveguide dimensions a and

b.

FUTURE POTENTIAL FOR THIS WORK
Before the waveguide mount was completely redesigned a comparison between HFSS

and the E & K analysis was first carried out in order to determine the level of
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agreement attainable. A simple waveguide structure was modelled for both cases and

then compared. Figure 8 shows how the two approaches both predict the same trend.

However, the absolute values for the embedding impedances differ but because of the
speed advantages (5 seconds for the E & K verses 1 day for HFSS) it was decided
that the E K analysis would be used to obtain the approximate dimensions for the
mount and HFSS to be used for final verification.

( 0 .35 Backshort ma}

a) Eisenhat end Khan b ) HFSS

HFSS and Eisenhart and Khan results for the same waveguide structure i.e.
a=135 mm; b =0.1 mm, g =0.035 nun; backshort at 0.35 mm; width =0.2 mm
frequency range: (150 - 310 GHz )

Figure 8: A comparison between Eisenhart and Khan and HFSS

A complete sweep of the waveguide circuit was then carried out to determine the most

optimum values for the variable parameters, a, b, w, g and the optimum backshort

position. The following figures show the embedding impedance as a function of two

of these parameters over a fixed tuned frequency range of 150Ghz -3500hz.

Similar plots could be shown for the variation of a and b.

Finally the optimised waveguide configuration is shown in figure 10 overlaid on the

efficiency contour plot for a 61.im HBV and the RF backshort fixed at a distance of

0.35mm. It can be seen from this figure that the output impedance of a fixed tuned

waveguide cavity can provide the optimum embedding impedance over a frequency

range of 150 - 310 GHz .
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(0.35 Back:bort tom) (0.33 backskort so)
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0.35 Ur...100mm so)

w = 0.25 mm

(0.35 )acksbart

w = 0.05 mm w = gun

Z0--z50

Fig= 9: Embedding impedance as a function ofg and w is shown.

(0.35 Backsbort film}

Figure 10: View of the contour plot for the 6 pm diode together with the E & K

simulated response, for a = 1.35 mm, b = 0.1 mm, g = 0.035 mm and w = 0.1 mm.
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CONCLUSION

An obsolete doubler block has been turned into a very useful HBV frequency tripler

that has broadband performance completely fixed tuned and unbiased. This has been

achieved via the use of accurate analytical models and a planar HBV diode. The

tripling behaviour makes the HBV an ideal device for ultra broadband frequency

triplers particularly where high powers and efficiency are not the ultimate driver.
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ABSTRACT - In this paper, we present the design and the fabrication of a quasi-optical
frequency tripler at 430.5 GHz. The multiplier consists in a 10x1O slot array, on a GaAs
substrate, integrated with Hetero-structure Barrier Varactors. A specialized CAD tool,
based on the infinite array approximation, has been developed for the design of the antenna
and for the optimization of the embedding system (external filters and matching slabs).

1. INTRODUCTION

Quasi-optical frequency multipliers in the
millimeter and submillirneter wave range
have been recently investigated as an
alternative to the conventional waveguide
devices [1, 2]. The multiplier (Fig. 1)
consists of a planar antenna array integrated
with non-linear devices, embedded in a
quasi-optical gaussian system together with
input/output filters and dielectric matching
slabs [3, 4].
For an overall optimized design, two
different components have to be carefully
accounted for [5]: 1) the non-linear device
should be fed with a sufficient pump power,
and connected to an impedance that
maximizes the conversion efficiency, the
antenna and the embedding system should
provide the device with the required
impedance, and, at the same time, fulfil the
best power coupling with the quasi-optical
gaussian beam.
In this paper we discuss the use of
Hetero-structure Bather Varactors (HBVs)
for the design of a frequency tripler at
430.5 GHz. We present the physical structure
of the HBV, the measured q(v) and l(v)
characteristics and the estimation of the
efficiency performance and of the optimal

embedding impedance, using an algorithm
based on the Harmonic Balance technique.
With regards to the analysis of planar
antennas we have developed a specialized
code [4], based on the simplifying
approximation of an infinite array, which
permits to take into account the effect of
external filters and matching slabs. Using
this code, we designed a 10x10 slot antenna
array, which allows to closely approach the
estimated optimal impedance. We discuss
the tuning of the embedding system and its
effect on the conversion performance.

Fig. I — Schematic of a quasi—optical frequency
multiplier, embedded in a gaussian system.
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AlGaAs (3.5 nm)

GaAs (20 mn)

AlGaAs (3.5 nm)

Undoped GaAs

Undoped AlGaAs

I1+ GaAs (5 1013 cm-3)

n Gaas (8 1016 cm-3)

2. DEVICE ANALYSIS

In the recent years, the Hetero—structure
Barrier Varactors have been largely
investigated as promising devices for
efficient high frequency triplers [6, 7]. In
fact, these varactor devices require less
design complexity compared to Schottky
diode tripler circuits. This is attributed to the
device characteristics, leading to the
formation of only odd harmonics and hence
no idler circuits are required for the even
harmonics. Furthermore, since the FIBV
exhibits the highest non—linearity around
zero bias voltage, no DC bias circuitry is
required. Moreover, multiple—barrier HBV
has a large degree of design flexibility in
barrier number, layer thickness and doping
profile, it allows for "tailoring" the device

characteristics which are particularly suitable
to a specific application.
In this section we consider a multiple—bather
HBV, which has been fabricated and tested
at the Darmstadt University of Technology.
The layered wafer structure is shown in
Fig. 2: a total of four GaAs/A10.7Ga0.3.ks
hetero—structure barriers have been used in
the device (see the SEM photograph in
Fig. 3a). The diameter of the structure
amounts to approx. 15 wn.
The device characteristics have been
measured, using the test structure shown in
the photo of Fig. 3b. We have obtained the
quasi—static C(v) and I(v) curves (Fig. 4) by
fitting the measurement results. A series
resistance Rs = 5K2 was measured.
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Fig. 2 Structure of the HBV fabricated at the Darmstadt University of Technology.

Fig. 3 — SEM photographs of the four-barrier HBV (left) and of the test structure (right).
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Fig. 4 — CO) and Ii(v) characteristics of the
HBV, deduced from measurements.

For the simulations, we have used the
equivalent circuit of Fig. 5, where Vo
represents the open circuit voltage of the
(receiving) antenna at the fundamental
frequency 

fi, 
and Z(f) is the input antenna

impedance at fn, for all the frequencies of
interest. The total device current as a
function of the voltage v(t) is given by

I N th, (v)
' dt

The numerical analysis of the non—linear
circuit is based on the Harmonic Balance
technique. We have developed an algorithm,
which is a modified version of the one
presented in [8]. This algorithm resulted in a
more robust routine for the analysis of
circuits including HBVs.
The input data for the circuit analysis are the
device characteristics and the available pump
power PO at the device terminals atf1 . While
the behavior of the non—linear device mainly
depends on the technological process, the
power Po is related to the total power PTOT
carried by the gaussian beam and to the
antenna geometry. For a given non—linear
device (modeled through Ci(v), 13 (v) and Rs),
and an available power Po, our code is able
to find the optimal embedding impedance
z(f..) at the frequencies of interest.
An extensive use of this code allowed us for
deeply investigating the HBV behavior for
the operation in a frequency tripler at
430.5 GHz. We have calculated the device
conversion efficiency versus the power Po

Fig. 5 — Equivalent circuit representing the
elementary cell of the array.

and versus the impedance Afn) -
The first result is that the value of Po has a
strong impact on the maximum conversion
efficiency (obtained with the optimal
impedance at all the harmonic frequencies):
Fig. 6 shows that the device conversion
efficiency is quite poor at low pump power
levels. Furthermore, different impedance
values are required, in order to maximize the
conversion efficiency at different pump
power levels (Fig. 7).
If the embedding impedance is not the
required one, the performance of the device
deteriorates. We found that the impedance at
the fundamental frequency is the most
critical, while the efficiency has a minor
sensitivity versus the impedance at the
output harmonic. We experienced that the
impedance at higher harmonics has a
negligible effect on the efficiency up to large
power levels.

Fig. 6 — Optimal conversion efficiency of the
HBV versus available pump power at the
fundamental frequency (n=143.5 GHz).
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These considerations lead to the conclusion
that the embedding circuit (i.e. the antenna,
in our case) should be designed, carefully
considering the total available pump power
of the source PTOT and the number of
elements in the antenna array. In other
words, since we consider the approximation
of the infinite array, the estimation of the
available power per unit cell Po is required.
On the other hand, the number of elements of
the array should be large enough to allow for
a good power coupling with the quasi—
optical gaussian beam and, at the same time,
sufficiently limited to ensure an adequate
power level to each non—linear device.
These constraints determine the array size,
and consequently the available Po, once the
total power Ppm* is fixed.
In our design, the source at 143.5 GHz is a
B'WO, which can provide the system with
about PT0T=400 mW. We estimated that the
most satisfactory number of elements of the
array is 100. As a consequence, the (average)
Po is 4 mW, at the best. With this power
level, the maximum conversion efficiency
which can be achieved is approx. 0.1%. The
required impedance values are

Z0n(f1) =5.0+ j21.7 [S2]

Zon (3fi ) = 5.0+ j7.4[]

where 11 =143.5 GHz is the fundamental
frequency of the system.
In the following section, we will show how
these impedance values can be obtained, by
means of a careful design of the antenna and
the embedding system.

3. ANTENNA ANALYSIS

In this section we describe the design of the
antenna array and of the embedding system,
which provide the non—linear device with the
required impedance at all the harmonic
frequencies. In our design, the antenna
consists in a 10x10 slot array on a GaAs
substrate.
For the analysis of layered structures, we
have developed a novel specialized computer
code, which is able to simulate the non-
linear device, the planar antenna and the
layered embedding structure as a whole. The
analysis of the multiplier is performed
making the simplifying approximations of an
infinite array excited by an uniform plane
wave incident from the broadside direction.
Under these assumptions, the study of the
structure reduces to the analysis of the unit
cell of the array, which, in turn, leads to the
equivalent circuit of Fig. 5. The aperture, as
seen by the non—linear device, is represented
by an equivalent generator at ft and by
equivalent loads Z(f2), Z(f3), ... at the
harmonic frequencies f2, f3, . Either the
open circuit voltage Vo and the impedances
ZN) are deduced from a full—wave analysis,
based on the Method of the Moments (MoM)
in the spectral domain, of the multi—layered
structure embedding the antenna at
frequencies fif2.The effect of the
filters is taken into account by their plane—
wave reflection / transmission coefficients at
the harmonic frequencies. The number and
the type of the dielectric layers, the shape,
the size and the separations of the apertures
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and the frequency response of the filters can
be given arbitrarily. Once the equivalent
circuit has been determined, the frequency
spectrum of the current flowing in each non-
linear device is found by the Harmonic
Balance method. These results permit to find
the scattered field at the fundamental
frequency and at the harmonic of interest,
thus leading to the calculation of the overall
conversion efficiency of the multiplier.
A careful dimensioning of the whole
structure allows to obtain an efficiency very

close to the maximum one, that can be
deduced from circuit analysis, as described
in the previous section.
To this aim, we have integrated the analysis
code into an optimization routine (Fig. 8).
Using this routine, we have optimized the
aperture dimensions, the array geometry, the
characteristics and the position of the
dielectric matching slabs, together with the
positions of the input and output filters, in
order to approach the maximum conversion
efficiency.

INPUT ANTENNA LAYERED

POWER PIN GEOMETRY STRUCTURE

Fig. 8 -- Block diagram of the computer code for the analysis and the optimization of the multiplier.
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Fig. 9 — Photograph of the 10x10 slot array

In our design, we used a 144 gm thick GaAs
substrate (Er=12.9, tan k=0.002); as shown
in [3], the chosen thickness is effective
against the substrate wave propagation.
The optimal dimension of the slot antenna
resulted 175x20 lim2, while the 10x10 array
element spacing was 300 1.tm in both
directions. The tripler chip has been
fabricated at the Darmstadt University of
Technology (see Fig. 9)
From the simulations resulted that the input
matching structure should consist of two
alumina slabs, with a relative dielectric
permittivity cr=9 and a thickness of 170 p.m;
the optimal simulated spacing was 5.54 mm.
Similarly, the output matching structure
consists of two alumina slabs, with a

thickness of 56.7 tim, with a spacing of
4.94 mm. For the input and output filters
(band—pass at 143.5 GHz and 430.5 GHz,
respectively) we considered free—standing
metal layers, with a power transmission
coefficient of approx. 95%. The complete
measurement setup is sketched in Fig. 10.
With the layer spacing reported in the
caption of Fig. 10, we found the following
impedance values:

Z(f1 ) = 4.7 ± j27.0[0]

Z(3f1 ) = 5.3+ j6.5 [K2}

These values are very close to the optimal
ones, reported in the previous section. With
these impedance values, the estimated
efficiency closely approaches the maximum
theoretical efficiency of the HBV (see
Fig. 6).
Performing the optimization, we found that
the most important parameters that must be
controlled to maximize the efficiency are the
position of the input matching layers and the
one of the output filter.
On the basis of these simulations, the
measurement setup has been prepared. Its
actual optimization is still under way: this is
a quite critical and time consuming task, due
to the low output power.

ti t2 13 13

Fig. 10 —Optimized setup for the multiplier embedding system.
Dimensions: c4=5.54 mm, d2=4.56 mm, d3=4.87 mm, d4=5.84 mm, d5=4.39 mm,

(16=4.94 mm, t1=170 pm, t2=144 pm, t3=56.7
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4. FUTURE DEVELOPMENTS

The main factor which limits the conversion
performance of the presented HB V
frequency tripler is the low power Po
delivered to each non—linear device. In order
to overcome this drawback, the obvious
solution could be the use of a more powerful
source. Such a solution, nevertheless, leads
to cumbersome systems, which are not
suitable to space—borne applications.
An other possibility is represented by the
integration of non—linear devices, which
exhibit a satisfactory conversion efficiency at
a low power leveL It is interesting to observe
that different devices, with the same cutoff
frequency (defined like in [9]) but with
different C3(v) characteristic, may have very
different conversion efficiency at low power
levels.
In this section, we present a comparison of
the conversion performance of different
HBVs, to be used in a frequency tripler at
430.5 GHz. The device named HBV#1 is the
one fabricated at the Darmstadt University of
Technology, and previously discussed. The
characteristics of HBV#2 and HBV#3 are
derived from theoretical considerations,
progressively reducing the area of the
devices. In a first—order approximation, a
reduction of the device area leads to a
proportional decrease of the junction
capacitance C and a corresponding increase
of the series resistance Rs (Fig. 11).

Fig. 11 — Capacitance vs. voltage characteristic
of dfferent HBVs.

Fig. 12 —Maximum conversion efficiency versus
Po for different HBVs.

Fig. 12 shows the maximum conversion
efficiency for the three H13Vs versus Po.
It is apparent that reduced area devices are to
be used when Po is small. Unfortunately, up
to now, technological limitations prevented
us from fabricating, in a reliable and
repetitive way, four—barrier HBVs with
diameter smaller than 15 gm.
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Highly robust submillimeter wavelength heterodyne mixers are required for a variety of
remote sensing missions. These mixers must exhibit sufficient spectral sensitivity, wide
bandwidth, low noise, and reduced LO power requirements. Planar GaAs Schottky diodes are
currently the most promising technology for radiometers where cryogenic cooling is not an
acceptable option. This discussion emphasizes integration of planar mixer structures as
operating frequencies approach 1 Tliz and beyond.

We present a new mixer fabrication technique MASTER as a viable integrated
technology. The first batch of 640 GHz MASTER devices demonstrates comparable
performance to QM-style mixers. Preliminary modeling and design of fundamental fixed-
tuned mixers using these integrated structure at 1 THz is discussed. For a 1 l'Hz mixer the
modeling predicts that integrated devices allow for fixed-tuned coverage of nearly a full
waveguide band which is not possible using discrete devices.

I. Introduction

Detection of submillimeter-wave radiation is of great interest to scientists studying
electromagnetic signatures in interstellar space. These signatures provide a better understanding
of interstellar chemistry, star formation, and galactic structure. In addition, radiation emitted
from a number of molecules in the Earth's atmosphere such as 0 3, C10, and OH are critical to the
study of ozone depletion and greenhouse warming. The Microwave Limb Sounder (MLS) on
NASA's Earth Observing System (EOS), for example, will employ heterodyne receivers
operating from 240 GHz to 2.5 THz to study these molecules. These remote sensing missions
require highly robust millimeter and submillimeter wavelength radiometers which can survive
the rigors of launching and the lifetime of the satellite. Heterodyne mixers based around planar
GaAs Schottky diodes are currently the most promising technology since cryogenic cooling is not
an acceptable option.

II. Prior Schottky Mixer Developments

GaAs Schottky diodes are a mature technology. Devices based upon whisker-contacted
geometries have achieved record sensitivity at frequencies up to 2.5 THz [1]. However, the
fragile whisker-contact is difficult to space qualify and integration with surrounding circuitry is
extremely difficult. The University of Virginia developed a planar Schottky mixer diode with
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good RF performance, inherent mechanical ruggedness, and adaptability to higher levels of
integration [2]. Several groups have successfully used the planar diode structure in receivers
[3][4]. We have demonstrated good fundamental mixer performance in the 500-700 GHz range
using a discrete planar diode flip-chip soldered into a quartz microstrip circuit [5]. However,
simulations at these frequencies indicate that higher packaging parasities and difficulties in
controlling chip alignment and soldering limit discrete mixer performance as compared to a fully
integrated device [6]. A first step in this direction was taken in 1990 with the demonstration of a
planar diode integrated on a quartz substrate [7]. This process removed the high dielectric, lossy
GaAs substrate and replaced it with lower dielectric quartz, thereby reducing the parasitic
capacitance and improving RF performance [8].

In 1993 NASA's Jet Propulsion Laboratory (JPL) further integrated the planar diode on
quartz structure by incorporating the mixer RF/LO and IF microstrip filter circuitry with the
diode using their QUID process [9]. This permits perfect alignment of the diode to the
surrounding filter circuitry and eliminates flip-chip soldering. A disadvantage is that the upside-
down device bonding fills the surface channel area with epoxy (€ r

. 3.0) which increases parasitic
capacitance and potentially degrades mixer performance as compared to an upside-up device
configuration. At UVA an epoxy etching technique was developed which can reduce the
parasitics and improve mixer peformance by 20-30% [10][111 The epoxy also sits between the
filters and the quartz substrate and is lossy at these wavelengths. Even so, these devices exhibit
good subharmonic performance at 640 GHz with DSB T =2500 K and L...9 dB [12]. The
DSB Tmix remains less than 3500 K over a 1.5 to 14 GHz IF band.

III. MASTER - Method of Adhesion by Spin-on-dielectric Temperature
Enhanced Reflow

Many different types of semiconductor-substrate bonding techniques exist in the
literature: bonding by Van der Waal forces [13], silicate spin-on-glass [14], electrostatic forces
[15], reactive sputtered oxides [16], UV curing glue [7], epoxy [9], and others. Van der Waal,
electrostatic, and reactive sputtered oxide bonding all rely on very close proximity (on the order
of 50 angstroms) of the two surfaces to be bonded. Silicate spin-on-glass must be applied in a
liquid state which could leave large voids in the bonding when the two surfaces are heated to
evolve solvents and cure the glass to a hard film. UV curing glue and epoxy are typically thicker
than 2 microns which may affect RF performance due to losses in the films at submillimeter
wavelengths. In addition, they are incompatible with many chemicals necessary for
semiconductor fabrication.

We have developed a novel bonding technique which overcomes all of the
aforementioned deficiencies. The bonding agent is an organic spin-on-dielectric (SOD)
originally developed as a low dielectric planarizing agent between CMOS metal interconnect
levels [17][18]. It is applied by a spin-on technique and becomes a solid film less than 0.5
microns thick after baking at 200°C. This step evolves most of the solvents out of the film.
When the film is re-baked in excess of 150°C, it softens greatly and actually reflows. This reflow
phenomenon is responsible for its adhesive properties. After a 200°C cure it remains resistant to
most solvents and chemicals but can be etched in a CF4+02 plasma. Because the adhesive film is
so thin after baking, it should not degrade RF performance. We are currently performing FT1R
measurements on this material and will report the results at a later time.
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Our new fabrication procedure is called MASTER - Method of Adhesion by Spin-on-
dielectric Temperature Enhanced Reflow [19]. Using this process we have fabricated 640 GHz
subharmonically pumped integrated mixers for E0S-MLS. The microstrip filter design was
given to us by NASA-JPL's SWAT group. Figures 1 and 2 show a device wafer after the GaAs
epilayer has been bonded to quartz, and a GaAs mesa with 45 degree sloped sidewalls has been
etched down to the bare quartz substrate. After a brief wet etch to reveal the Schottky anode
contact, a blanket Ti/Pt/Au evaporation is performed. This step forms the Schottky contact for
the device and provides a seed layer for subsequent electroplating of the finger and microstrip
filter sections [20]. Figure 3 is an SEM photo after the fingers and microstrip filters have been
plated and the seed layer has been removed. Note the excellent metal step coverage from the
quartz substrate up onto the GaAs mesa. The surface channel isolation etch is then performed, as
shown in Figure 4, and the diodes are ready for DC I-V testing. For the 640 GHz devices typical
IN parameters for the first two batches are R=1 1-15 ohms, V=520 mV, and AV=78-85 mV
(Ti=1.33-1.45). The epi doping is 4x1017 cm-3 n-type and anode diameters range from 0.8 to 0.9

Figure •1: Top view after mesa etch

Figure 2: MASTER device wafer after mesa etch
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Figure 3: Devices after finger and filter formation

Figure 4: Devices after surface channel isolation

pm. After I-V testing, the wafer is mounted to a silicon carrier, and the fused quartz substrate is
thinned to its target thickness of 50 microns (2 mils). The wafer is then diced into individual
devices and the DC I-V is tested again. Capacitance measurements at 1 MHz are also performed.
QUID 640 GHz mixers typically have 5-6 fF of parasitics after subtracting out the anode junction
capacitance [12]. The second batch of MASTER devices have parasitic capacitances of 2.3-2.7
fF for an open circuit device, a 50% improvement over QUID. The microstrip filters on quartz
contribute about 1 fF to the parasitics. The remaining 1.4 fF is due to the device structure sitting
on the GaAs mesa. These capacitance numbers are measured with chips mounted in black wax
on a silicon carrier which sits on a grounded probe station stage.

RF testing is performed at JPL. The local oscillator (LO) source is a BWO operating at
310.7, 320, and 324.6 GHz. One of the first devices tested is demonstrating respectable
performance. It has a 60 micron finger length. Table 1 summarizes its best noise temperature
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and conversion loss at various LO frequencies:

LO freq.
(GHz)

Mixing freq.
(GHz)

IF freq.
(GHz)

LO power
(mW)

DSB T
(K) (dB)

310.7 621.4 4 8.24 3681 13.24

320 640 4 4.67
,

, .
2396

i
10.98

/ 324.6 649.2 4 _ 10.11 2762 11.3 ,
Table 1: Measured MASTER mixer RI performance

This device also shows good IF bandwidth. At 320 GHz LO, the DSB Tmix remains less than
3500 K as the IF frequency is swept from 1.5 to 13 GHz. As mentioned in Section 11, typical
measurements for QUID 640 GHz subharmonic mixers give DSB T =2500 K and Lcon„--=9 dB
with Tina< 3500 K for an IF bandwidth of 1.5 to 14 GHz [12]. The first MASTER devices,
therefore, are very competitive with state-of-the-art subharmonic mixers in this frequency range.
This performance is achieved in a mixer block designed for QUID devices without optimizing
the diode's finger length. Also, the ideality factor of this device is 1.45. We can now fabricate
junctions with ideality factors of about 1.35. We are confident that these results should improve
with a new optimized batch of mixers. With their low parasitic capacitance, the MASTER
devices also could perform better than QUID-type structures as frequencies are pushed towards 1
THz and higher.

IV. Simulations of a 1 THz Integrated Schottky Mixer

At 585 and 690 GHz UVA demonstrated excellent performance with a fixed-timed
waveguide fundamental mixer using a flip-chip mounted SC1T5-S10 diode soldered into a
microstrip circuit [5]. The best DSB T L., were 1800 K, 7.6 dB with Pw=1.16 mW at
585 GHz and 2240 K, 8.8 dB with P=1.04 mW at 690 GHz. The mixer was designed using the
computed aided simulation tools HFSS and MDS from Hewlett Packard. Because of the great
success of this design we decided to scale it to 1 THz.

Early in the process it was determined that a flip-chip soldered diode may not be
appropriate for this frequency range. For optimum performance of the microstrip filter and
matching circuitry, the waveguide channel should be 75 gm wide and 63 pm high. The quartz
substrate needs to be 25 p.m thick. A typical planar diode chip has a thickness of 20-30 gm.
These specifications only leave about 10-15 microns for soldering the diode onto the circuit. The
bulk GaAs substrate would be very close to the top channel wall. The position of the diode both
laterally and vertically could not be precisely controlled to the tolerances required at these
wavelengths. Uncertainties in the solder thickness and higher parasitic capacitance of flip-chips
also would make the prediction of the diode embedding impedance difficult.

We decided to compare a flip-chip design to a MASTER integrated mixer to determine
which structure would perform better around 1 THz. The diode parameters in both simulations
were SD1T7-type with R=10-12 ohms, DV=77 mV (r1=1.32), 1. (-7-6x10-17 A, and Ci0=1.2 fF.
Using harmonic balance simulation routines in MDS the predicted noise temperature and
conversion loss were calculated versus the embedding impedance presented to the diode. The
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Figure 5: Contour plot of Tmix and L., based on simulations for
diode SD117 with LO power of 1.2 mW

contour plot for an SD1T7-type diode pumped at 1.2 mW LO power is shown in Figure 5. The
two structures, integrated and flip-chip, were drawn in HFSS inside a microstrip channel. The
diode finger length for both structures was 5 u rn. A simulation was run to determine the 3-port
s-parameters for each structure versus frequency from 700 to 1200 GHz. The diode on the
microstrip was modeled with a port at each end of the structure and a small coaxial port at the
device anode location. The coaxial probe s-parameters were de-embedded, normalized to 50
ohms, and a 3-port device in MDS was created from the full set of s-parameters. This 3-port
device was used to optimize the microstrip circuits. A frequency sweep was performed in MDS
to determine the range of embedding impedances that each mixer structure would present to the
diode. Using Figure 5 the mixers' noise temperatures and conversion losses were calculated for
embedding impedances at different RF frequencies. Figures 6 and 7 show the RF behavior of
both a discrete flip-chip and integrated mixer. At the design frequency of 1037 GHz, both
devices achieve SSB Tmix=1700 K and L 0 ,=8.25 dB. However, the integrated device shows a
significant increase in RF bandwidth over discrete without trading off performance at the design
frequency. One integrated mixer design therefore covers nearly a full waveguide band.

The 1 THz integrated device design using a MASTER structure has been completed. In
the next several months we will begin mask design and fabrication of these mixers. Its simulated
predictions are encouraging although factors not incorporated into the analysis will certainly
degrade measured performance. Unknown losses at submillimeter wavelengths and inaccuracies
in the harmonic balance modeling and embedding impedance calculations are thoroughly
discussed in [21]. With its wider frequency response than discrete mixers, the integrated
structure should be more tolerant of unknown factors which might cause shifts in the design
frequency.
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V. Summary

A new integrated fabrication process, MASTER, has produced devices which perform
very competitively at 640 GHz compared to Q M-style mixers. Their low parasitic capacitance
suggests that they also could work well at higher frequencies. Preliminary modeling around 1
THz indicates that integrated structures should outperform discrete. Issues such as higher
parasitic capacitance, diode misalignment, and unknown solder effects limit discrete mixer
bandwidth as operating frequencies are increased. In addition, waveguide channel dimensions
are becoming too small for soldered devices to fit comfortably.
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Studying the composition of the Earth's atmosphere is essential to understanding
phenomena such as ozone depletion and greenhouse warming. Developing more sensitive
receivers to detect the presence of important molecules such as 0 3, C10, and OH is critical to this
understanding. Integrated THz mixers should satisfy the requirements of sufficient spectral
sensitivity, wide bandwidth, low noise, and reduced LO power necessary for the next generation
remote sensing radiometers. GaAs Schottky diodes will continue to be the dominant technology
in this arena while cryogenic cooling is not an acceptable option.
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ABSTRACT

A previously reported technology that allows for the fabrication of semiconductor devices
based on quartz (or other dissimilar substrates) has resulted in state-of-the-art mixer performance
at frequencies up to 640 GHz. The present work will discuss the procedure that has been used to
quantify the reliability of such devices for space-borne missions. A number of accelerated
lifetime tests have been conducted. It is concluded that these devices exhibit lifetimes that are
consistent with other GaAs devices for space applications. Our accelerated lifetime data,
analyzed with the Arrhenius-lognormal model, predict a room temperature MTTF on the order of
1010 hours, a value that is comparable to conventional high-frequency planar Schottky diodes.
This result demonstrates that the use of an appropriate epoxy to obtain GaAs devices on quartz
substrates does not reduce the lifetime of the devices.

I. INTRODUCTION

For very high frequency applications, quartz is a desirable substrate material, because it
has lower loss and lower dielectric constant than GaAs. One possible method of obtaining
semiconductor devices on quartz substrates is to use a bonding agent such as epoxy. A
technique, named QUID (for Quartz-substrate Upside-down Integrated Device), has been
developed to produce GaAs Schottky diodes on quartz substrates for millimeter- and
submillimeter-wave applications [1,2]. With this technique, planar GaAs Schottky diodes are
mounted upside-down onto quartz substrates operating as low noise mixers at frequencies up to
640 GHz. After successful performance demonstration, it is now desirable to study the lifetime
and failure mechanisms associated with such structures.

Figure 1 shows a cross-sectional schematic of the QUID structure. The anode of the
Schottky diode is made with a T-anode structure similar to the T-gate technology used for
HEMTs. Two such diodes are arranged in an antiparallel configuration to provide subharrnonic
mixing. Following the integration of the diode with the RF microstrip filter circuitry, the entire
circuit is bonded upside-down onto a 50 micron thick quartz substrate with a heat-cured epoxy
[3]. This bonding agent also fills the air gap under the fingers, which may affect the device's
reliability. Finally, all of the GaAs substrate is etched exceptfor two small mesas around the
active region with the two planar diodes. The thin 4000A AlGaAs layer that was used as the etch

511



Heat epoxy
Finger metal

n- GaAs
n+ GaAs
AlGaAs
S.I. GaAs

T-anodes
Ohmics

Air-bridge
Surface Channel
(epoxy filled)

stop layer can be either removed or left in place without affecting RF performance. However, it
does have reliability consequences which will be discussed later.

Figure 1: Cross-sectional schematic of the starting and ending point of the QUID process.
(not to scale)

H. ACCELERATED LIFETIME TESTING

The accelerated lifetime tests are based on the Arrhenius-lognormal model which is
widely used for GaAs MMICs [4]. It states that the failure times for a batch of devices have a
lognormal distribution about the median time to failure (the time for 50% of the devices to fail).
This median time to failure, in turn, is related to absolute temperature by

t=to exp(EAT),

where t is the median time to failure (MTIT), Ea is the activation energy measured in eV, k is
Boltzmann's constant, and T is the absolute temperature. A number of studies have been done in
the past to determine lifetimes of Schottky diodes. In particular, two studies that investigate the
lifetime of high frequency planar diodes made at the University of Virginia have been reported
[5,6]. An important goal of this study is to determine whether the QUID process degrades the
lifetime of the devices compared to conventional high frequency planar diodes.

A. Failure Criteria and Test Procedure

In defining what constitutes a failure for the QUID structures, we use a failure criteria
based on the DC I-V characteristics that may help us predict the device's performance
degradation at RE These devices are being developed for a particular application, so the failure
criteria is based on a quantitative degradation in the noise temperature of the subharmonic mixer.
Using the procedure outlined in [7], a number of simulations were carried out with a 640 GHz
subharmonic mixer. The pad-to-pad and pad-to-finger capacitance of the device were assumed to
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be fixed at 4 and 2 if, respectively [7]. A nominal device was taken to have series resistance of
6 ohms, ideality factor of 1.2 and knee voltage (voltage where current is equal to 1 ILA.) of 512
mV. These three parameters are then varied one by one, and the resulting mixer noise
temperature is compared to the noise temperature obtainable from the nominal device. The
simulation results are shown in Table 1.

% change in mixer % change in Ti % change in Rs % change in Vo
4 ' 17 21 8 17 25 33 50 -4 -10 -14 -39

Tnt, 2.7 14.6 20.1 5.5 11.3 17.0 22.8 34.1 1.0 2.0 4.0 15.0 ,

,
1-s 0.0 0.4 0.5 1.8 3.4 4 5.2 6.8 , 9.9 0.5 1.3 4 2.0 6.5

Table 1: Results of harmonic balance simulation of mixer RF performance,
as a function of changes in r, Rs, and Vo.

It is further assumed that a 15% degradation in the noise temperature of the mixer will
constitute failure. Based on this information, an anode is considered to have failed if any of the
following conditions are met:

1. ideality factor, q, changes by more than 15%,
2. series resistance, Rs, changes by more than 20%,
3. knee voltage, Vo (voltage where current is 1 ilA), changes by more than 40%,
4. a combination of changes in r, Rs, Vo results in mixer noise temperature degrading by more

than 15%.

The baseline value for each of these three parameters is calculated by averaging a diode's
parameter during the first few measurements at the test temperature. This is to smooth out some
of the noise due to measuring errors. Further reduction of noise in the acquired data is done by
local averaging of the diode's properties over time. For each device, when the device parameters
meet the failure criteria, the time since the beginning of the test temperature period is recorded.
The failure times are plotted on a lognormal graph paper, and an apparent linear regression line is
constructed to determine the median time to failure and the standard deviation at each
temperature. Infant mortalities, or devices that failed significantly earlier than the rest of the
sample, were not considered in the apparent linear fit.

B. Experimental Setup

An automated system was designed to conduct the accelerated lifetime tests [8]. The
QUID structures were placed unbiased in a nitrogen-purged high-temperature oven for an
extended period of time. The temperature was slowly increased from room temperature with the
devices already mounted inside the oven. Device I-V characteristics were monitored in situ, once
every hour, with a computer-controlled data-acquisition system. Nominally fifteen devices, or
thirty anodes, were tested at each temperature. The temperature range used extends from 170°C
to 240°C. The devices were mounted onto ceramic chip carriers using two-part epoxy and gold
wire bonds (Figure 2), and subsequently placed in a high-temperature wiring fixture designed to
withstand at least 250°C. Recently we have developed a macor-based mounting that does not
involve the use of solder and can withstand temperatures up to 340°C (Figure 3).
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Fi gure 2: Devices mounted on ceramic chip
carrier for thermal lifetime tests.

Figure 3: Macor-based solder-less mounting
fixture rated to 340°C.
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DI EFFECT OF PROCESSING VARIATIONS ON DEVICE LIFETIME

A nominal QUID structure and three processing variations, as shown in Figure 4, were
investigated. Their effects on device lifetime are detailed below.

50 micron quartz

Epoxy Etched

50 micron quartz
Figure 4: Device Processing Variations: (1) AlGaAs etch-stop layer,

(2) epoxy-etched channel, (3) Si3N4 passivation. (Figures not drawn to scale)

A. Effect of the AlGaAs etch stop layer

The AlGaAs etch-stop layer, with 55% aluminum mole fraction, is a critical component
that enables uniform back etching of the substrate. In earlier devices, the AlGaAs layer was left
intact in order to reduce one processing step and to reduce yield loss during dicing. However,
once RF measurement results made it clear that the epoxy within the channel would have to be
etched, it became necessary to etch the AlGaAs layer. To investigate if this would have an effect
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on the device reliability, a number of lifetime tests were conducted both on devices with the
AlGaAs and devices without the AlGaAs. The results are shown in Figure 5.

Interestingly, some of the devices with the AlGaAs layer used in the tests failed
catastrophically while no device without the AlGaAs layer failed catastrophically. A catastrophic
failure is defined as one in which the device meets the failure criteria abruptly rather than
gradually. The data shown in Figure 5 includes the devices that failed catastrophically.
However, if that data is removed from the test sample, then both types of devices have identical
activation energies (that is, the lines are parallel) with the AlGaAs devices having a slightly
higher MTTF.

Arrhenius Plot
MTTF (23°C)

A no AlGaAs 1.2 x 101° hrs
• with AlGaAs 1.5 x 109 hrs

E.

1.22 eV
1.03 eV

:

-

,__

.Failure Criteria:
An > 15 %,

A Rs > 20%,

AV() > 40%,

Combined > 15%
,

---

' . . I ..
40 80 120 160 200 240

Temperature (°C)

Figure 5: Arrhenius Plot for devices with and without AlGaAs etch-stop layer.

An attempt was made to determine the mechanisms that were responsible for device
failures. Following the accelerated lifetime test, devices were inspected with an optical
microscope and a scanning electron microscope (SEM). The SEM analysis showed that there are
at least two types of failure mechanisms, and that they are related to different failure paths.
Figure 6 shows a device with AIGaAs that failed catastrophically, and Figure 7 shows a device
without AlGaAs that failed gradually (that is, its I-V parameters slowly degraded before it met
the failure criteria).

Several observations can be made about Figure 6. The 4000A AlGaAs layer is prone to
severe cracking. This particular device experienced a catastrophic failure, and further inspection
of the top finger revealed that it was broken near the right end. The high-temperature stress
possibly caused a structural stress buildup before it was released in the form of a catastrophic
crack. Figure 7 shows a device with no AlGaAs layer, and this device does not have signs of
cracking. Currently we are investigating other non-structural failure mechanisms that might be
responsible for the devices that failed with gradual degradation.
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Figure 6: SEM photo of a device with AlGaAs
etch-stop layer after 220°C lifetime test. This
device failed catastroph'ically, and there is a

break near the right end of the top finger.

Figure 7: SEM photo of a device without
AlGaAs layer, after 240°C lifetime test. This
device degraded gradually, and shows no

sign of cracks in the GaAs mesas.

B. Effect of epoxy inside the channel

During the procedure for bonding GaAs onto a quartz substrate, an epoxy layer is applied
to the wafer, and fills the channel region underneath the metal fingers. Removing this epoxy
with an oxygen plasma etch causes a 20% reduction in parasitic capacitance, and enhances the
mixer RF performance. To investigate the effect of the epoxy-etch on device reliability, lifetime
tests were performed on a batch of epoxy-etched devices and results compared to those without
the epoxy-etch. Both batches have the Al.GaAs layer already removed. Lifetime tests were
conducted at three different temperatures for each type of device.  The Arrhenius plots are
shown in Figure 8.

Arrhenius Plot
IVITTF (23°C) E.

• no epoxy-etch 1.2 x 101° hrs 1.22 eV
• with epoxy-etch 5.9 x 10 1° hrs 1.35 eV

40 80 120 160 200 240
Temperature (°C)

Figure 8: Arrhenius Plot for devices with and without epoxy-etch procedure.
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The data collected in these tests fall on nearly the same Arrhenius line. The extrapolated
MTTF values at 80°C are equal to within a factor of two, and even at room temperature, they
differ by less than an order of magnitude. The activation energies differ by 0.13eV, or about
10%.

Figures 9 and 10 show the images of the two types of devices under a SEM. Both of
these devices failed gracefully, although the epoxy in the channel region for Figure 9 seems to
have a crack parallel to the fingers. We have already seen a correlation between cracks
perpendicular to the fingers and catastrophic failures, but it appears that devices are less affected
by cracks parallel to the fingers. Removing the epoxy completely from the channel, however,
would reduce the risk of any epoxy cracks around the finger pair, thus reducing the risk of a
catastrophic failure due to a mechanical break. This is shown in Figure 10, where the fingers are
visible after the epoxy has been etched away.

Figure 9: SEM photo of a QUID device after
200°C lifetime test.

240E-#4 s7221
eel 006 10.0kV X700r-4t:V;1;
Figure 10: SEM photo of an epoxy-etched

QUID device after 240°C lifetime test.

C. Effect of Si3N4 passivation

Prior to bonding the GaAs wafer upside-down onto a quartz substrate, a Si 3N4 passivation
layer can be put down around the anodes by a PECVD (plasma enhanced chemical vapor
deposition) system. The effect of this procedure on device RF performance is currently being
investigated, and its effect on device reliability is reported below.

The Arrhenius plots comparing devices with and without nitride passivation are shown in
Figure 11. Both types of devices do not have an AlGaAs layer, and the epoxy inside the channels
were not etched. Figure 11 clearly indicates that the nitride passivated devices have a much
better lifetime than unpassivated devices. In fact, we had to tighten our failure criteria in order to
keep the test from extending too long. The failure criteria in calculating the failure times are
reduced by 50%. That is, the new failure criteria is An > 7.5%, ARs > 10%, tWo > 20%, or any
combination of these changes that causes the mixer noise temperature to degrade by 7.5%. For a
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Figure 11: Arrhenius Plot for devices with and without Si3N4 passivation layer. Note that the
failure criteria was tightened to obtain 50% sample failure from the nitride passivated devices.
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Another difference that was observed in the data for passivated devices is the direction of
change in the I-V characteristics. Figure 12 compares the device I-V characteristics taken at
180°C at the beginning and end of the test (after 1336 hours) for two devices, one from the
unpassivated batch, and the other from the passivated batch. These two devices underwent the
same test conditions at the same time, and yet their IV curves shifted in different directions. The
knee voltage for passivated devices increases, while it decreases for unpassivated devices.
Currently we are investigating possible causes for this effect.

Figure 12: I-V Characteristics of devices before and after lifetime testing. These measurements
were made at 180°C, at the beginning of the lifetime test and after 1336 hours.
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D. Causes of failure

So far, we have observed that severe cracking in the AlGaAs layer and the channel epoxy
region can cause catastrophic failures. Other mechanisms responsible for the gradual
degradation could not be observed under the SEM. At this time, we have not made a complete
failure analysis of QUID devices in order to determine these mechanisms. From the collected
data, however, it is observed that almost all devices failed due to the series resistance meeting the
failure criteria. Only the nitride passivated devices differ in that a number of passivated devices
failed due to a combination of the three diode parameters.

Iv. CONCLUSIONS

Based on results from numerous accelerated lifetime tests, the 640 GHz QUID circuits
were determined to have a room temperature Mrif on the order of 10 10 hours, with an
activation energy of 1.2 to 1.3 eV. This value is more than three orders of magnitude higher
than the five year mission that QUID devices must meet.

The effects of device processing variations on device lifetime were studied. It was found
that the presence of an AlGaAs etch-stop layer can cause severe cracking under high temperature
stress, thus increasing the likelihood of a catastrophic failure. The presence of the epoxy in the
surface channel region was found to have little or no effect on device lifetime. The presence of a
silicon nitride passivation layer, however, significantly enhanced device lifetime by nearly an
order of magnitude. Observations of the changes in device I-V characteristics showed that the
passivated devices have a failure mechanism different from the unpassivated devices.

Results from a more thorough failure analysis will enable us to better understand these
mechanisms. The acceptable MTTi- : values obtained from this work show that the QUID process
can be a useful technique to obtain GaAs devices on non-semiconductor substrates. This
technique could also be useful for other applications where a dissimilar substrate is required.
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Abstract
The temperature dependence of the current-voltage characteristic of Pt/n-GaAs Schottky diodes
which are used as mixers in low noise THz heterodyne receivers is investigated. Two different
groups of diodes are identified. While the barrier height and temperature dependence of the di-
odes of one group are determined by the energy gaps of GaAs they are determined by defects at
the metal-semiconductor interface for the diodes of the other group. For a defect free interface
the barrier height has no influence on the noise performance of the diode. The influence of spa-
tial inhomogeneities at the interface on the noise temperature is investigated. It was found that
the noise temperature increases with increasing magnitude of the spatial inhomogeneities.

1. Introduction
It is well known that the electronic proper-
ties of Schottky diodes for example their
current-voltage (1-V) characteristic and their
noise performance depend critically on the
microphysical structure of the metal-
semiconductor contact [1,2]. Interface de-
fects can pin the Fermi-level and conse-
quently change the barrier height of the di-
ode compared to a defect free interface [3].
Spatial inhomogeneities at the potential
barrier can lead to a drastic increase of noise
when the standard deviation of their magni-
tude exceeds a critical value of 2kT [4].

In the course of this study we have investi-
gated the influence of defects on the height
and temperature dependence of the potential
bather in Pt/n-GaAs Schottky diodes with
different doping densities of the epitaxial
layer. All diodes are used as mixers in low
noise THz heterodyne receivers. For the

diode which currently yields the lowest
noise temperature in the frequency range
from 1 to 5 THz (diode 1T15 from the Uni-
versity of Virginia [5, 6,7}) it was studied if
the barrier height has any significant influ-
ence on the noise performance of the diode.
In addition, for different contacts of this
type of diode the magnitude of the spatial
inhomogeneities at the metal semiconductor
transition was determined and correlated to
the measured noise temperature. Evidence is
presented that with increasing magnitude of
the spatial inhomogeneities the noise per-
formance of the diode degrades.

2. Experimental Setup
The Schottky contact of all diodes is a
submicron-size dot of Pt on a GaAs (100)
epitaxial layer which has a doping density
between 0.5-10x10 17 cm-3. The I-V curves
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were measured at temperatures varying from
300 K to 80 K. Cooling was performed with
a closed cycle He refrigerator. The tempera-
ture was measured with a Si temperature
diode mounted close to the Schottky con-
tact. In order to make sure that the tempera-
ture of the Schottky diode under investiga-
tion is the same as the temperature meas-
ured by the Si diode a delay of 15 minutes
between two measurements was kept. This
procedure was checked by replacing the
Schottky diode with a Si temperature diode
and measuring the temperature with both Si
diodes. The difference in the measured tern-
perature between the two Si diodes was al-
ways less than 0.2 K. The temperature could
be held constant within. ± 0.1 K by the use of
stabilization loop. The loop consisted of the
temperature diode, a heating resistance and
a temperature controller, which regulates the
temperature to a preset value. All measure-
ments were performed in the dark. The volt-
age was supplied by a Keithley 236 voltage
source, which at the same time measured the
current

As an example, the I-V curves of a Schottky
diode 117 at different temperatures are plot-
ted in Fig 1. As one can see the 1-V curves
shift to higher bias voltages and are getting
steeper with decreasing temperature.

Fig. 1: Current voltage characteristics of the diode
117 as a function of temperature.

In order to correlate the microphysical prop-
erties of the Schottky contact to the noise
performance of the diode when used as a
THz mixer in a heterodyne receiver we
measured the noise temperature of different
diodes at 1.47 THz. A FIR gas laser was
used as the local oscillator with 13.CH3OH as
the lasing medium (CO 2 pump laser line
10R16). The diodes were whisker contacted
with a standard 4X antenna in a corner cube
mounting. The noise temperatures were
measured by the Y factor method with Ec-
COSOrbTM immersed in a liquid nitrogen bath
as the cold load and EccosorbTm at ambient
temperature as the hot load. Signal beam
and laser beam were superimposed by the
use of a Martin-Puplett diplexer. A single
stage X/4 impedance transformer was used.
The noise temperatures were measured at an
intermediate frequency of 11.1 GHz with a
bandwidth of 1 GHz. The first amplifier was
cooled to 77K and had a noise temperature
of about 100 K. The presented data are
double sideband (DSB) noise temperatures
and are not corrected for atmospheric losses
or losses in the optics.

3. Defects at the Metal-Semiconductor
Transition

In the case that the current transport in the
Schottky diode is dominated by thermionic
emission it can be described by [2]

I = Is exp (qVinkT) [1-exp(- ciV/IcT)]. (1)

Here q is the electronic charge, k is Boltz-
mann's constant, T is the temperature, V the
applied forward bias and n the empirical
ideality coefficient Is is the saturation cur-
rent given by

Is = A** S T2 exp (-q cpbo 1 
kT)}, (2)

where A** is the effective Richardson con-
stant taken as 8.6x104 A m-2 K-2, S is the
anode area and Ow is the zero-bias barrier
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height n and Is were deduced from a least
squares fit of eq. 1 to the data while Ow is
determined from is with the help of eq. 2.
For a given n and (No it is possible to calcu-
late the height of the potential barrier when
the semiconductor bands are flat This is the
so called flat-hand barrier height It is worth
noting that the flat-band barrier height is
independent of the current transport
mechanism [8]. Therefore it can also be
determined for the highly doped diodes
where tunneling contributes significantly to
the total current. According to Wagner et al.
[8] the flat-band barrier Obf is given by

cbbf nObo - (n-1) (kT/q) in(Nc /ND), (3)

where Nc is the effective density of states in
the conduction band and ND is the ionized
donor density. Both are functions of the
temperature. This is taken into account in
our analysis. It has been shown that the flat
band barrier height is the same as the barrier
height determined by the capacitance-
voltage method [9].

50 100 150 200 250 300
Temperature [K]

Fig. 2: Ideality coefficient, zero-bias barrier height
and flat-band barrier height as a function of tempera-
ture for the diode 1I7c.

Fig. 2 shows the ideality coefficient, the
zero-bias barrier height and the flat-band
barrier height as a function of temperature.
While the ideality coefficient decreases with
increasing temperature the zero-bias barrier
height increases. Especially at temperatures

below about 150 K this dependence is quite
pronounced. In contrast, the flat-band bar-
rier height decreases weakly with increasing
temperature. This decrease can be expressed
by

43 1,f(T) = Obf(T=OK) + aT. (4)

Here (Dbf (T
=OK) is the flat-band bather

height extrapolated to 0 K and a is the tem-
perature coefficient. We have analyzed 11
Schottky diodes with different doping den-
sities by this method. The results are given
in table 1 (see appendix). For a further
analysis the flat-band barrier height is plot-
ted as a function of the temperature coeffi-
cient (fig. 3). Obviously there are two
groups of contacts. The Schottky diodes of
group I. have a flat-band barrier height of
1.018 ± 0.008 eV. Their temperature coef-
ficient varies between -0.17 meV/K and -
0.30 meV/K with a mean value of -0.23 ±
0.02 meV/K. The diodes of the second
group have a me= barrier height of 0.922
0.021 eV and a temperature coefficient
close to zero (-0.002 0.004 meV/K). It is
worth noting that even diodes which are
nominally the same can belong to the differ-
ent groups (e.g. diode 117 a-c).

-0.4 -0.3 -0.2 -0.1 0.0 0.1

Temperature Coefficient a [meWK]

Fig.3: Flat-band barrier height as a function of the
temperature coefficient. Two groups of diodes are
discernible. It is worth noting that even diodes which
are nominally the same can belong to the two different
groups (diode 117 open symbols).
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These findings can be interpreted on the
basis of recent models of Fermi-level pin-
ning and barrier formation in Schottky di-
odes. According to a model developed by
Tersoff [10} the barrier height for a metal on
n-type GaAs is given by

Obn = Eg -1/2 (E: - A/3) - 8m , (5)

where Eg. is the direct energy gap (1.42 eV
[11]), E51 is the minimum indirect energy
gap (1.81 eV [11]), i. is the spin orbit split-
ting (0.34 eV [11]) and 8m is an adjustable
parameter which takes into account the de-
pendence of the bather height on the metal.
From our measurements of the flax-band
barrier height it follows *SR = -0.45 eV. This
value is reasonable, since the value for gold
is -0.33 eV and Pt is more electronegative
than Au if one considers the electronegativ-
ity values given by Miedema [1].

The temperature dependence of the potential
barrier can be easily deduced from eq. 5

c143ki/dT = dEg/dT - 1/2dEg
i/dT . (6)

The linearized temperature dependence of
the direct energy gap is -0.39 meV/K [11]
while for the indirect gap it is -0.43 meV/K
[111. From this a temperature coefficient of -
0.18 meV/K is calculated in good agreement
with our measurements.

The close to zero temperature coefficients of
the Schottky diodes of group 2 are under-
standable on the basis of a combined model
where metal induced gap states as well as
defects at the metal semiconductor interface
have to be considered. As shown in Ref [1]
defects at the interface result in a decrease
of the potential barrier 801, by

801, / DmiGs , (8)

where NI is the density of interface states
and Ds is the density of metal induced
gap states (2.-3.7x10 14eVicm-2 for GaAs [1]).
For the diodes of group 2 84)b is about 0.1

eV which results in a density of interface
states of NI 3.7x10 13 cm-2.This is about
one fiftieth of the total density of sites of a
GaAs (100) plane. In addition, as Revva et
al pointed out [12], the temperature coeffi-
cient of a potential barrier which is pinned
by defects is close to zero. This is due to the
fact that the temperature dependence is gov-
erned by the ionization entropy of the de-
fects which is almost independent of tem-
perature.

In fig. 4 the DSB receiver noise temperature
measured with a diode 1T15 is shown as a
function of the fiat-band bather height. It is
worth noting that all measurements were
made with Schottky contacts from one diode
chip in order to have well defined experi-
mental conditions. No dependence of the
noise temperature on the flat-band barrier
height discernible. However, for all diodes
the flat-band barrier height is around I eV.
In this case the bather height is not deter-
mined by defects. If the influence of defects
is negligible the noise temperature of the
Schottky diodes does not depend on the
barrier height. Since this study does not in-
clude contacts were the barrier height is
determined by interface defects the question
if and how they affect the noise performance
is still open.

a a

ma

0.95 1.00 1.05
Flat-Band Barrier Height [eV]

Fig. 4: DSB receiver noise temperature as a function
of the flat-band barrier height for the diode 1T15. All
contacts are from the same diode chip.
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4. Spatial Inhomogeneities at the Metal-
Semiconductor Transition

The interface between a metal and a semi-
conductor is not flat but rough on an atomic
scale. These roughness may have different
origins. Defects, atomic steps, dislocations,
grain boundaries in the metal or irregular
distributed donor atoms are a few of them.
Spatial inhomogeneities cause a deviation of
the measured ideality coefficient of a
Schottky diode from the theoretical ex-
pected value. In addition, spatial inhomoge-
neities cause differences between the flat-
band bather height and the zero-bias barrier
height of a Schottky diode. It has been
shown previously that the noise performance
of a Schottky diode depends on the magni-
tude of the spatial inhomogeneities [4]. In
the analysis of our data we follow the ap-
proach of Werner and Ganler [3]. They as-
sume that the spatial distribution of the bar-
rier height <tob at the metal-semiconductor
transition can be modeled by a Gaussian
distribution with a standard deviation as
around the flat-band barrier height (I)bf

P(4)b -44755 1127r exP (-{(Dbf4302/2as2)- (8)

From this it follows that the difference be-
tween the flat-band barrier height and the
zero-bias bather height is given by

cbbf (No = qa,2/2kT . (9)

Because of the high doping density of the
diode 1T15 the lowering of the potential
barrier is not only due to inhomogeneities.
Tunneling currents and image force cause a
barrier lowering with respect to the flat-
band. In order to determine the barrier low-
ering due to inhomogeneities their contribu-
tions are subtracted from the flat-band bar-
rier height. Other effects such as generation-
recombination currents in the space charge
region or defects are negligible for the 1T15
diodes in this study. By taking into account
the barrier lowering due to tunneling and

image force the standard deviation a s of the
spatial distribution of the Schottky barrier
heights was calculated. Fig. 5 shows the
receiver noise temperature as a function of
kT/cy

s
2. There is a correlation between both.

For all contacts the thermal energy kT of the
electrons is smaller than 0.5 a s. It is worth
noting that in this case where the standard
deviation as exceeds a critical value of 2kT
a drastic increase of noise was observed for
different silicide/Si Schottky diodes [4].

0.15 0.2 0.25 0.3

kTio's

Fig. 5: The DSB receiver noise temperature increases
with increasing standard deviation as of the spatial
inhomogeneities.

5. Summary

From the analysis of the temperature de-
pendence of the I-V curves of different Pt/n-
GaAs Schottky diodes two different groups
could be identified. While the diodes of
group 1 have a bather height of about I eV
which increases with decreasing tempera-
ture the diodes of group 2 have a barrier
height of about 0.9 eV which is almost in-
dependent of the temperature. These find-
ings are interpreted on the basis of recent
models of Fermi-level pinning in Schottky
diodes. The bather height and the tempera-
ture dependence of the diodes of the first
group are determined by the direct and indi-
rect energy gap of GaAs. For the diodes of
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the second group defects pin the Fermi-
level. Since their ioni74ion entropy is al-
most independent of the temperature the
barrier height is also temperature independ-
ent. The density of the defects is about one
fiftieth of the total density of sites in a GaAs
(100) plane. The results indicate that prob-
lems with impurities may have occurred
during the processing of the devices. Fur-
thermore it was found that the noise tem-
perature is independent of the bather height
for a defect free Schottky contact while it
depends on the magnitude of the spatial in-
homogeneities at the Schottky contact. This
study demonstrates that I-V-T measurements
are useful not only to characterize the physi-
cal properties of a metal semiconductor
transition but also to give useful information
about the processing.
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Appendix

Tab. 1: Parameters of the investigated Schottky diodes.

Diode Manufacturer Doping
Density

[1017cm-3}

Ideality
Coeff.

Zero-Bias Bar-
rier Height [eV]

Flat-Band Bar-
rier Height [eV]

Temperature
Coefficient
[rneV/K]

SDO 20 Farran Tech. 0.5 1.28

,

0.830 1.048 -0.18

DA499 TU Darmstadt 1.0 1.12
,

0.917 1.017 -0.30

HSD3S Toholcu U.. 1.0 1.16 0.827 0.954

.

0.00

1T6 U. of Virg. (UVa) 1.0 1.39

,

0.758 1.040
,

-0.22

117 a UVa 3.0 1.16 0.780 0.896

.

-0.01
.

117b

.

UVa 3.0 1.34 0.777 1.037 -0.17

117 c UVa 3.0 1.20 0.836 0.997 -0.27

1T12 UVa 3.0 1.22 0.821 0.990 -0.22

1112

,

UVa 4.5 1.23 0.833 1.023 -0.21

1T14 UVa 10.0 1.67 0.544 _ 0.917
4

0.02

1T15
,

UVa 10.0 1.57 0.628 0.990 -0.27
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PHOTOMDCING IN LOW-TEMPERATURE-GROWN GaAs

S. Verghese, 1 K. A. McIntosh, S. M. Duffy, E. R. Brown, 2 S. Calawa,

K. Molvar, W. F. Dinatale, and T. M. Lyszczarz

Lincoln Laboratory, Massachusetts Institute of Technology

244 Wood Street, Lexington, MA 02173

ABSTRACT

Photombdng occurs in epitaxial low-temperature-grown GaAs between two voltage

biased metal electrodes on which two laser beams are focused and are detuned to a

desired difference frequency. Compared with pulsed THz-radiation emitters such as

time-domain photoconductive switches, the photomixer is useful when a constant

wave source is needed with high spectral brightness and narrow linewidth. Also,

a general technique has been demonstrated at microwave frequencies for photo-

conductive sampling in the frequency domain using two photomixers driven by a

single pair of diode lasers. A terahertz implementation would compare favorably

to time-domain sampling for narrow-linewidth spectroscopy.

Heterodyne measurements in the region 30-1000 gm can reveal the spectroscopic signatures

of molecules that are important for atmospheric sensing and for astrophysical measurements.

Recent advances in superconducting THz receivers [1, 2] have created a compelling need for a

tunable single-frequency local oscillator with output power > 1 iz\NT from roughly 1 to 3 THz.

The photomixer generates a THz difference frequency by photoconductive mixing of two

tunable single-frequency lasers in low-temperature-grown (LTG) GaAs [3, 4]. In one design,

the combined laser beams are focused on an 8 x 6-gm area with interdigitated 0.2-gm-wide

electrodes that are separated by a 1.8-gm gap and are voltage biased at approximately 30 V.

The electrodes are at the drive point of either a log-spiral or a dipole antenna [5] that radiates

through the GaAs substrate that is mounted on a Si hyperheraisphere lens. Compared to other

fast photoconductors, high-quality LTG GaAs is well suited to this application because of its

short carrier lifetime (< 0.25 ps), high electrical breakdown field (> 5 x 105 V/cm), and its

relatively high mobility (> 100 cm2/Vs).

Our recent efforts have focused on increasing the maximum THz power available from

the photomixer. The available 'THz power is approximately proportional to Pi
2 , where Pi

is the total optical power incident on the photomixer. Our room-temperature photomixers

isimonv@ll.mit.edu
20n leave of absence to DARPA/ETO, 3701 N. Fairfax Dr., Arlington VA 22203-1714
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can withstand a total optical power of Pi 60 mW (9 x 104 Wicm2) when biased at 30 V.

Above that power, a combination of optical and ohmic heating causes catastrophic failure of

the device. Cryogenic operation at '77 K was shown to increase the optical power handling

to 90 mW which increased the emitted THz power by approximately x 2—because of the

increased thermal conductance of the GaAs substrate [6] . Recently, LTG-GaAs layers with

carrier lifetime less than 300 fs were grown by molecular-beam epitaxy on a high-resistivity

silicon substrate. Photoraixers that were fabricated from this wafer sustained incident optical

power of 120 mW without failing. Also, the output THz power increased commensurately with

the optical pump power and THz absorption losses in the silicon substrate degrade the signal

at 1.1 THz by only 20%. At present, photomixers with log-spiral antennas are being used for

comparison of the Ti-12 output power with photomixers on GaAs substrates over a wide range

of operating frequencies. Photomixers with resonant antennas have also been fabricated on the

silicon substrate. An example of a 1.5-THz full-wave dipole is shown in Fig. 1. The scanning

electron micrograph shows the metal electrode pattern that defines the photomixer. The Smith

chart shows design calculations that were obtained with a commercial planar-structure solver

[7]. Preliminary measurements show a peak output power at 1.4 'THz with a 3-dB bandwidth of

approximately 15%. By comparing the output power from this antenna with a spiral-antenna

from the same wafer, the measured radiation resistance of the dipole will be estimated.

Photomixers show promise for use as local oscillators [4] and for high-resolution gas spec-

troscopy when coupled to a cryogenic detector such as a bolometer [8]. A recent development

is the demonstration of photoconductive sampling in the frequency domain using a pair of

photomixers. This technique is analogous to time-domain photoconductive sampling where

two photoconductive switches are illuminated by a mode-locked laser. Such a technique, in

principle, would use the second photomixer as the receiver rather than a helium-cooled bolome-

ter. For spectroscopy applications that require narrow-resolution linewidth (< 1 MHz), this

technique can offer significant improvement over time-domain sampling in spectral bright-

ness (• 106 times higher). Furthermore, the system is coherent, widely tunable, and can be

compact—using inexpensive diode lasers that are fiber coupled to photomixer-transmitter and

receiver chips.

Figure 2a shows a block diagram of how narrow-linewidth spectroscopy could be performed

coherently and at room temperature using antenna-coupled photomixers as the transmitter

and receiver. Figure 2b shows the experimental setup that was used to test the concept at

microwave frequencies. The combined light from a pair of distributed-Bragg-reflector laser

diodes is split in half and fiber coupled to each photomixer. Each LTG-GaAs photomixer

consists of a 20 x 20-gm active region with 0.2-gm wide interdigitated electrodes spaced by

530



0.6 gm for the transmitter and by 0.4 Ana for the receiver. The transmitter is dc biased through

a broadband bias tee and therefore develops an ac current across the electrodes when the

ph.otoconductance is modulated at the difference (beat) frequency of the two laser beams. Some

of the resulting microwave power is launched onto a coplanar waveguide which transitions into

a 5042 coaxial line that is connected in similar fashion to the receiver. At the receiver end, the

optical beating periodically raises the photoconductance such that a small amount of unipolar

current flows into the de current amplifier. This action is equivalent to homodyne detection of

the rf electric field.

Two experiments have been performed to verify that homodyne detection is occurring.

First, the transfer characteristic of a narrow bandpass filter has been measured and agrees

with that measured using a microwave spectrum analyzer. Second, as shown in Fig. 3, the

homodyne signal scales linearly with the dc-bias voltage (or incident electric field) while the

transmitted power measured with a spectrum analyzer scales quadratically. The magnitude of

the receiver photocurrent is in good agreement with predictions from a theoretical model that

accounts for the impedance mismatch between the photomixers and the transmission line.

In summary, photomixers fabricated from low-temperature-grown GaAs deposited on a sil-

icon substrate show improved optical power handling and increased THz output power. Reso-

nant antennas are being evaluated that should further increase the output power. Compared to

time-domain sampling, the most important advantages of frequency-domain photoconductive

sampling are spectral brightness and the use of compact inexpensive lasers. The disadvantages

including longer acquisition times for measuring very broad spectra and standing waves intro-

duced by the high level of coherence. This work was supported by the National Aeronautics and

Space Administration, Office of Space Access and Technology, through the Center for Space

Microelectronics Technology, Jet Propulsion Laboratory, California Institute of Technology.
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Figure 1: Calculated drive-point impedance for a 1.5-THz full-wave dipole with inductive
tuning built into the choke. Also shown: scanning electron micrograph of such an antenna
fabricated on LTG-GaAs on a GaAs substrate.
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Figure 2: (a) Block diagram for frequency-domain photoconductive sampling. (b) LTG-GaAs
photoraixers used as transmitter and receiver in proof-of-concept measurements at microwave
frequencies (0.05-26.5 Glaz).
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Figure 3: 4.5-GHz homodyne signal detected by the receiver as a function of voltage bias
on the transmitter. The coherent signal scales linearly with voltage while the power scales
quadratically with voltage. The dc photocurrent in the transmitter is also shown (300 AA at
b y).
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A COHERENT, TUNABLE, FIR SOURCE

J.H. Brownell, M.F. Kimmitt, J.C. Swartz and J.E. Walsh
Department of Physics and Astronomy, Dartmouth College, Hanover, New Hampshire 03755-3528

(March 18, 1998)

A tunable coherent source which operates in the THz-
FIR region of the spectrum has been developed. The
device, termed a grating-coupled oscillator (GCO) uses
the beam in a scanning electron microscope (SEM) and a
diffraction grating placed in the e-beara's focal region to
generate the radiation. Distributed feedback is provided.
by the grating itself and the e-beam is focused and po-
sitioned using the microscope's internal control system.
A summary of operating characteristics of the present
device and a survey of the scaling relations which will
determine the spectral coverage is presented. Comments
on what will be required in order to develop a very com-
pact device are also included.

I. INTRODUCTION

The region of the electromagnetic spectrum which
falls in the approximate band of wavelengths be-
tween 10 and 1000 Am, the so-called far-infrared
(FIR) spectral region, is relatively devoid of tunable,
coherent, radiation sources. Until quite recently, and
relative to the range of options available at longer
and shorter wavelengths, this assertion would be al-
most indisputable. However, the challenge presented
by the lack of sources together with the existence of
a broad range of interesting research puzzles and op-
portunities has led to a renewed interest in providing
access to this spectral region. The present note deals
with one promising approach to a means of produc-
Lug tunable THz or FIR radiation.

The beam in a scanning electron microscope
(SEM) and a diffraction grating mounted in the e-
beam focal region has been used to produce coherent
radiation {1: over a range of wavelengths that ex-
tends from approximately 250 1um out to 1000 Am.
Termed a grating-coupled oscillator (GC0), the de-
vice is a new variation on an old theme.

Observation of radiation produced by electrons
skimming over a diffraction grating was first re-
ported by Smith and Purcell [21 in 1953. Even ear-
lier, Salisbury had filed a patent application [3] on
a device based on the coupling of moving electrons
and a diffraction grating although Salisbury appar-
ently did not conduct experiments until somewhat
later [4]. Others 15-8 1 have also followed up on the
early work.

The radiation mechanism described in reference
which has become associated with the authors'

names, was essentially an incoherent or shot noise
process. Individual rulings on the grating con-
tributed coherently to the passage of a single elec-
tron but the contributions of each electron in the
beam added incoherently. This was a consequence
of the fact that in the early experiments, the fo-
cus was on short wavelengths, visible, and the size
of the beam was large relative to the wavelength.
The relative beam energy which is also a factor in
the dimensionless coupling parameter was also low.
A quantitative discussion of this point is presented
further along in the manuscript.

Coherent radiation at mm [9-12] and sub-mm
[13,14] wavelengths has been introduced in grating-
coupled devices. Termed either Orotrons [9,11-14]
or the Ledatron [10), these devices used gratings em-
bedded in Fabry-Perot resonators and electron beam
technology similar to that used in other microwave
tubes to produce the radiation. The name Ledatron,
introduced by Mizuno [10], was an acronym that was
chosen in order to emphasize the dual nature of the
surface modes and the importance of both the bound
and radiative space harmonics in the coupling and
emission process.

In the present device it is the distributed feedback
on the grating itself that leads to bunching of the
electron beam and the growth of coherent radiation.
The beam voltages are modest (10-50 kV) but higher
than those used in any but high-power tubes. Beam
current density is high (100 Aicm 2 or greater), but
the total currents are modest (100's AA). The "qual-
ity" of the electron beam, energy spread and emit-
tance are critical factors. Thus, overall, the "bright-
ness" of the beam is very high. The "open" nature
of the resonator together with the extremely bright
electron beam are the essential features of the de-
vice.

The remainder of the paper is divided as follows:
A survey of device performance will be given in Sec-
tion II and a summary of basic scaling relations that
govern device operation is contained in Section III.
These sections are followed by brief remarks on pos-
sible means by which very compact GCO devices
might be realized, and by concluding remarks.
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II. SURVEY OF EXPERIMENTAL RESULTS

Given the importance of beam quality and bright-
ness, an SEM is the ideal device for exploring the
potential of the GCO. The beam quality is excel-
lent and the microscope's own focusing and trans-
port elements may be used to shape and position
the beam. The beam column of the SEM used in
the present experiments is illustrated in Fig. 1. Elec-
trons are emitted from a Tungsten "hairpin" cathode
and focussed by a Wehnelt electrode and a series of
magnetic lenses. The waist of the beam is placed
at approximately the midpoint of the grating and
at present the lower limit to the waist diameter is
approximately 25 AM. This however is a machine-
design imposed but not an absolute limit. The beam
may also be swept either in and out along the grating
normal or across the grating surface. This provides
a convenient temporal reference modulation. Oper-
ation in fixed spot temporally pulsed mode is also
an option.

The grating is placed on a miniature "optical
bench" which is mounted on the microscope stage.
At present the FIR optical system limits observation
to the normal direction and the grating parameters
are chosen to optimize normal emission. Designs
that circumvent this limitation are under evaluation.

FIG. 1. Diagram of the SEM optical system.

A typical example of a plot of observed power ver-
sus electron beam current is shown in Fig. 2. It has
two characteristic regions. When the current is rel-
atively low and/or the beam diameter is compara-
tively large, the observed power increases linearly
with current. This is characteristic of a shot noise
or spontaneous emission process. In this region, a
detailed analysis of the emission process has been
carried out [14 The emitted power in Wisr is given
by:

dP Nn2
=

2teo
F 2 eXP (

—X
0/

A
e) (1)

where e is the electron charge, I is the beam current,
N is the number of grating periods, n is the order
of emission, is the grating period, and €0 is he
permittivity of free space. Other parameter which
appear in Eq. (1) are:

sin2 8
3

— cos e)7,8e= 
47rini

Eq. (2) is the variation of the emission with polar
angle. The symbols fi and 7 are respectively the
electron velocity relative to the speed of light and
the relative electron energy. Angles are measured
with respect to the electron beam axis and xo is the
distance of the infinitessimally thick beam above the
grating. When observed power is composed with
the prediction of Eq. (1), the measured beam profile
is folded together with the evanescent field length
given by Eq. (3). The remaining factor in Eq. (1),

2 - iI Rni , n effect an antenna gain and the notation
is that first introduced by van den Berg [16]. A
detailed discussion that is adapted to the conditions
of this experiment may be found in Urata [17].

When evaluated for parameters used in produc-
ing Fig. 2 and assuming an interaction length of 5
narn, Eq. (1) would predict emitted power levels of
the order of 100 pW/gA-sr. The effective field of
view of the collection optics is approximately 0.07 Sr.
The FIR emission is detected with a silicon compos-
ite bolometer placed between 0.5 and 1.0 m distant
from the grating. Although the loss in the collection
system is not accurately known, the theoretical pre-
dictions and estimated geometrical factors are con-
sistent with the sub-nW power levels observed in the
range where P cc I.

The focused beam will support fast and slow space
charge modes. As the beam plasma frequency is in-
creased, those modes become resolved on the scale

F =
(1/13 — cos

= 713A
47c

(2)

(3)
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FIG. 2. Detected power vs. beam current. Fits of the

form y = Ax are shown for the linear and superlinear
regimes.

of the free spectral range which is determined by
the beam velocity and the interaction length (i.e.
the transit time). When, by increasing the beam
current, this regime is reached, it is expected that
coupling of the "negative energy" slow space charge
wave with a co-propagating space harmonic compo-
nent could result in a bunching of the beam. In this
case, growth of the component of the emitted ra-
diation will occur. While the details of the theory
in this regime are still under development, such a
transition is indeed observed. The transition occurs
when the beam plasma frequency times the transit
time exceeds 0.2-0.25. Beyond the transition point,
the radiated power grows rapidly as a power of the
current exceeding the expected spontaneous emis-
sion by 1 to 2 orders of magnitude. The exponent
in this power law relation typically ranges from 3 to
6 and is sensitive to the operating conditions. With
the present operating parameters, the system does
not appear to have reached saturation.

It is clear that the finite length grating is func-
tioning as a relatively high quality surface resonator
but the details are yet to be understood. A sim-
ilar caveat applies to the non-linear regime but
Eq. (1) provides a basis for some interesting esti-
mated. Since it is proportional to the product of the
electron charge and the current, it has the charac-
teristic form of a shot noise formula. If it is mul-
tiplied and divided by a spectral interval, d.), and
the product el. factored out, what remains is a "ra-
diation resistance" . The spectral width of the spon-
taneous emission "Smith-Purcell line" has been de-
duced from both grating spectrometer and Fourier
transform interferometer measurements. In either
case the spectral width is about .1v  1cm-1 . Con-
verting this to an angular frequency, d, and using
a beam current of 100 pA, the factors

3.2pW/9. (4)

Thus the measured power near the upper limit of
the spontaneous emission regime indicates that the
radiation resistance lies between 1 and 10 kn. The
interaction length and the exact value of the beam
profile - evanescent wave overlap are not determined
precisely. However the 1-10 Icf/ range for a radi-
ation resistance is also consistant with an indepen-
dent evaluation of Eq. (1) (after factoring out a and
evaluating c/f/fd,w).

A bunched beam with 100 p,A rms current would
be expected to generate between 10 and 100 kr,W.
A beam with approximately one order of magnitude
greater current (=-- 1 mA) would produce power lev-
els in the mW range.

These arguments are qualitative but they are also
based on fundamental constraints. The estimates
probably represent reasonable upper limits to what
can be expected from SEM electron optical system
based e-beam technology.

III. SCALING OF GC0 DESIGN
CONSTRAINTS

A discussion of the constraints governing GC0 op-
eration is facilitated by first examining the disper-
sion plane associated with the electromagnetic fields
above a grating. A schematic dispersion plane is il-
lustrated in Fig. 3. The vertical axis is the angular
frequency measured in units of 2r times the speed of
light divided by the grating period. The horizontal
axis is the wave number along the grating in a direc-
tion perpendicular to the rulings. Again, the units
are normalized.

The plane is divided into two principal regions,
"fast" and "slow" . These designations are relative to

2 3 k11t/2/c

FIG. 3. Schematic of GC0 dispersion plane.
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(6)

(7)

the speed of light, the lines with slope ±1 on the dia-
gram. Each Fourier component of the field above the
grating will contain a complete set of space harmonic
whose axial wave numbers differ by 27r/t. Space
harmonics with phase velocities that fall within the
"light cone" , the region labeled fast, satisfy radia-
tive boundary conditions. The points in the fast
region represent components of either incident and
scattered waves or an outgoing wave generated by
the beam.

Points on the plane which fall outside the light
cone have phase velocities less than the speed of
light. Space harmonic components in this region are
non-radiative but they do serve as a coupling mech-
anism for the electron beam. A "beam line" is also
shown on the figure. Along this line the relation

= k H z; (5)

is satisifed (;.; is the angular frequency, k it is the ax-
ial wave number in dimensional units, and v is the
velocity of the beam. In the current discussion only
waves which have at least one space harmonic com-
ponent in this light cone are of interest. Thus, the
darker shaded areas, marked bound, may be ignored.
The wavenumber which appears in Eq. (5) may be
broken down into two components

kii = ko 2rin1i

where

t

ko = (4k) cos 9

is the axial component of the wavenumber along the
grating that would be associated with an outgoing
radiative wave. Combining Eqs. (5 — 7) and choosing
In! = 1 yields

— =
c 1 1 — cos 9

2r/i 
(8)

Or

(9)A = (1/ — cos9)

which is the well-known relation discussed by Smith
and Purcell in Ref. [2]. It can also be deduced using
the Huygens construction.

The choice int = 1 is not necessarily the dominant
mode. It is interesting to note that if, for instance,
the depth of the grating is chosen in order to opti-
mize the spontaneous emission for n = 3 that mode
will also dominate above threshhold (Fig. 4). Small
variations in voltage will also lead to inj = 1 and

= 3 operating simultaneously (Figs. 5 and 6).
The potential for operation on higher-order modes
of the grating provides an important degree of free-
dom for grating design.

Another important constraint is related to the
evanescent scale length of the slow space harmonics.
Outside the light cone, the square of the perpendic-
ular component of the total wavenumber is less than

10

10 20 30 40
Wavenumber (1/cm)

FIG. 4. Power spectrum of GC0 operating at ini = 3.

5

3

2

0

Mirror displacement (cm)
FIG. 5. Interferogram of GC° radiation while oper-

ating simultaneously at ini = 1 and ini = 3.

12

10-

s -

6 -

4-

2-

10 20 30 40
Wavenumber (1/cm.)

FIG. 6. Power spectrum inferred from the interfero-
gram in Fig. 5.
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(eomc3/e)70e2N

Finally, if re-written in terms of wavelength, the re-
suit

JA!
> 1 (21)

(14)

or

(15)

zero and the wavenumber itself is pure imaginary
and has a magnitude

IkL l _w2/c (10)

Since energy transfer is through the nearly-.
synchronous co-propagating space harmonic the re-
lation k il w/v can be used to infer that

Ik iJ =wiry

where -y = 1/V1 - 02 . Thus,

I kl I = 2r/7,3A

or

1k11-1 = A,

the evanescent scale length introduced in Section II.
In general, good coupling will require the beam di-
ameter to be

also follows.
Threshhold occurs when the beam plasma fre-

quency cob times the transit time of a beam electron
through the interaction length exceeds about 0.25.
Operation well above threshhold will require

cubL > 1 (19)
3/2v

(where the factor 
3/2 

has been included since the
bunching is longitudinal; it has, of course, a negligi-
ble numerical effect for non-relativistic beams).

With the aid of the usual expression for the beam
plasma frequency and multiplying and dividing by
additional factor of beam velocity yields the con-
straint

JL2 

(€0mc3/e)(70)3 > 1
(20)

where J is the beam current density. If the relation
between the interaction length and the evanescent
scale are invoked, the constraint becomes

Using the values associated with a 25 kV beam gives
the relation

A > 20d (16)

Good coupling at 300 pm (1 THz) would be achieved
with a beam parameter of the order of 15 pm. This
is consistent with data obtained in the proof-of-
principle experiments. Experiments designed to test
the lower limits of d are currently in progress. Much
smaller values of d are achievable and operation well
above 1 THz may be expected. Further extension of
the evanescence scale length may also be achieved
by increasing the beam voltage.

A final pair of scaling relations follow if it may
be assumed that the depth of field of the beam fo-
cus is emittance dominated and that this limits the
effective interaction length. In this case the interac-
tion length L is related to the beam diameter by the
expression

-y 3d2 (17)
EN

where eN is the normalized emittance. Since d and
A, are comparable, the relation

"i32
L Äe (18)

EN

[(6077/C3/e)e2N  11/4> 2r (22)
(70)3J .1

is obtained. Evaluating this last expression using
typical parameters for the present electron optical
system indicates that we are operating near the
lower wavelength limit of that apparatus.

Iv. TOWARD A COMPACT GCO

The GC0 described in the preceding sections is
already compact by some standards. As is evident
from the scaling relations discussed in Section III, in-
crease of beam energy as well as a decrease of beam
emitta.nce can be used to lower the limiting wave-
length. Increasing the beam energy is, of course,
the route taken in relativistic electron-beam-driven,
free-electron lasers (FEL). The present GC() is al-
ready far smaller than these devices. The GCO's
output power is much smaller than the levels pro-
duced by a relativistic beam-driven FEL. However,
it is already sufficient for application in spectroscopy
or as a local oscillator.

Straightforward engineering and elimination of
the non-essential features of the SEM would lead
immediately to a much smaller device. It is also in-
teresting to speculate on more dramatic options.
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The beam voltage required for GC0 operation
probably need never exceed 50 kV and in the present
device, THz operation is achieved with only 20 kV
of beam voltage. This range is well within the scope
of modern dc--dc converter-based power supply tech-
nology. The beam currents required are also modest
and well within the scope of current converter-based
power supplies. These supplies can now be obtained
in very compact packages.

A second major reduction in size might be ob-
tained if modern field emission cathode technology
were employed. The primary motivation for much
work on the field emission cathode is for use in fiat
panel displays. However, use in microwave tubes has
also been a factor. The GC0 is an ideal place to use
this technique. A ribbon beam a micron thick and
about a millimeter wide propagating a distance no
more than a few centimeters would be ideal. Power
consumption and heat load would be reduced dra-
matically.

The GCO is also a linear device and standard en-.
eru recovery technology is probably applicable. Im-
plementation of energy recovery would improve ter-
minal efficiency. If done in a way such as to also
reduce beam intercept at high voltages the already-
modest x-ray production could be further reduced.

Finally, although the grating is a simple and re-
liable means of converting electron beam kinetic
energy to coherent radiation, other photonic band
gap structures might be employed. The present
GCO uses only the distributed feedback on the grat-
ing. More complex structures, particularly ones with
well-defined high-quality factor modes, may offer sig-
nificant advantages.

V. CONCLUSIONS

A potentially very useful THz-FIR source has
been developed. Based on a novel variation of an
old theme, the device is simple and versatile. Power
output levels and tuning range are already of interest
in some applications and fundamental scaling argu-
ments support the claim that considerable extension
of the tuning range and output power is possible. If
operated near the limit of established electron beam
optical art it will be possible to access the challeng-
ing 10-1000 pm wavelength range.
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Abstract

A theoretical study of ballistic transport of current carriers with negative
differential effective mass is presented. A symmetric double-heterostructure
p-type quantum well is considered as a realistic system with current carri-
ers (holes) which have the required dispersion relation. A ballistic current
of quantized holes in a short doped p-type quantum well generates current
oscillations. This generation is a result of a negative effective mass part in the
hole dispersion relation. An oscillation frequency is in the terahertz range and
depends on the inner parameters of the diode structure with quantum well
base. It is approximately determined by a carrier transit time through the
diode base. GaAs quantum wells of about 8 nm width, 0.1+0.3 Am length,
and 1011 cm-2 acceptor doping may be used for generation in the range of
13.5+1.5 THz.

1 General principle of generation

We consider current carriers with a special non-parabolic dispersion relation. The

peculiarity of this dispersion is that the differential effective mass becomes negative

in a some region of wavevectors, and it is positive outside of this region. Figure 1

shows an example of the dispersion relation, c, with a negative differential effective

mass (NEM) part. A group velocity, v = &lap, and an inverse effective mass,

1/m = 02e/8p2 , as the functions of wavevector, k pfh, are shown in Fig. 1,

b, c. We do not assume that the velocity of the carriers is negative for a positive
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momentum as would be in the case of a negative mass everywhere. Negative differ-

ential effective mass means that an increment in momentum results in a decrement

in velocity.

A ballistic plasma with current carriers having negative differential effective mass

(NEM-carriers) is convectively unstable [1]. It can be easely confirmed by finding

a spectrum of excitation in the quasineutral plasma with carriers having negative

mass, mc . For a frequency of excitation w with a wavevector k we have

w = tick

where vc is a velocity of the NEM-carriers, to: = e2no/Kdinic is the plasma frequency

for the NEM-carriers, no is a concentration of ions, and /c c' is a dielectric constant.

We see that the frequency is complex with a positive imaginary part. This means

that any fluctuation in the plasma is increasing, and therefore, the homogeneous

state of the quasineutral plasma with the NEM-carriers is unstable.

2 NEM carriers

To implement this instability for generation we should find a system with the re-

quired dispersion relation for current carriers. We have considered three different

systems which allow the carrier dispersion relations with a NEM part. They are: 1)

electrons in an asymmetrical double quantum wells formed by materials with consid-

erably different electron masses, or electrons in a composite la-quantum well [2], 2)

holes in uniaxially compressed semiconductor [3], and 3) holes in a heterostructure

quantum well [4]. The later system seems to be the most realistic for fabrication of

the proposed generator.

Quantization of holes in a double b.eterostructure quantum well is a reason of

mixing of light and heavy hole states. Spin-orbit interaction between them results

in a complicated dispersion relation shown in Fig. 2, and the lowest subband of
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the quantized hole spectrum is exactly what we need. A position of the NEM part

depends on the well width and depth. Therefore changing a well width or choosing

another material system allow one to obtain the hole dispersion with a desired

position of the NEM part.

3 Ballistic diode

To exploit the instability associated with the NEM of quantized holes we should

form a quasineutral ballistic plasma region with NEM-holes as current carriers. The

simplest way is to accelerate holes ballistically to the energy where they have NEM.

In the ballistic diode with a p-type quantum well as a base holes enter into the base

from the heavily doped anode, are accelerated in the electric field, and finally reach

another contact (cathode) with energy eVD , where VD is a voltage across the diode

base. It is important that no scattering occurs in the diode base and the energy of

these carriers is exactly determined by the potential difference between the initial

and final states. The distribution function of the ballistic carriers is overstretched

in the current direction and the energy width of the ballistic beam is determined by

the Fermi energy of the injected carriers. Therefore, the Fermi energy should not

be greater than the energy width of the NEM part in the hole dispersion relation.

Here we consider a ballistic diode with parallel equipotential plates — cathode

and anode, which are connected by current-conducting channels of length L. These

channels form a spatial periodic system with a spatial period a.

A solution of a stationary problem of space charge limited ballistic currents for

holes which have a dispersion relation with a NEM part shows that the electric field

distribution in the diode base is nonuniform [5]. The diode base can be divided into

three parts: a dipole space charge region near the cathode with comparatively light

holes which have energy below the energy of the NEM part, then a wide quasineutral

region with moving NEM-carriers (NEM-region), and the second dipole space charge
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region near anode with comparatively heavy carriers which have energy higher than

the energy of the NEM part. The widest region is the quasineutral NEM-region

where the electric field is small. Stationary current-voltage characteristics show

saturation of the current as a function of the voltage VD in the voltage interval

when this NEM-region exists in the base. The voltage, when the current saturation

begins, corresponds to the energy of the NEM part. Instability in the NEM-plasma

results in the current oscillations [6] which are accompanied by the plasma waves

propagating in the NEM-region. The oscillation frequency is determined by the

transit time, and this frequency is in the terahertz range for submicron ballistic

structures. Numerical simulations indicate that in most cases spectrum of these

oscillations is characterized by the main frequency which depends on the applied

voltage. Figure 3 shows a relation between the current oscillations with a single main

frequency and the dispersion relation of the carriers. The oscillation regime appears

in the voltage interval where the current saturation for stationary characteristics

would be expected. For a long diode base when the NEM—region becomes sufficiently

long the oscillation spectrum becomes complicated due to excitation of modes with

higher frequencies.

4 Ballistic regime

Ballistic transport regime in the base of the diode holds if a carrier transit time,

rt,., through the base is sufficiently smaller than a mean scattering time, T„. Since

the transit time determines a frequency of the oscillations we get a fundamental

restriction for the lowest attainable frequency of oscillations. It is determined by

the scattering time in the diode base, /min = 1/Tse. So to obtain oscillations with

the frequency 1 THz we have to guarantee scattering time longer than 1 Ps.

Let us make some simple estimations to determine the ballistic length which

corresponds to that time. To estimate the mean velocity of the carriers in the base,
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we take the velocity of the NEM-carriers. For the particular dispersion relation in

Fig. 1, this velocity is about 0.1 /tulips or 10 7 cm/s and the ballistic length must

be greater than 0.1 Am.

How can the ballistic length be increased? To have a scattering time in the

range of a few picoseconds carriers should not reach the energy of the optical phonon.

For GaAs this energy is about 36 meV. Therefore the energy position of the NEM

part in the hole dispersion relation is chosen below the optical phonon energy, near

20 meV, to obtain oscillations in a sufficiently long voltage interval.

Below the optical phonon energy the main contribution to the scattering comes

from ionized impurity scattering. To decrease this contribution one usually uses a

modulation doping with spacer width of about 10 nm or greater. Reported hole

mobilities in p-type GaAs quantum wells on <311>A-GaAs substrates are greater

than 100,000 cm2 /Nrs for helium temperatures. This mobility seems to provide the

scattering time of longer than 5 ps.

5 Characteristics of the oscillation regime

Frequency. For a sufficiently high doping the length of the space charge region is

small and the length of the NEM region is approximately equal to the base length.

Oscillations of about 1 TH2 are expected in the 0.1 ihm base for the velocity of the

NEM carriers of 10 7 cm/s. For 0.2 tan base the oscillation frequency is decreased

to 500 GHz.

To increase the frequency of the oscillations we have to decrease the base length.

When shortening the base length becomes of the order of the width of the space

charge region, A. For a bulk ballistic diode this width is given by

7r
 

771K
= vc —

e no
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where m is a positive effective mass near the bottom of the subband. For bulk

doping of 10' 7 cm' this width can be estimated as 40 nm. For a shorter base the

NEM region shrink and no oscillations occurs. The base length when the oscillations

disappear is about 60 nm for that doping. Increased doping shortens the width of

the space charge region and allows oscillations for shorter base lengths with higher

oscillation frequencies.

When the base doping is increased, the Fermi energy of the injected carriers

(or the cathode doping) should be increased to hold a space charge limited cur-

rent regime in the ballistic diode. This regime is necessary because it provides a

nonuniform electric field distribution in the diode base with a long quasineutral

NEM-region. An increased Fermi energy causes an increased energy width of the

ballistic beam. If this width becomes greater than the energy width of the NEM

part in the hole dispersion relation the oscillations weaken because only a part of the

carriers has the NEM while the other part has a positive mass. The current carried

by the holes with the positive mass shorten the oscillations. For the given dispersion

relation and for the given injection scheme we have a fundamental limitation for the

maximum attainable frequency of about 2 THz. This frequency is expected for the

base of 60 nm length, 3•10 11 cm' doping, and 12 meV Fermi energy of injected

carriers. The dispersion is supposed to have the NEM part near 20 meV.

To get frequencies higher than 10 THz we have to shorten the base length to 30

nm and to increase the energy of NEM carriers to 0.1 eV. In this case even optical

phonon scattering with scattering time of about 0.2 Ps will not prevent the ballistic

transport in the base. The velocity of the NEM carriers is then about 2.5•0 7 cm/s

and the ballistic length is about 50 nm. We have to sufficiently increase doping to

shorten the space charge region to about 20 nm. Therefore, the doping in the range

of (2+3)-101 ' cm' is required.
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Output power. The input power of the ballistic diode with p-GaAs/AlAs quan-

tum wells of 9 nm width is about 5 raW cm'. The efficiency and output power

of the generator depend on the load resistance. Our estimates show that the output

power is expected to be about 5•10  W cm-1 and the efficiency — about 1 %, when

the load resistance is equal to 0.2 fi cm. If the length of the structure in the third

direction is about 200 Am. (the in-plane size is 0.1 x 200 Am') the microwave power

is about 1 /LW per quantum well at the load resistance of 10 n. We can significantly

increase the output using multiwell structures grown layer by layer.

Required structure. For our goals we need a symmetrical p-type double het-

erostructure rectangular quantum well with sharp and flat sidewalls. The well

width should be smaller than 9 nm. Symmetrical (double-side) modulation dop-

ing of > 1011 cm' is required to reduce ionized impurity scattering. To provide

a sufficient depth of the hole quantum well one has to use heterostructures: 1)

GaAsiAl.Gai_zAs with z > 0.6 (up to 1.0), or 2) In.0 .53Ga0.47As/InP. In the

case of GaAs/AlGaAs-structure, higher hole mobilities are observed for the struc-

tures grown on < 311 > A-GaAs-substrates with Si as acceptor. Multiwell structures

are desirable to increase output power. Parallel p +-contacts to the quantum well are

regions enriched by diffusion or implantation. They have to be spaced by 0.1-i-0.5

Am or even smaller.
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ABSTRACT

A coherent 163.5 GHz radiation has been generated by photomixmg in a

photoconductive antenna fabricated on the low-temperature-grown (LTG) GaAs film

using a two-longitudinal-mode distributed Bragg reflector (DBR) laser diode (LI)).

The frequency of the emitted radiation corresponds to the difference frequency

between the two modes of the excitation laser. We have found that the linewidth of the

radiation is much narrower than that of the each laser mode. The narrowed linewidth is

due to the common-mode rejection effect between the two modes oscillating in the
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identical cavity. This property of the two-mode DBR laser, as well as the compactness

and the ease for the optical alignment, make the device promising as an excitation laser

source for the photomixing.

INTRODUCTION

For the high-resolution THz spectroscopy, a compact coherent cw-THz source

is highly desired due to the restriction of the payload. Recently, the technique to

generate coherent cw-THz radiation by using photomixing in low-temperature-grown

(LTG) GaAs was exploited by several groups.' This technique enables to build a

compact cw-THz source. For the photomixing, two independently tunable lasers were

used, and by changing the difference frequency of the lasers, the oscillator frequency

in a very wide range (0-5THz) could be tuned. However, the use of two lasers requires

stabilization and the precise spatial mode matching of the two lasers. More optics and

electrical components should be to the system added, thus, resulting in a larger system.

A simultaneous two-frequency oscillation in the same laser cavity is a good alternative

when we restrict ourselves to the fixed frequency sources. It simplifies the

experimental set up and dose not require the elaborate optical alignment for the spatial

mode matching. In addition, a narrowing of the radiation linewidth is expected from

the common-mode rejection effect between the two modes, by which a large part of the

frequency fluctuations of the two laser modes in the same cavity is canceled out and

the beat frequency of the laser is stabilized.

In this paper we report generation of the coherent 163.5 GHz radiation by

photomixing in low-temperature-grown GaAs using a two-longitudinal-mode
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distributed Bragg reflector (DBR) laser. We also confirm the narrowing of the

oscillator linewidth due to the common-mode rejection effect from an interferometric

measurement.

PRINCIPLE OF THE GENERATION OF CW-THz RADIATION

When two lasers with powers P 1 and 1)2, and frequencies v and V 2 are mixed,

the power detected by a photoconductive device is given by

P(0= Po + [ m'' ]
112

{cos(27z-(vi — v2 ))t cos(22r(v1 + v2 )0] (1) ,

P0 = P 1 + P2 is the total power of the two lasers, n m the mixing efficiency arising from

the spatial overlap of the two laser beams. The 77 m, ranging between 0 and I,

approaches unity when the beams have the same polarization and are completely

spatially overlapped. Since material can not respond to the sum frequency ( v 1 + 1) 2),

the second term in Eq.(1) can be neglected. Thus, the photocurrent is modulated at

the difference frequency of the two lasers, and the electromagnetic wave with the same

frequency ( v 1 - v will be generated.

We used low-temperature-grown (LTG) GaAs as a photoconductive device

material. This device, as compared to other semiconductors, has the short (sub-ps)

photocarrier lifetime, the high photocarrier mobility (200cm2V- 1s-1) and the high DC

breakdown field larger than 5x10 5V/cm. These properties satisfy the requirements for a

THz photomixer. Figure 1 shows the photomixer, which consist of a bow-tie antenna

fabricated on the LTG-GaAs film. The radiation of the optical beat of the two laser
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LTG-GaAs

bias voltage

V V
IMO

modes illuminates the gap of the antenna biased with voltage V. The operation of such

a device is described by an equivalent electric circuit shown in Fig.2. The capacitance

across the antenna gap is expressed by C, which depends on the electrode geometry

and the dielectric constant of the photoconductive material. A photoconductance is

denoted by G (t), a function of the absorbed optical power. Z indicates antenna

radiation impedance. The time-dependent conductance modulates the bias current (i) at

the frequency v = v - v 2 and thus delivers power to Z at the given frequency.

Fig. 1. Schematic diagram of a photoconductive antenna device.

The power is found by solving the dynamic current

equation for the circuit shown in Fig.2. From the

Kirchoff current law, we write the time varying

voltage v across the photoconductive gap as

dv V — v

dt -CliG(t) (2)ZC '

where G (1) = G 0 {1 + sin( cot) 1.0 + (cor ) 2 I

is the conductance modulated at the

Fig.2. Equivalent circuit of the

photoconductive antenna device.

T
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frequency co , and z is the carrier lifetime. The power emitted from the antenna at

frequency v is written as 5

(G 0 V) 2 Z 12 
P(o.))

[1 + (2;rvz-) 2 j [1 + (27n/Zc)2]

(Z« 1 /Go (t))

From this equation we see that the output power is proportional to the square of the

excitation bias voltage and laser power since G. is proportional to P.. If the impedance

Z does not depend on the frequency, the carrier lifetime and capacitance of the gap

limit the spectral bandwidth. That means if we want to generate the high power and

wide band THz radiation, we should make a mixer with the carrier lifetime as short,

and the capacitance of the antenna gap as small as possible.

MO-LONGITUDINAL-MODE LASER DIODE

(3).

active section

DBR section

buffer

sub.

AuGe/Au

Er/Au

SiO2
cap
clad
guide
carrier block
GRIN/SOW
clad

silicon implanted area
periodic—phase—shift grating

Fig.3. Schematic diagram of a two-longitudinal-mode DBR LD.

The grating in the DBR section has periodic phase shifts.
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A simultaneous two-mode-oscillation DBR laser diode is a two-section DBR

LD with a periodic-phase-shift grating adopted at DBR section. 6 The period of the

grating and the interval of the phase shifts determine the center wavelength and the

separation of the two modes, respectively. Figure 3 shows the structure of the two-

mode DBR LD used in the experiment. Figure 4 shows the emission spectra of the

two-mode LD. The diode power was about 10mW measured at 191mA bias current and

at 19°C by a double-monochromator with a resolution of 0.06cm -1 (1.8GHz). The

difference of the center wavelength between the two modes was 0.39 nm (163.5 GHz).

The full width at half maximum of the spectral width for each mode, estimated by a

scanning Fabry-Perot interferometer with 50 MHz resolution, was 240 MHz as shown

in Fig.5.

Fig.4. Emission spectrum of the LD. Fig.5. Spectral linewidth measured using

a scanning Fabry-Perot interferometer.

EXPERIMENTS AND RESULTS

Figure 6 shows the experimental set-up to generate coherent cw-THz radiation

using the two-mode DBR LD as an excitation source. The two-mode laser beam (15
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Two-mode LD Chopper
Photoconductive
Device

Lens
jap-- ---17-1 Off-axis Paraboloidal

L.-. hi' Mirrors
Isolator

Optical Spectrum
Annlyzer

Martin-Puplett Polarizing
Interferometer

mW) goes through an isolator and an optical chopper for lock-in detection. The beam

was focused on a gap of the 1 mm-long dipole antenna fabricated on the LTG-GaAs

film. The radiation from the antenna was fed into a Martin-Puplett polarizing

interferometer, which consisted of the two wire-grid polarizers with 45° polarization

with respect to each other, a fixed mirror and a scanning mirror.

InSb Bolometer

Fig.6. The experimental set-up to generate coherent cw-THz radiation

and to measure the radiation properties.

The interference signal measured with an InSb hot-electron bolometer at 4.2 K is

shown in Fig.7. The power of the radiation from the antenna is several nW. The

conversion efficiency of this system is about le. The Fast Fourier Transform (FFT) of

the interferogram is shown in Fig.8. The frequency of the main peak of the spectrum is

163.5GHz. The generation of radiation with the same frequency as the beat frequency

of the two-mode LD (Fig.4) indicates that the radiation originates from the current
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modulated by the two-mode LD. The double and triple frequencies of the main peak

also are observed shown in Fig.8. We suggest that the overtones may come from a

nonlinearity of the antenna device.

Fig.7. Interferogram of the radiation. Fig.8. FFT spectrum of the interferogram

The scanning mirror of the interferometer could move only about 18 cm,

limiting the spectral resolution to 0.8 GHz. Thus, we could not directly measure the

coherence length of the radiation. However, from the decay of the interferometric

component against the average detected power with increasing path difference, we can

estimate the coherence length. First, we should subtract the average detected power

from the interferogram shown in Fig.7 and then, fit to a damped cosinoidal function

I (t) = A exp(-2x I 1 0 ) cos(Rx v) (4).

Here, x is the path difference between the two arms, l the coherence length of the

radiation, v and A the frequency of the interferogram and the interferogram intensity

560



at x = 0, respectively. We estimated the coherence length of the radiation to be larger

than 230 cm. This number means that the linewidth of the radiation is smaller than 130

MHz. The linewidth is 2 times narrower than that of each mode of the excitation laser.

A large part of the frequency fluctuations of the two laser modes are canceled out and

the beat frequency of the laser is more stable than that of the individual two-laser mode.

This confirms the common-mode rejection effect of the two-mode oscillation in the

same cavity.

SUMMARY

The coherent cw-THz radiation was generated by exciting photoconductive

switch with a two-mode DBR LD. The linewidth of the radiation is narrower than that

of the pump laser modes due to the common-mode rejection effect in the identical laser

cavity. The system is more simple and compact than that with two individual lasers.

Our results indicate that the two-longitudinal-mode diode laser is an excellent source

for the generation of a stable THz wave by photomixing. We believe that by

continuously changing the beat frequency of the two-mode laser in the same cavity

tunable THz oscillations can be generated using the same technique as described in this

paper.
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Abstract

The EOS CHEM I satellite will have
a channel at 2.5 THz to perform a global
mapping of OH in the atmosphere. The OH
data is vital to modeling of 0 3 processes in
the atmosphere and, in fact, OH is thought to
dominate a number of cycles in the mid-
latitude lower stratosphere. The OH channel
will utilize two Schottky diode receivers
pumped by an optically-pumped FIR laser
system. DeMaria ElectroOptics Systems is
presently under contract to design, fabricate,
and deliver this space-based FIR laser local
oscillator. The specifications, design, and
modeling of this 2.5 THz laser local
oscillator will be presented here, along with
some of the important early design
validation results.

This work is supported by Jet
Propulsion Laboratory (JPL) under contract
number 961080.

Introduction

In order to provide a global mapping
of OH (and also —02), the Microwave Limb
Sounder (MLS), on the Chem I satellite, will
have channels with a LO at 2.52 THz (these
channels will be collectively referred to as
the THz channel). The Local Oscillator for
the THz channel is a methanol laser pumped
by a CO, laser. DeMaria ElectroOptics

Systems (DEOS) leads the team that is
going to deliver this laser system to JPL for
integration into the MLS.

The THz channel is one of five
radiometer channels on the MLS. While
DEOS is providing the Laser Local
Oscillator (LLO) system for the THz
channel, JPL is fabricating the receivers,
performing the systems integration, and
conducting the atmospheric data evaluation.
The spacecraft will be integrated by TRW.
All of the receivers for the MLS, except the
118 & 190 GHz channels, are being
fabricated by JPL.

The IF's for the THz channel are
indicated in Table 1. The spectrometer for
processing the IF's from all of the receivers
is being developed by JPL.

Table I : Table of IF's for the 2.52 Tfiz
Channel.

IF Constituent

8.4 GHz -OH

12.8 Gliz -OH

20.4 GHz
,

-02

While many readers may have
experience with moderate-to-low reliability
optically-pumped FIR lasers, high-reliability
FIR lasers may not be familiar. Starting
with the pump laser technology: the LLO
will utilize the same high-reliability, sealed-
off, RF-excited, CO, laser technology found
in DEOS's commercial lasers and in
numerous high-sophistication systems
DEOS has delivered over the years.
Specifically, this technology has
demonstrated: operating life in excess of
35,000 hrs, shelf life of over 10 years,
operation in high-performance aircraft
environments, spectral purity and stability
sufficient for L1DAR applications, and all
within a very compact and rugged package.

Applicable vacuum and optical
techniques from the CO, laser design are
being incorporated into the FIR laser design.
Thus while DEOS staff have constructed
ultra-high-stability and spectral purity FIR
lasers which have operated for years with
only periodic gas refills, the sealing and
mirror mount technologies adopted from the
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CO2 laser designs are expected to yield FIR
lasers which operate for years without
refilling or service of any kind.

In the design of a system as intricate,
efficient, and autonomous as the LLO, a
number of complex interactions, which may
not be imperative for a laboratory-based
system, must be considered to assure a
robust design. The remainder of this paper
will present the LLO design, with limited
details, in the sections that follow: LLO
Specifications, LLO Configuration, High
Efficiency Pump Laser, Pump Laser
Frequency Control, FIR Laser, and
Conclusions.

It should be pointed out that DEOS
is merely the leader of the LLO team. The
other team members are: Teledyne Brown
Engineering — electronics fabrication,
Aerospace Structural Research —
mechanical/thermal design and analysis,
Supplier-Based Manufacturing — quality
assurance, National Technical Systems —
compliance testing, and JPL — general
system design guidance. The team also
relies a network of vital suppliers too
numerous to mention.

LLO Specifications
(abbreviated)

The LLO has a long list of
specifications. In the interests of brevity
only those specifications which relate to
topics covered in this paper will be
presented.

The LLO must autonomously
operate and produce sufficient output power
to optimize two Schottky diode receivers.
The output power specification is 20 mW.
The required lifetime is 5 years on-orbit plus
2200 hrs of ground testing. All
specifications are required to be met over the
entire lifetime of the LLO and thus
constitute the definition of lifetime.

There are significant constraints on
available prime power, mass, and envelope.
The entire LLO (including all control
electronics) must fit in a box no larger than
75 x 30 x 10 cm. The allowed total mass is
20 kg, and the total available 28 V DC prime
power is 120 W. The size/mass/efficiency

portion of the specification drives a large
part of the LLO design.

Further mechanical constraints are in
force via the launch survival specification.
While the LLO does not have to operate
during launch, it must of course survive
launch. With the LLO's position on the
Delta II launch vehicle, this amounts to 15.8
G RMS for 1 min on all three axes. Further,
with the launch platform's acceleration
profile, the time from atmospheric pressure
to 1 torr is — 20 seconds. Therefore
adequate venting must be provided to
prevent rupture of non-pressure enclosures.

The frequency stability requirement
is 100 Iclizis (FWHM), long-term drift not to
exceed 2 MHz from line-center, and spectral
purity - sidebands < -30 dBc (> 200 kHz off
carrier). Since a SuperInvar structure would
not be compatible with the mass budget,
DEOS has devised a novel method of active
frequency control for the FIR laser.

The required amplitude stability is
1 % over 30 s. System level Rigrod
modeling has shown this to be dominated by
feedback interaction with the
diplexer/receiver system. DEOS has
devised a novel method to mitigate this
effect as well.

The output spatial mode
specification is that: only power in the
specified TEM00 mode is counted, and the
LLO output beam waist must be 4.1 mm
located 465 mm from the LLO-radiator
interface.

The output polarization specification
is equal parts horizontal and vertical (within
10%) with any phase relationship. Thus
circular polarization or 45 degree linear
polarization is acceptable. 45 degree linear
is the baseline for the LLO.

All of the performance specifications
must be met in the presence of feedback
from the diplexer/receivers. This is
expected to be less than 20 %. Accordingly
the specification is robustness to up to 20%
FIR feedback of arbitrary phase and
polarization. DEOS has devised a method to
mitigate the FIR feedback, as will be
presented in the FIR Laser section.

The temperature range specification
for the LLO is non-trivial as well. The
system will be tested from —10 to 50 C
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shown) which mount to tabs shown in
Figure 3.
Control/Interface
Electronics Unit
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Figure 2: LLO system, enclosure opened.
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Poteraial
Wave:
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Figure 3: LLO optical path.

(operational), and from —35 to 60 C (non-op
survival).

LLO Configuration

The LLO block diagram is shown in
Figure 1. The LLO electronically interfaces
with the MLS via three main connections:
prime power, RS-422 communications, and
mixer bias signal.

To illustrate the operation of the
LLO, " follow-the-power" . Prime power is
converted into RF power in the RF Power
Supply. The RF power propagates through
coaxial hard-line to the pump laser and
excites the Pump Laser. The emitted 9.69
gm light propagates through the Pump
Be= Delivery Optics and Photoacoustic
Cell into the FIR Laser. Included in the

Pump &NU Delivery
CVO=

• Ure

Figure 1: Block diagram of LLO.

pump beam optics are beam sample mirrors
which send a very small portion of the pump
power into a locking pyro and health-and-
status thermopile. The FIR laser converts
the pump light to FIR light at 118.83 gm
(2.52 THz). Finally the FIR Beam Delivery
Optics transform the laser output mode to
match the specified output profile.

A drawing of the LLO is presented in
Figure 2. The control/interface electronics
reside in the upper portion of the housing
(Control/Interface Electronics Unit), and the
RF power supply and all optical components
are located in the lower portion of the
housing (ElectroOptic Unit). A radiator
plate is mounted to the ElectroOptic unit and
radiates the waste heat created by the LLO.
The radiator is not structural; in fact the
LLO provides the support for the radiator.
The LLO's mechanical interface with the
MLS is through three bipod struts (not

The optical path for the LLO is
presented in Figure 3. As shown there, the
available space is quite constrained. The
pump beam propagates through the
Photoacoustic Cell (PA Cell) and then
through the lens which focuses the beam
into the FIR laser. Using crossed-Brewster-
pairs to "pick-off' small portions of the

pump beam, beam samples are sent to the
pyroelectric detector (which is used by the
pump laser frequency/amplitude control
electronics), and to the thermopile (pump
power, health & status). Provision has been
made for a /4 X plate, if more pump isolation
is required. While this approach will yield
circularly-polarized FIR output, this is
compatible with the specifications.

The output from the FIR laser will be
transformed to match the specified beam
profile via a Newtonian telescope. This
telescope is formed by two off-axis elliptical
mirrors. The fastest f# in the telescope is
—7. The mirrors will be diamond-turned Al,
fabricated as part of their respective optical
mounts.

The FIR shutter is included to
prevent a gain-switched FIR spike, possible
during initial turn-on (note that if conditions
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are right, the pump laser can put out a — 500
W pulse at turn-on), from damaging the
receivers. The back of the shutter is
mirrored, so that when the shutter is closed
the FIR beam will propagate into the FIR
thermopile (health & status). As the output
telescope for the FIR beam is Newtonian,
the focal spot from the telescope is an ideal
location for coupling into the thermopile.
This obviates the need for any additional
FIR focussing element.

High-Efficiency Pump Laser

The first requirement for a high
efficiency pump laser is a high-efficiency
RF power supply. In this case DEOS has
already demonstrated 75 W of RF out with
100 W of DC in. The RF power supply is a
conductively-cooled device that uses a class-
C power amplifier stage.

While this demonstration was
performed with target specifications from a
Demonstration Program, DEOS now has the
total LLO system design. Accordingly
DEOS has reallocated power within the
LLO providing 110 W of DC power to the
RF power supply. With this level of input
power, 85 W of RF has been demonstrated.
Thus the pump laser will now have 85 W of
RF pump.

Effective use of the available RF
power is also key to high-efficiency
operation. Through a number of patented
techniques, DEOS is able to very efficiently
couple the RF power into the discharge.

Diagrams of the high-efficiency
pump laser are shown in Figure 4. This

Figure 4: High-efficiency pump laser.

laser is very compact and low in mass (— 1.5
kg). The RF circuit of the laser is formed by
the combination of the
electrode/waveguide/enclosure capacitance,

and the resonating inductors. The RF power
is admitted through a RF feedthrough in the
side of the laser. The cavity is formed by
the output coupler, on one end, and the high-
efficiency line selector, on the other. This
line selector greatly increases the efficiency
of the laser, as it has an effective reflectivity
at 9P36 of > 99%.

As with the entire LLO project,
extensive mathematical modeling of the
pump laser has been utilized. In particular,
DEOS has measured Rigrod parameters for
a complete distributed-loss Rigrod model' of
the pump laser.

In the Demonstration Program,
DEOS delivered an integrated pump
laser/RFPS which had an output power of >
9 W 9P36 with 100 W of DC input. This
laser also exhibited single mode operation, a
property DEOS has found to be important
for highest efficiency FIR operation.

It should be noted that, due to time
and available optics constraints, the cavity
optics in the delivered demonstration laser
were not optimal. Based on the Rigrod
model for the pump laser, with an optimized
cavity DEOS is projecting 10 W out with 75
W of RF in. With the new internal LLO
power allocations, 85 W of RF is expected —
thus the projected output power from the
pump laser is now 11 W.

At this time the LLO team has
exposed a pump laser, of very similar
design, to the launch environment and found
no degradation in performance.

Pump Laser Frequency Control

Precise control of the pump
frequency is essential for the LLO to meet
all specifications. During the Demonstration
Program the effects of operating the pump
laser at its line-center were studied, as this
could significantly simplify the frequency
control. However it was found that
operation at 9P36 line-center causes a 2 dB
loss in FIR efficiency. Therefore it was
decided that this would not be acceptable.

Another possible frequency control
scheme would involve trying to lock the
pump frequency by observing the FIR
output. Careful analysis and modeling
showed this to be a poor approach,
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entangling numerous physical effects and
making the frequency control non-robust at
best.

To obtain an absolute frequency
reference to lock the pump laser against, a
photoacoustic cell (see Figure 5) which uses
the FIR Laser vibrational pump transition in
methanol,' was designed and tested.

Figure 5: Photoacoustic molecular frequency
standard.

The PA Cell is a very simple device.
Essentially it is a sealed cavity which
contains methanol at — 500 mtorr, a pre
polarized microphone, and AR windows. At
this time the LLO team has exposed a PA
Cell to the launch environment and have had

Figure 6: Pump-laser frequency locking method.

it sealed-off for over 5 months, and have
observed no performance degradation.

The physical basis for the PA Cell-
based pump frequency locking method is
presented, graphically, in Figure 6. The
pump laser is dithered about the center of
the methanol absorption peak producing an
acoustic signal as the amount of absorbed
power is modulated. The pressure of the cell
is set to be low enough that no more than
200 mW of pump power is absorbed.

While the pump laser FM will couple
into the FIR output spectrum, this effect
should be due to primarily two sources. The
first of these, Doppler coupling induced by

velocity memory effects, is given, in worst
case, by

FM FIR •
 FIR

pump Eq. 1

where FM, is the Doppler-coupling-
induced FIR frequency modulation, FMpump
is the FM dither impressed on the pump
laser, vF,R is the FIR operating frequency,
and vpump is the pump frequency. With the
parameters for the LLO's FIR laser, the
Doppler-coupling factor is — 1/12.
Therefore the induced FIR dither will be
down by a factor of 12 with respect to the
pump dither. As DEOS has already
demonstrated this lock with < 1 MHz of
pump dither, this does not appear to be a
problem with respect to the 100 kHz short-
term frequency noise specification.

The above does not exhaust sources
of frequency noise induced by this locking
technique. There is an effect known as the
two-photon-light-shift (TPLS), for standing
wave FIR lasers.3

This is a high-frequency, Autler-
Townes,' Stark effect, where the Stark field
is the pump field. A number of papers on
this effect have been published. The LLO
team has used the results in these papers to
construct a model of the TPLS. While this
model is not complete, it does give good
agreement with the measured results for
other FM lines (there do not appear to be
any direct measurements of the TPLS for the
2.52 THz line but authors5 have indicated
that the TPLS appears to be anomalously
small for this transition).

The general form of the TPLS effect
is given by

f 2

,
2

dv FIR =
Y 8

1 -- -
ca Eq. 2

where Af is the FIR cavity offset from FIR
line-center, y is the vibrational & rotational
(assumed same) homogenous linewidth,
is the pump laser frequency offset from the
vibrational transition (in methanol) line-.
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center, p is the Rabi frequency for the pump
transition, a is the FIR gain per unit length,
and the factor in the denominator is the FIR
gain-reduced pulling factor. It should be
noted that 13 is in general proportional to the
pump field magnitude (which is proportional
to the square root of pump field density),
and dvFER is proportional to pump power
density.

As there is noticeable =certainty in
published values for the dipole matrix
element,' and considerable inaccuracy in
estimating the circulating pump intensity,'
we estimated p from a combination of a
model for circulating pump field, 8 and data
obtained during the Demonstration Program.

The results of the TPLS modeling
are presented in Figures 7 and 8. As shown

Figure 7: Two-photon light shift vs pump offset

there the expected TPLS is 60 kHz, worst
case @ 1 MHz of pump dither, and the
TPLS can be minimized by operating the
pump laser only slightly off of the methanol
line-center. Further, as indicated earlier, an

Both the input and output mirrors are
mounted on PZT-actuated flexure stages.
The corner minors are mounted on
diaphragm flexure alignment mounts. The
housing is aluminum with the dielectric
waveguides supported inside with flexible
wavesprings.

The input coupler and turn mirrors
are diamond-turned copper and the input
coupling is through a hole in the input
mirror. The output coupler is a uniform

Input End

Figure 9: Standing-wave FM laser.

capacitive mesh type coupler, '° fabricated by
the University of Massachusetts Lowell,
STL & POD laboratories. Modeling of the
mesh output couplers was accomplished
using the GLAYERS program of CSIR0. 1 I

Both the FIR modeling, and the
demonstration program results showed
optimal uniform output coupling to be
necessary to achieve high-efficiency
operation. Some of the output power vs
pump power results obtained during the
Demonstration Program are presented in
Figure 10. All of that data was obtained
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Figure 8: Worst case two-photon light shift vs pump
dither amplitude.

anomalously small TPLS has been reported
for the 2.52 THz laser transition.

FM Laser

For reasons of risk 9 and schedule, the
option of a ring FIR laser was dropped from
the LLO early in the program. A drawing of
the standing-wave FIR laser for the LLO is
shown in Figure 9.
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CO2 Pump Power (W)

Figure 10: 1.5 m straight-guide Demonstration
Program FM results.

with the pressure held fixed at the optimal
pressure for 5 W of pump power, to more
accurately simulate flight conditions (ie.
once sealed the FIR pressure cannot be

1
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Both the input and output minors are
mounted on PZT-actuated flexure stages.
The corner minors are mounted on
diaphragm flexure alignment mounts. The
housing is aluminum with the dielectric
waveguides supported inside with flexible
wavesprings.

The input coupler and turn mirrors
are diamond-turned copper and the input
coupling is through a hole in the input
mirror. The output coupler is a uniform
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capacitive mesh type coupler, w fabricated by
the University of Massachusetts Lowell,
STL & POD laboratories. Modeling of the
mesh output couplers was accomplished
using the GLAYERS program of CSTRO.11

Both the FIR modeling, and the
demonstration program results showed
optimal uniform output coupling to be
necessary to achieve high-efficiency
operation. Some of the output power vs
pump power results obtained during the
Demonstration Program are presented in
Figure 10. All of that data was obtained
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Program FIR results.

with the pressure held fixed at the optimal
pressure for 5 W of pump power, to more
accurately simulate flight conditions (ie.
once sealed the FIR pressure cannot be
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adjusted therefore optimization at the low
end of pump power is prudent). The results
in Figure 10 bracket the cavity geometries
required to meet the initial internal goal of
20 mW out with 5 W of pump power. In
looking at Figure 10, it should be
remembered that the delivered pump laser
actually had an output power of > 9 W —
thus a great deal of margin was
demonstrated.

The results of Figure 10 are for a
straight-guide laser and the losses associated
with cavity turns are expected to reduce
efficiency and improve mode selection.
DEOS developed a distributed-loss Rigrod
model for the FIR laser. The results of this
model with 5 W of pump are summarized in
Figures 11 —13.

Figure I I: Rierod prediction for FIR output vs turn
loss and output coupling. Pump power fixed @ 5 W.

Figures I 1 and 12 plot the output
power vs output coupling and turn loss, with

All of the parameters for the Rigrod
model were determined experimentally
during the Demonstration Program. There
were no adjustable parameters at this stage
of the modeling effort. The most important
conclusion of these figures is that turn loss is
the key to high-efficiency operation. The
LLO's FIR laser operates in the low-gain
low-loss regime, thus any loss is significant.
Although not shown in this paper, the
experimental results for a folded FIR laser
show the threshold regime to be below 5 W
of pump power — thus the LLO's FIR laser
will not be operating in the threshold
regime.

FIR Output vs TML (P = 5 W) 
30

25 .

;

10

5 ,

0 
0 0.005 0.01 0.0/5 0.02 0.025 0.03 0.035 0.04

TurieLoss

Figure 13: Rigrod prediction for FIR output vs turn
loss. Output coupling fixed at 9%, pump power fixed

@ 5 W.

The issue of FIR feedback from the
diplexer/receivers, combined with the
schedule & performance risks of associated
with a ring laser, has directed the LLO
program towards a novel method for
feedback mitigation. Figure 14 illustrates
the basis for the approach.

Figure 12: Rigrod prediction for FM output vs turn
loss and output coupling. ("Plan View") Pump

power fixed 5 W.

the pump power fixed at 5 W. Figure 13
presents the output power vs turn loss with
the output coupling fixed at 9 %, and the
pump power fixed at 5 W.

Figure 14: FIR feedback mitigation approach.

The feedback can be considered as a
part of the FIR output coupler. This is
effectively an etalon output coupler whose
reflectivity and effective phase shift are
given by
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where Er is the reflected complex E field
seen at the output coupler, Is= is the
" coupled-cavity" length, Roc is the
reflectivity of the output coupler, Rfl, is the
feedback reflectivity, 2, is the FIR
wavelength, and 4:ois the effective phase seen
at the output coupler.

A signal from one of the mixer bias
lines will be fed into the LLO control
electronics and used to optimize the output
power at all times. Since the LLO control
electronics have the ability to command both
cavity end mirrors, and the pump laser is
locked to an absolute reference, the FIR
frequency can be assured to be at line-center.

Effects of this control strategy have
been modeled and are presented in Figure
15. Figure 15 (a) shows the frequency
pulling as a function of change in " coupled-
cavity" length (Al, distance between the
diplexer/receivers and the FIR output
coupler) and feedback percentage. Figure
15 (b) shows the effective reflectivity vs Al
and feedback percentage. Figure 15 (c)
shows the FIR output power vs Al and turn
loss at a fixed pump power of 5 W.

These figures demonstrate:
FIR feedback results in both frequency
and amplitude pulling
Reflectivity pulling drives the efficiency
The magnitude of the effects increase
rapidly with increasing feedback
percentage

Further analysis also reveals that the
FIR feedback acts most strongly in
amplitude and second in frequency.

The LLO control design is using the
results of the feedback modeling in both
design and modeling of the control system
(loop margins, etc.).

Effective ReflMivity

FIR Coupled-Cavl (p. )

Figure 15: FIR feedback control effects. (a) FIR
frequency pulling [MEHz} vs FM feedback and

change in " coupled-cavity" length (z1), (b) effective
output coupling vs FM feedback Al, (c) predicted
FIR output vs turn loss and Al, pump fixed @ 5 W.

To test the FIR models, and then later to
improve them, a high versatility testbed
laser was constructed. Figure 16 shows the
external and internal view of the testbed
laser. Figure 17 shows some more detailed
views of the internal workings of the laser.

The testbed is an aluminum
enclosure housing a SuperInvar plate on
which all of the optical stages are mounted.
Cavity translation is accomplished via a 180

PZT mounted in a vacuum-tight "can"
(see Figure 17 (c)). The inside of this can is
kept at atmospheric pressure to avoid
discharge problems.

A wide range of waveguide
diameters can be used in this laser and easily
changed, as they are not involved in the
vacuum seal.
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Fizure 16: FIR testbed laser. (a) external view, (b)
internal view.

The testbed laser also has two ports
at each corner to enable virtually any cavity
configuration. In a different hardware
program, where DEOS is developing a
compact high-power FIR laser for another
application, the testbed laser will be used to
test different ring laser options.

The miter, which holds the three
guide pieces together, is shown in Figure 17
(b). As seen there and in Figure 17 (a), the
waveguide sections are held in precision
machined V-blocks by standard coil springs
stretched across the guide sections. All four
of the gimbal stages are slightly modified
commercial units.

The testbed laser has sufficient
vacuum integrity to permit sealed off
operation for many hours and in fact the
pressure is typically observed to decrease
with time as a result of methanol adsorption
onto the internal surfaces. The pressure is
monitored by a standard Pirani gauge.
While this gau ge's calibration is a function
of gas composition, it is not prone to drift,
and is quite hardenabie for flight
applications. The LLO will use a custom
Pirani gauge to monitor the FIR laser
pressure.

The results obtained with the testbed
laser are presented in Figure 18 along with a
comparison to the model results that were
included in our LLO proposal. As observed
in Figure 18, the experimental results are
within 9 % of the original prediction. This

Figure 17: FIR testbed laser internal details. (a)
input/output end, (b) turn end, (c) PZT "can" cavity

length adjustment.
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Figure 18: Testbed results: comparison with original
model.

prediction was based on an estimate for the
turn loss of 0.8 %/turn (reflectivity loss +
guide-guide loss around the turn as a result
of the unguided region of the mitered
corner). If one now takes the Rigrod model
and treats the turn loss as an adjustable
parameter, then with a turn loss of 1.2
°/0/turn the model falls directly over the
experimental data.

To provide lifetime confidence,
DEOS is constructing a simple straight
guide FIR laser system, which uses identical
stages, materials, and sealing techniques to
those employed in the LLO. This laser
system will be operated continuously up to,
and possibly after, launch of the Chem I
satellite. Thus at the time of launch, there
will be > 2 years of lifetime data
accumulated.

As a backup option, if any long-term
FIR gas degradation issues arise, the LLO
design is carrying an optional pump-fill
molecular-sieve system. This system uses
space proven molecular-sieve technology
where one sieve is to be used as a exhaust-
free pump, and the other as a source sieve.
Calculations indicate that such a system
should provide >1000 laser refill cycles
(once every 2 days over the total required
life). With the assistance of Rutherford
Appleton Laboratory, the LLO team is
presently designing the molecular sieves.

Conclusions

The LLO will utilize high-reliability
laser technology to meet the needs of the
MLS for Chem I. There will be substantial
performance margin at delivery and

thorough modeling for the entire LLO
including control electronics. At the time of
launch, >2 years of lifetime data for the LLO
will have been accumulated.

FIR feedback effects will be
mitigated through the use of a "coupled
cavity" control architecture.

Based on already demonstrated
results, the LLO team is projecting 43 mW
of FIR output at system delivery.
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ABSTRACT

We report on the performance of power
amplifiers as local oscillator drivers for
millimeter and submillimeter-wave
heterodyne receivers. The noise properties
of the MM1C amplifier in multiplied local
oscillator chains are characterized by
pumping a low noise superconductor-
insulator-superconductor double slot
heterodyne mixer at 386 GHz in the
laboratory. A more sensitive measurement
of noise contribution from the amplifier
was performed with a 278 Gliz SIS
waveguide receiver at the Caltech
Submillimeter-Wave Observatory by
means of astronomical observations. It is
concluded that the MMIC amplifier does
not add noise to the radiometer system.

1. INTRODUCTION

A critical component of all heterodyne
receiver systems is the local oscillator (LO)
source that enables the mixing device to
produce the intermediate frequency (it')
signal. Traditionally, in submillimeter-wave
receivers a Gunn diode oscillator followed by
the appropriate frequency multiplier has been
used to provide the LO source. While this
combination has worked well and technology
development of Gunn devices [1], multiplier

devices [2], and multiplier circuits [3]
continues to improve LO sources, there are
compelling reasons to look beyond Gunn
oscillators as the fundamental source of power
in the LO chain. One inherent limitation of
Gunn diode circuits and transit-time device
circuits is the very limited achievable
electronic tuning bandwidth. For space-borne
applications, it is desirable to have all
frequency tuning performed electronically,
without the potential of mechanical failure.
There has been some effort in extending
voltage tuning bandwidth of Gunn devices at
W-band, but this has resulted in severely
degrading the output power. Voltage
controlled W-band Gunn oscillators with 10%
bandwidth have been demonstrated, with
output power de- graded to 10 inW [4].
Moreover, each Gunn diode oscillator circuit
requires individual tuning making it difficult
to produce them in large quantities.

Recent advances in the upper frequency limit
and output power of three terminal devices
have now made it possible to consider them as
an alternative to fundamental oscillator
sources [5,6,7]. 50 micron thick substrate,
0.1 micron GaAs high electron mobility
transistor (HEMT) technology has now
yielded state-of-the-art MMIC power
amplifiers at W-band that have output power
as high as 0.3W [8]. Use of this technology as
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the highest frequency power generation source
in a LO chain, raises questions about the noise
contributions of the amplifier to the receiver
by means of the LO injected signal. We
examine the noise properties of low noise
receivers pumped by a W-band MMIC power
amplifier.

2. TECHNOLOGY
The W-band power amplifier was fabricated
with a 0.1 u rn gate length pseudomorphic
AlGaAs/InGaAs/GaAs HEMT MMIC process
on a 50 pm thick GaAs substrate. The process
details are described in references [5] and [6]
for the 0.1 jim GaAs HEMT and 50 gm
substrate processes, respectively. 0.1 gm
GaAs BEMT devices achieve cutoff
frequencies as high as 200 GHz and up to 10
dB small signal gain at 94 GHz, suitable for
W-band power operation [8]. 50 pm GaAs
substrate thickness improves thermal
conductivity, reduces device source
inductance and compacts devices cells and
matching structures to minimize circuit losses.
The power amplifier was designed with a 64
finger output device cell and a total output
periphery of 1.28 mm. This amplifier also
includes on-chip bias networks and was
matched to 50 ohm input/output lines. A
photograph of the chip is shown in Figure 1.

The chip, 2300x1800 gm2 in size, has been
packaged in a split-waveguide block housing,
based upon a University of Massachusetts [9]
design. E-plane probes are used for input and
output coupling between the waveguide and
microstrip. Simple wire-bonds are used to
connect the probes, which are fabricated on
75 gm thick Teflon, to the chip. Appropriate
bypass capacitors are used to enable biasing
of the chip without oscillations. Figure 2
shows the lower half of the split block with
the MMIC chip in place.

Figure 1: Photograph of the W-band
monolithic power amplifier.

Figure 2: Photograph of the PA inside the
lower half of the waveguide block.

The measured available small signal gain of
the packaged PA is shown in Figure 3. The
drains were biased at 3 volts with 280 mA of
current while the gate voltages were held at 0
V for this particular measurement. The
measurement was performed on a Hewlett-
Packard 8510 vector network analyzer with
custom millimeter-wave heads fabricated by
Oleson Microwave labs.
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Figure 3: Measured small signal gain of
the PA. Drain bias for both stages was 3
Volts at 280 mA total current. The gate
voltage was 0 V.

A 75-110 GHz Backward Wave Oscillator
(BWO) tube was used to provide an input
signal to measure the frequency response of
the PA under large signal conditions. The
BWO was used because of the easy
availability, wide bandwidth and high output
power. However, for space borne applications
a commercially available YIG based active
multiplier will be used. The output power was
measured with an Anritsu power meter and is
shown in Figure 4.

Fin(rnW)

Pout(mW)

100 105 110

Freq. (GHz)

Figure 4: Measured output power of the PA
as a function of frequency. For maximum
output power Vd1=1.5 V, la=170 mA,
Vd2=4 V and I=400 mA.

3. NOISE CHARACTERISTICS

For low noise millimeter and submillimeter-
wave radiometers, the noise added by the LO
can cause serious degradation in the receiver
sensitivity. Both AM and FM noise can be
added by the LO source into the IF signal by
means of the mixing process specifically, in
the case of interferometers phase noise on the
input of the mixer will result in degradation

The noise of HEMT transistors has been
characterized as an input Johnson noise from
input resistors at the quiescent operating
temperature, and an output Johnson noise due
to the drain-source resistance at an effective
temperature proportional to the drain-source
current density [10]. For the PA in the LO
chain, both amplified input and output noises
contribute to the total source noise. Typical
values for the equivalent thermal noise at the
output of the W-band PA could be higher
than 5000 K. Propagation of this noise
through the multiplication chain is difficult to
calculate. A comparison of this noise relative
to the noise of the high-Q cavity stabilized
Gunn oscillator could be a critical design
issue for low-noise receiver systems.

In addition to the thermal noise component,
HEMT devices are well known to exhibit lif
noise in the device transconductance. While
unlikely, this noise can extend to high enough
frequency to enter the receiver IF band (1-2
GHz or higher), fluctuations in the LO power
could reduce the sensitivity of the receiver in
an observing situation. The purpose of our
initial investigation is to understand the noise
properties of the MMIC PA applied to
sensitive heterodyne receivers. Two
experiments have been carried out.

In the initial experiment, a laboratory version
of a superconductor-insulator-superconductor
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MMIC

(SIS) double slot antenna quasi optical mixer
operating at 386 GHz was used [11]. The
mixer LO utilizes a free running Gunn diode
at 96.7 GHz followed by a Schottky diode
quadrupler. The mixer noise temperature was
measured with two different LO
configurations as shown in Figure 5.

Gurm

(a)

/
(b)

Figure 5: LO chain configuration (a) with
the Gunn diode oscillator, (b) with the
MM1C PA inserted into the LO chain.

In both cases, the pumped current through the
SIS junction was monitored and kept
constant. In configuration (a), the standard
operating mode, a receiver noise temperature
of 219-222 K was measured. In configuration
(b), inserting the PA with level setting
attenuators and isolators between the Gunn
oscillator and multipliers, a noise temperature
of 217-214 K was measured. Additionally, in
a third configuration, a waveguide bandpass
filter (92-96 GHz) was added between the
MIMIC amplifier and the second isolator for
the purposes of limiting the amplifier noise
available to the RF passband. This resulted in
a possible marginal reduction in the noise
temperature, measured to be 208-210 K. In
either case, the application of a driver
amplifier does not appear to degrade the noise
temperature of the SIS receiver. In fact we
consistently measured (by going back and
forth between A and B) a very slight receiver
noise reduction when the power amplifier is
inserted.

With this encouraging result we continued our
investigation with a more sensitive waveguide
receiver at the Caltech submillimeter-wave
observatory at Mauna Kea, Hawaii. This also
provided us the opportunity to examine the
effect of putting an amplifier in the LO chain
for astronomical observations. A 278 GHz
SIS receiver [12] was used to observe the
Methanol (CH3OH) line in the Orion-South
Nebula. The initial LO chain configuration is
shown in Figure 6 (a). The Gunn was phase
locked and a receiver noise temperature of
22.5 K +1- 1 K (double side band) was
measured using hot and cold loads. The
observation was done with an integration time
of 400 seconds and a number of scans were
taken for accuracy. The telescope was then
pointed off the source for calibration and to
get a measure of the noise floor. The MMIC
amplifier was then inserted into the LO chain
as shown in Figure 6 (b). The measured noise
temperature of the receiver was 21.3 K +/- 1K
double side band while keeping identical SIS
current to the measurement with the Gunn
diode. The same observation of the Orion
Nebula with identical integration time and
scans was carried out. Figure 7 shows the
measurement of the Methanol line, both with
and without the power amplifier. As can be
seen there is no discernible line broadening
and the noise floor in both cases is the same.
Figure 8 shows the noise floor fluctuations
from the two different LO configurations,
again indicating no major discrepancy.
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Figure 6: LO chain configuration at the
cso with and without the PA. A second
isolator between the PA and the multiplier
would have been desirable since some
standing wave problems were observed.
However given the mounting mechanics,
we were unable to do so.

4. CONCLUSION

Sensitive heterodyne receivers have been used
to investigate the noise properties of an
HEMT based power amplifier as a driver for
LO chains. Based on the measured receiver
noise temperatures and the amplitude and
shape of the measured signal from the Orion
Nebula it is concluded that the noise added to
the local oscillator chain by the use of a
MMIC solid state power amplifier is
insignificant for single dish operation.
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Figure 7: Observation of the Methanol line
in the Orion Nebula with the two different
LO chains as shown in Figure 6. Addition
of the PA does not deteriorate the
observation.

Figure 8: The above signals are obtained
when the telescope is pointed to a dark sky
target
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ABSTRACT I. INTRODUCTION

A fast, convolution-based computer
algorithm is employed to simulate the fully
autonomous operation of a complete
millimeter-wave, harmonic transferred
electron oscillator (TEO), and an
investigation of harmonic power generation
is presented. Unlike previous combined
harmonic-balance/device simulations of
oscillator circuits, the nonlinear physical
device/circuit response evolves in time to its
natural steady-state mode of operation
which permits insights into harmonic energy
exchange, stability, load pulling, and
frequency tuning effects. A second-
harmonic 150 GHz TEO is simulated using
both conventional Gunn and novel stable-
depletion-layer (SDL) InP devices. The SDL
device prohibits the formation of
accumulation layers and dipoles. The
integrated device/circuit simulations in the
time-domain enable us to investigate the
formation and build-up of this stable mode
in detail.

At present, the lack of reliable, high-
power, and compact solid-state sources is
the single greatest obstacle to achieving an
accessible submillimeter-wave technology.
Advanced research is needed to create the
next generation of THz sources suitable for
scientific and commercial applications.

The role of device and circuit
simulation is critical to understanding the
operation of transferred-electron oscillators
(TEO), frequency multipliers, and metal-
semiconductor-metal (MSM) photomixers,
and to designing a monolithic integrated
circuit incorporating the complete THz
circuit. In turn, only with fast, robust, and
accurate numerical algorithms can
computer-aided design (CAD) and analysis
tools become practical to the design
engineer. This work will help develop the
necessary efficient and accurate
computational algorithms to be used in
future integrated device/circuit CAD.

Although harmonic-balance methods
are successful in determining the steady-
state behavior of millimeter-wave circuits,
there are many important high-frequency
and high-speed circuits that require full
time-dependent simulation, including
transients under discontinuous operating
conditions (at start-up and other times) and
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the mixing and parametric effects of
multiple and possibly non-commensurate-
frequency signals. The simulation of low-
frequency nonlinear circuits is commonplace
(e.g. SPICE simulations), but application of
pure time-domain techniques to large-scale
nonlinear microwave and millimeter-wave
circuits is generally more complex [1]. In
particular, any time-domain solution
algorithm based on Newton-Raphson or
optimization iterations of the nonlinear
system virtually precludes the use of a
physics-based numerical solid-state device
simulator, since the necessary derivatives in
the Jacobian matrix can not be practically
generated from a purely numerical, "black-
box" description of the nonlinear solid-state
device.

Seminal work in convolution-based
solution algorithms appeared in early
literature[2], but has been largely neglected
since that time, owing to unacceptably
inefficient computer algorithms and lengthy
compute times. Currently, with the wide-
spread availability of high-speed
workstations, interest in revisiting this
approach has surfaced [3, 41. However,
efficient algorithmic implementation and
applications to new devices and circuits
have been lacking. Presently, a very large
number of sample points in the discrete
convolution, well over 10 5 , and time steps
not exceeding a few femtoseconds need to
be wed. For a millimeter-wave oscillator
circuit of moderate Q, it can take well over
106 time steps to reach a steady-state
operation [3]. Another approach that allows
steady-state operation to be reached much
sooner requires the use of an additional
time-integration scheme at each time step
[4]. This is acceptable if the device can be
modeled by an equivalent circuit, but highly
undesirable if the device must be simulated
by its physics-based numerical model.
Clearly, a new approach is needed to

improve computational speed, thus
permitting the investigation and co-design of
new devices and circuits.

II. SIMULATION METHOD

To meet the unique requirements of
efficiency and accuracy in an integrated
device/circuit simulator, an improved time-
domain convolution-based algorithm must
be developed. Specifically, the proposed
new approach consists of applying advanced
concepts from the fields of digital signal
processing and nonlinear iteration theory to
the discrete-time impulse response of the
linear embedding circuit. The proposed
solution method follows these steps:

1.) The complex, frequency-dependent
embedding impedances as "seen" by each
port of the solid-state device in its mount
must be accurately determined. Care must
be exercised in the sampling of the
fregeuncy-domain impedances to insure
sufficient resolution and to avoid unwanted
aliasing effects in the associated time-
domain impulse response. Complex
embedding impedances of novel, state-of-
the-art waveguide and coplanar mounts can
be determined with the use of
electromagnetic field simulators, such as the
Hewlett-Packard High-Frequency Structure
Simulator [5], a 3-D finite element code
solving Maxwell's equations.
2.) The associated size of the discrete
impulse response obtained from an inverse
FFT of the complex impedance samples
must be reduced by truncation if we are to
achieve our goal of efficient simulation.
Unfortunately, the nearly discontinuous
structure of some embedding impedances
(caused by waveguide cut-off and high-Q
behavior) will lead to the familiar Gibbs-
phenomenon ripples in the embedding
impedance function that is reconstructed
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from the discretized impulse response.
Hence, both truncation and the Gibbs
phenomenon will limit the accuracy of the
derived impulse response. From the field of
digital signal processing, fmite-impulse-
response digital filters can be designed to
reshape the truncated impulse time samples
in such a manner that ripples in the
corresponding frequency-domain samples
have been smoothed [6]. A large volume of
literature has explored the optimal reshaping
for the causal, linear-phase filters used in
signal processing applications. It is
unknown at the present time what kinds of
reshaping functions will work best for
impulse responses derived from the
millimeter-wave circuits of interest. We
can, however, create a whole new class of
asymmetric filter, as we are only interested
in maintaining the real, causal property of
the impulse response (i.e., we are not
constrained by linear-phase considerations).
A new filter was used to generate the
reshaped impulse response samples,
retaining only 8000 terms from the original
2x105 . Figure 1 shows a comparison of the
impedance samples reconstructed from the
digitally filtered impulse response with the
original embedding impedances of the
model harmonic oscillator cavity.
3.) The discrete convolution used in the
device/circuit solution algorithm is placed in
an advantageous form suggested by the
theory of nonlinear iteration:

Figure 1. Reconstructed (solid line) and Original
(dashed line) TEO Circuit Impedances

k-1
hk hoik(vk)—jijkvii

j=k—N+1
vk •■•••■

(1)
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a2,if
and ax 2

where k indicates the time step level (kAt) in
the simulation, 17,7 are the impulse response
samples, v and i are voltages and currents at
the nonlinear device terminals. Equation (1)
is in fixed-point iteration form.

If the time step At is very small, the
"unknown" ik can be approximated by
ik , and no iteration is needed.
However, it may require well over 10 6 time
steps until steady-state is achieved, and, at
each step, the numerical solution to the
device nonlinear differential equations and
the convolution integral must be performed.
The fixed-point iteration form, on the other
hand, allows us to use the rawdmum-sized
time step consistent with the stability and
accuracy of the numerical device simulator.
Although we may need to iterate on Eq. (1),
as ik ik., is not necessarily a good
approximation, the under-relaxation and
Steffensen acceleration schemes employed
by us previously make the iteration subject
to rapid convergence[7]. The semi-implicit
time discretintion scheme of our TED
device simulator allows stable and accurate
time steps such that steady-state oscillator
operation is acquired after only 10 4 time
steps, a savings in computational effort of
two orders of magnitude. The combination
of the very efficient convolution calculation
performed at each time step with the reduced
number of time steps necessary to reach
steady-state operation leads to significant
reduction in computer execution time.

4.) Since the summation term in the
convolution, Eq.(1), contains all known
values at time step lc, it may be calculated in
parallel with the solid-state device
equations, yielding a further improvement in
efficiency. We plan to implement the
device/circuit solution algorithm in a
massively parallel and distributed processing
environment. Several high-performance

UNIX workstations will collectively solve
the complex device/circuit co-design
problem.

A critical part of the success of the
integrated device/circuit numerical approach
is the efficiency and suitability of the
physics-based numerical device simulator.
The TED device used here is a modified
version of a previously developed code [8].
The equations governing TED electron
transport are the continuity equation,
temperature dependent drift-diffusion
equation, and Poisson's equation:

an(x,t) 1 af,i(x,r) 

at q ax
(2)

h(x,t)= q4[4(x,t),T(x)in(x,t)(x,t)-i-

q*(x,t),T(x)l an(
ax
x' t) qn(x,t)DT(x)==----

(3)

= l [n(x,t)— 
ND (X)1

(4)

where n, q, and J. are electron density,
electron charge, and electron particle current
density, respectively. In Eq. (3), the field-
and temperature-dependent mobility and
diffusivity modeling parameters were
extracted from three-valley Monte Carlo
simulations. Lattice temperature in the
device is calculated from a self-consistent
solution to the heat equation for the
packaged diode. These equations are
discretized and solved using an accurate and
efficient half-implicit Crank-Nicolson
technique. Ohmic and fluid outflow
boundary conditions are used at the cathode
and anode of the device, respectively. The
total device terminal current is given by:
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o
where A, 1, and s are the area, length, and
material dielectric permittivity of the device.
A fully self-consistent treatment of the
displacement current term requires an
accurate, second-order backward finite-
difference calculation of the time derivative
of terminal voltage in cases where a fully
autonomous simulation is executed.

III. SIMULATION RESULTS

Two circuits were simulated -
one with a "conventional" notch-doped
Gunn diode and one with a novel current-
limiting-contact diode. Both devices have
1.8 p.tm InP active regions doped at 1 x 1016
cm" and are 60 pm in diameter. The Gunn
diode has a 0.15-gm-long doping notch of 7
x 1.0' cm' near the cathode. The current-
limited diode has a shallow barrier
(-110meV) cathode contact that prohibits
the formation and propagation of
accumulation layers and/or dipole domains.
This device was experimentally developed
by Litton Solid-State, and operates in a
Stable Depletion Layer (SDL) mode
characterized by the modulation of a stable
depletion region [9]. Both diodes are
inserted in a model second-harmonic, half-
height WR-8 cavity. The embedding
impedances presented to the diodes are
modeled from representative data obtained
from a combination of HP-HFSS and mode-
matching simulations with equivalent circuit
models. The transient simulations are
shown in Figures 2 and 3.
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Figure 2. Transient and steady-state
simulation of Gunn device terminal voltage
and current in TEO circuit. Operating
conditions are 5 VDC and 400 °K. Steady-
state second-harmonic frequency settles at
f2 = 144 GHz.
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Figure 3. Transient and steady-state
simulation of SDL device terminal voltage
and current in TEO circuit Operating
conditions are 10 VDC and 400 °K. Steady-
state second-harmonic frequency settles at
f, = 147 GHz.

Both circuits exhibit a very large
fundamental voltage oscillation near 73 GHz
within the coaxial mount section of the
cavity. The cut-off frequency of the output
waveguide is at 75 GHz, so the diodes are
terminated in a nearly pure reactance at the
fundamental. Fourier analyses of the
voltage and current waveforms show that

very small amounts of power are actually
dissipated at the fundamental frequency in
the small series resistances of the diodes. In
Fig. 2, we can actually see the rapid growth
of the second harmonic current component,
leading to considerable power generated at
144 GHz. A strong voltage oscillation at the
fundamental frequency appears necessary to
maintain this operation. We can understand
this effect as energy conversion through the
diode nonlinearity, much like the idler
function in a frequency multiplier circuit.
The second-harmonic is coupled to the
output waveguide, while a backshort is
adjusted to maximize output power. With
proper design of the cavity dimensions, the
real impedance seen at the second harmonic
frequency is easily tuned to 1-20 and the
reactance is also tuned to 1-20 n. Since the
fundamental frequency is in cut-off,
impedance tuning at the second harmonic
using the backshort should have little
influence on the fundamental operation, with
possible small parametric effects observed.
Hence, a design is feasible with broad
frequency tuning at the fundamental using a
coaxial backshort and stable power tuning at
the second harmonic using a waveguide
backshort, with minimal coupled effects
between the two tuners.

In Fig. 3, the transient solution for
the SDL device indicates a much longer time
to build-up a strong oscillation. Physically,
the SDL device does not support strong
unstable accumulation or dipole modes of
operation, like the Gunn diode, but instead
supports modulation of a steady electron
density depletion. Through a combination
of transferred electron effect, depletion layer
transit time effect, and back-diffusion of
carriers from the anode, the resultant
asymmetric current waveform produces
appreciable power generation at the second-
harmonic. It may be possible to design for
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increased harmonic content in the current
waveform by tailoring the doping profile in
the active region of the SDL device.

Table I demonstrates the effect of
backshort tuning on the performance of the
TEO circuit. A small diode series resistance
(0.1 0) is included in the circuit impedances
shown. The simulated output power at the
second harmonic frequency compares well
with experimental data [10]. In a WR-6 test
cavity, output powers at a nominal 150 GHz
ranged from 15-30 mW for several diodes in
various package configurations.

Iv. CONCLUSION

A time-domain technique has been
developed that integrates numerical solid-
state device simulation with complete
nonlinear circuit simulation using an
efficient convolution-based algorithm. This
technique should aid in advancing the
available CAD tools for submillimeter-wave
components, especially harmonic TE0s,
Schottky diode mixers, and MSM
photomixers. Future developments will
include implementation in a massively
parallel and distributed computing
environment, and the creation of Web-based
CAD tools available to the THz community.

Backshort
(degrees)

+16
+6
+2
0
-2
-8

-14

DC Power
(W)
3.2
3.2
3.2
3.2
3.2
3.2
3.")

Zickt z2cict

(n) (n)
0.1 ti 10.0 7.7 -j 4.5
0.1 +j 10.1 7.7 + j 3.6
0.1 +j 10.2 3.7 +j 4.5
0.1 + j 10.2 3.1 + j 4.2
0.1 +j 10.2 2.7 ±j 4.0
0.1 +j 10.1 1.5 ±j 3.1
0.1 +j 10.0 0.8 +j 2.3

P2

(111W) 

9.2
18.0
24.7
25.3
25.1
19.1
10.9

Table 1. 147 GHz Second-Harmonic TEO Circuit Operation with 1.8 gm InP SDL Device
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Abstract

Low-noise operation and significant RF power levels were demonstrated recently with GaAs TUNNETT diodes and

InP Gunn devices in fundamental-mode operation at W-band (75-110 GHz) and D-band (110-170 GHz) frequencies.

State-of-the-art RF power levels of 100 ± 5 mW at 100-107 GHz from TUNNETT diodes as well as > 200 mW at

103 GHz, > 130 mW around 132 GHz, and > 80 mW at 152 GHz from Gunn devices were measured, which corre-

spond to dc-to-RF conversion efficiencies of 5.8-6.1 % at 100-107 GHz, > 2.3 % at 103-132 GHz, and > 1.4 % at

152 GHz. As shown with the first experimental results, e.g., RF power levels of > 0.3 mW at 283 GHz from Gunn

devices and > 0.6 mW at 210 GHz from TUNNETT diodes, both two-terminal devices exhibit strongly nonlinear

characteristics. Therefore, second-harmonic power generation was investigated further theoretically and experi-

mentally. State-of-the-art RF power levels of 9 mW at 209 GHz and > 4 mW at 235 GHz from TUNNETT diodes as

well as more than 1 mW at 280 GHz from Gunn devices were measured with a submillimeter-wave dry calorimeter.

Corresponding dc-to-RF conversion efficiencies were > 1 % at 209 GHz and > 0.6 % at 235 GHz. Simulations

revealed a large modulation in the depletion width of the TUNNETT diodes and explained the high up-conversion

efficiencies observed. The results from TUNNETT diodes compare favorably with those from Schottky varactor

diode frequency multipliers that are driven by transferred-electron oscillators. As expected from the excellent noise

performance in the fundamental mode, these free-running oscillators showed clean spectra with a low phase noise

of, e.g., well below - 94 dBc/Hz at a frequency off the carrier of 500 kHz.

1. Introduction

Low-noise operation of free-running oscillators and significant RF power levels were demonstrated
recently with GaAs TUNNETT diodes and InP Gunn devices in fundamental-mode operation at W-band
(75-110 GHz) [1] and D-band (110-170 GHz) [2] frequencies. Improved heat dissipation of devices on
diamond heat sinks resulted in state-of-the-art RF power levels of 100 ± 5 mW at 100-107 GHz from
TUNNETT diodes [1,3] as well as more than 200 mW at 103 GHz, more than 130 mW around 132 GHz,
and more than 80 mW around 152 GHz from Gunn devices [2,3]. These RF power levels correspond to
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dc-to-RF conversion efficiencies of 5.8-6.1 % at 100-107 GHz [1,3), more than 2.3 % at 103-132 GHz,
and more than 1.4 % at 152 GHz [2,3). Figure 1 summarizes these experimental results from 'TUNNETT
diodes and Gunn devices. Tunneling as the injection mechanism in TUNNETT diodes or the formation of
domains in Gunn devices causes inherently nonlinear device properties with respect to the RF voltage
across the device terminals. In addition, a modulation in the width of the active region corresponds to a
capacitance variation and generation of higher harmonics similar to that of Schottky varactor diodes.
Second-harmonic power extraction was initially investigated, mainly to confirm fundamental-mode oper-
ation, and first experimental results, e.g., RF power levels of more than 0.3 mW at 283 GHz [4] and more
than 0.6 mW at 210 GHz [1], indicate that both Gunn devices and TUNNETT diodes hold strongly non-
linear characteristics. As a consequence, second-harmonic power extraction was investigated further
experimentally using different waveguide configurations and theoretically using diode simulations.

TUNNETT Diodes Gunn Devices

100 110 120 130 140 150 160
Frequency [Gliz] Frequency [Gift]

Figure 1: RF performance of GaAs TUNNETT diodes at W-band and In') Gunn devices at
D-band frequencies, all on diamond heat sinks.

2. Experimental setups

All GaAs TUNNETT diodes were tested in the same type of a full-height WR-10 waveguide cavity as in
fundamental-mode operation [1,3], where a resonant cap coarsely determined the oscillation frequency. A
standard noncontacting back short for frequency and power fine-tuning was mounted on one flange of the
cavity. Different configurations for reactively terminating the diode at the fundamental frequency were
investigated. In all experiments with TUNNEIT diodes and Gunn devices, a 1-inch-long WR-3 wave-
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guide section cut off all signals below 173 GHz, which includes the signal at the fundamental frequency.
Examples of configurations for TUNNE'rT diode oscillators are a tapered transition from the WR-10
waveguide of the cavity to the WR-3 waveguide or a discontinuity with a step from the WR-10 to the
WR-3 waveguide. The configuration shown in Figure 2 resulted in the highest RF power levels from all
tested TUNNETT diode oscillators. A tapered transition from the WR-6 to the WR-3 waveguide was
connected directly to the WR-10 waveguide output flange of the cavity and introduced a small step dis-
continuity at this flange.

Most of the InP Gunn devices were tested in the same type of a full-height WR-6 waveguide cavity as in
fundamental-mode operation [2,3], where, similar to the cavity for TUNNETT diodes, a resonant cap
coarsely determined the oscillation frequency. Gunn devices in this type of cavity yielded the highest RF
power levels with a sharp discontinuity from the WR-6 waveguide output flange to the WR-3 waveguide.
For the experiments with the InP Gunn devices, also a scaled version of a Carlstrom-type [5] cavity with
coaxial-line frequency short, a power back short in a WR-5 waveguide and a transition to the output WR-
6 waveguide [6] was successfully employed.

Bias

Heat sink Diode

Figure 2: Schematic of the WR-10 waveguide cavity and waveguide transition for second-

harmonic power extraction from GaAs TUNNETT diodes.

At first, a 140-220-GHz power sensor in a WR-5 waveguide or a D-band thennistor power meter with a
WR-6 waveguide input flange was used to measure the RF power levels. Their sufficiently fast response

time (compared to that of a calorimeter) allowed tracking of power changes quickly as the back short was

tuned for maximum RF output power at the second-harmonic frequency. Tapered transitions from the

WR-5 to WR4 and WR-4 to WR-3 waveguides or from the WR-6 to WR-3 waveguide provided ade-
quate impedance matching in the WR-3 waveguide at the second-harmonic frequency. Subsequently, a
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subrnillimeter-wave dry calorimeter with a WR-8 waveguide input flange and two tapered transitions, one

from the WR-8 to WR-6 waveguide and the other from the WR-6 to WR-3 waveguide, each approxi-

mately 1-inch-long, was employed to confirm the RF power levels. An attenuation of 0.85 dB, for exam-
ple, was measured at 234 GHz for the 1-inch-long WR-3 waveguide section in the setups, which is

slightly higher than the predicted attenuation for a gold-plated waveguide. As a consequence, an attenua-

tion of 0.55 dB was estimated for the two waveguide transitions to the calorimeter. The attenuation in

either the WR-6 to WR-3 or the WR-10 to WR-3 waveguide transition at the oscillator output flange was

not factored in in any of the experiments as such a transition was considered part of the oscillator circuit.

3. Experimental results

The measurements with the dry calorimeter verified all RF power levels from the TUNNETT diodes
except for one result with an RF output power of more than 10 mW at 209 GHz. This minor discrepancy
is attributed to changes that were introduced as oscillators were partly disassembled and reassembled
between the measurements with power sensor or thermistor head and the measurements with the
calorimeter. As a result, the conditions for generation of the RF power of more than 10 mW could not be
reproduced. Figure 3 summarizes the best results measured with the calorimeter. As examples, RF power
levels up to 9 mW and more than 4 mW were measured at second-harmonic frequencies of 209 GHz and
235 GHz, respectively, which correspond to dc-to-RF conversion efficiencies of more than 1.0 % and
more than 0.6 %. Contrary to operation in the fundamental mode at 104-118 GHz, bias currents for opti-
mum second-harmonic power extraction were in the range from 60 % to 85 % of the respective maximum
bias currents. Therefore, operating junction temperatures were estimated [1] to be well below 150 °C, and
reliable long-term operation can be expected from these diodes. As a further consequence, up-conversion
efficiencies, which were determined as the ratios of RF power generated in a second-harmonic mode to
RF power generated in the fundamental mode at the same bias current and fundamental oscillation fre-
quency, always exceeded 9 % and were more than 20 % for the best results at 209 GHz and 235 GHz.

Second-harmonic power extraction with a Gunn device in Rydberg's cavity [6] yielded RF power levels
of more than 2 mW at various frequencies between 220 GHz and 223 GHz as measured with the
calorimeter. Tuning of the frequency short appeared to be critical since the cavity supported fundamental-
mode operation of the same device very easily at numerous D-band frequencies around, e.g., 150 GHz,
but was not designed for efficient second-harmonic power extraction around, e.g., 300 GHz. Furthermore,
resulting RF power levels in the fundamental mode turned out to be below well-established state-of-the-
art results from the same batch of InP Gunn devices [2,3) and, as a matter of fact, fundamental-mode
operation was not within the scope of this work. Therefore, this mode of operation had to be avoided in
this cavity.

RF power levels of 0.7 mW at 269 GHz, 1 mW at 279 GHz, and 1.2 mW at 280 GHz were obtained from
InP Gunn devices in the WR-6 waveguide cavity and measured with the calorimeter. These RF power
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levels and those from the GaAs TUNNETT diodes are the highest reported to date for any other Gunn
device and any GaAs transit-time diode, respectively. Second-harmonic RF power levels from the
TUNNETT diodes and corresponding dc-to-RF conversion efficiencies, in particular, compare favorably
with high-efficiency frequency multipliers, where Schottky varactor diodes are driven by low-noise Gunn
device oscillators [7,8]. Lower than expected RF power levels from the Gunn devices in a second-har-
monic mode indicate that optimum embedding impedances as seen by the diode at the fundamental and
second-harmonic frequency have not yet been fully established.

Figure 3: RF performance of GaAs single-drift TUNNETT diodes in a second-harmonic

mode for the frequency range 200-240 GHz.

The spectra of free-running oscillators with Rydberg's cavity [6] and with all tested TUNNE'rr diodes in
a WR-10 waveguide cavity were recorded at significant RF power levels by disconnecting the calorimeter
and connecting a harmonic mixer to the WR-3 waveguide section. The phase noise determined at a fre-
quency off the carrier of 500 kHz typically remained below - 87 dBc/Hz and was always at or below the
noise floor of the employed spectrum analyzer and harmonic mixer. Therefore, actual phase noise levels
were estimated to be considerably lower and correctly reflected the excellent noise performance known
already from fundamental-mode operation [1-4]. Figure 4 shows an exemplary spectrum with a phase
noise of < - 94 dBc/Hz at a frequency off the carrier of 500 kHz for the TUNNETT diode that yielded the
RF power of 9 mW at a second-harmonic frequency of 209 GHz. Operation at a higher harmonic number
causes much higher conversion loss in the harmonic mixer of the spectrum analyzer and prevents mean-
ingful phase noise measurements for Gunn devices tested in the WR-6 waveguide cavity above 260 GHz.
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4. Device simulations

Accurate predictions from diode simulations typically require prior knowledge of the embedding
impedances seen by the diode at the frequencies of interest. However, GaAs TUNNETr diodes termi-
nated with a matched load at the fundamental frequency were operated at 20-25 % lower bias voltages
than measured without RF oscillations at the same maximum bias currents [9]. As shown in Figure 5 for a
fundamental frequency of 107 GHz, this strong back bias effect reflects RF voltage amplitudes of 6.5-
7.0 V, which were predicted by a large-signal simulation program [10]. This simulation program uses a
two-valley energy-momentum model for electrons and a drift-diffusion model for holes, takes interband
tunneling into account and was described in greater detail elsewhere [10]. Predicted RF power levels for
fundamental-mode operation at the above-mentioned RF voltages and corresponding dc-to-RF conversion
efficiencies including those of Figure 5 agree well with the experimental results of Figure 1.

For second-harmonic power extraction, the diodes were terminated mainly reactively at the fundamental
frequency. At the RF power levels of Figure 3 and optimum bias current densities of 60-85 % of the
maximum values in fundamental-mode operation, 25-30 % lower bias voltages than those without RF
oscillations were observed and corresponded to predicted RF voltages of 7.0-8.0 V. Such large voltage
swings are similar to those in second-harmonic transferred-electron devices, and, as illustrated with
Figure 6, result in waveforms with a relatively sharp turn-on and a higher harmonic content of the current
densities injected into the drift region of the diode than in the fundamental mode. Since RF voltages at the
second-harmonic frequency were always less than 15 % of those at the fundamental frequency, no sig-
nificant impact on the back bias effect could be observed in the simulations. In Figure 7, the electric field
profiles in the active region of the diode are plotted for phases or = 0°, 90°, 180°, and 270°, whereas the
inset shows the three waveforms of the RF voltage across the diode, the injected and the total current den-
sities of the diode as a function of time for one RF cycle at a fundamental frequency of 104 GHz. The
bias current density was set to 35 kAcm- 2, and RF voltage amplitudes were adjusted to 7.3 V at 104 GHz
and 0.6 V at 208 GHz.

As can be seen from Figure 7, the drift region shown as the n- region in the inset becomes nearly unde-
pleted and neutral when the RF voltage approaches its minimum. When the RF voltage rises again and
more of the drift region becomes depleted, a steep increase in the total current density ensues and corre-
sponds to a high harmonic content. This large modulation of the depleted region in the diode resembles
that of Schottky varactor diodes in high-efficiency frequency multipliers and explains the observed up-
conversion efficiencies in excess of 20 % much better than just a sharp turn-on in the injected current
density. All the above simulations took a total specific series resistance from ohmic contacts of 1.5 x 10-
6 gkm2 into account and indicated that the RF output power at the second-harmonic strongly depends on
the termination at the fundamental frequency, but is a relatively weak function of the impedance at the
second-harmonic frequency. The simulations for Figures 6 and 7 predicted an RF output power of 16 mW
with a corresponding dc-to-RF conversion efficiency of 1 % for a load impedance of (1.5 - j 4.0) at
208 GHz. These predicted values agree very well with the measured results of Figure 3.
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Figure 4: Spectrum of a free-running TUNNEIT diode oscillator in a second-harmonic
mode. RF power level 9 mW, center frequency 209.377 GHz, vertical scale
10 dB/div, horizontal scale 500 kHz/div, resolution bandwidth 100 kHz, video
bandwidth 3 kHz.
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Figure 5: Predicted back bias effect and dc-to-RF conversion efficiency as a function of RF
voltage amplitude for a GaAs TUNNETT diode in the fundamental mode at
107 GHz.
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Figure 6: Waveforms of RF voltage VRF, injected and total current densities Jinj and J of a
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Figure 7: Electric field profiles of a GaAs TUNNFIT diode in a second-harmonic mode at
phases of 0

0
, 900 , 180°, and 270

0
 during one RF cycle at the fundamental

frequency of 104 GHz. Inset: Nominal doping profile of the TUNNETT diode.
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5. Conclusion

Second-harmonic power extraction was demonstrated successfully with GaAs TUNNETT diodes and InP
Gunn devices at frequencies above 200 GHz. To the author's knowledge, RF power levels up to 9 mW
and dc-to-RF conversion efficiencies of more than 1 % are the highest reported to date from any GaAs
transit-time diode, and RF power levels of more than 1 mW at 280 GHz are the highest reported to date
from any GaAs or InP Gunn devices. In particular, results from GaAs TUNNETT diodes compare favor-
ably with results from low-noise all-solid-state RF sources with frequency multipliers [7,8]. Simulations
revealed a mode of operation similar to the large modulation in the width of the depleted region as seen in
Schottky varactor diodes. Therefore, the high up-conversion efficiencies observed are attributed much
more to this large capacitance modulation of the diode than to a high harmonic content in the injected and
the resulting induced diode currents. Performance parameters predicted for TUNNETT diodes agree well
with measured results. In InP Gunn devices, the interaction of circuit and device, i.e., the impedance lev-
els at the fundamental and the second-harmonic frequencies, must be studied in greater detail to increase
the RF power levels that can be extracted in a second-harmonic mode.
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Abstract
A number of Terahertz applications require detectors with time constants around 1 ns or
less and with a certain minimum sensitivity. Detectors are still being developed to fill
this niche in the few Terahertz frequency range. We propose a tunable antenna-coupled
intersubband Terahertz (TACIT) detector that is expected to be more sensitive than available
fast detectors.

When Terahertz radiation is incident on the device, a planar metal antenna couples
the oscillating electric field from free space to the quantum well heterostructure, with the
field polarization perpendicular to the plane of the quantum wells. Electrons in the active
region of the channel quantum wells absorb the far-infrared radiation, exciting them from
the ground to the first excited subband. The subbands are engineered to have different
electron mobilities. As absorption alters the proportion of the electrons that are in the
excited subband, the effective mobility of the device changes. A current is applied to the
active area of the channel quantum well through source and drain contacts, and the change
in effective mobility is detected as a change of the in-plane resistance of the device.

The device is sensitive to a narrow band of frequencies centered on the intersubband
transition frequency. This center absorption frequency can be tuned by applying a bias
voltage between the front and back gate contacts of the device.

The intrinsic speed of the TACIT detector is limited only by the excited subband lifetime,
or intersubband relaxation time, which has been measured to be about 1 ns at a temperature
of 10 K for several heterostructures with unbiased intersubband transitions near 3 THz.

The detector sensitivity can be estimated by calculating the change in population of the
excited subband under illumination. In such a model, it is expected that a TACIT detector
could be made to have 300K background limited performance (BLIP) while operating at 10
K. Such a device could be made with feasible device parameters. The theoretical model for
the TACIT detector is presented.

1 Introduction
Intersubband transitions in quantum wells have enabled the development of sensitive quan-
tum well infrared photoconductors (QWIPs) at frequencies greater than 15 THz. The poten-
tial of quantum well-based detectors in the range of 1-5 THz has not been realized For these
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frequencies. composite bolometers and Ga:Ge photoconductors are currently the most sen-
sitive THz detectors for low-background astrophysical applications. The response times of
these devices is 1 ps at best, typically much longer. Superconducting hot-electron bolometers
are less sensitive but may have time constants of order 10 ps. For astrophysical applications,
superconducting HEBs are used as mixers with noise temperatures an order of magnitude
above the quantum limit for frequencies less than 2.5 THz. Both superconducting hot-
electron bolometers and composite bolometers absorb radiation over a very broad band of
frequencies.

We propose a tunable antenna-coupled intersubband Terahertz (TACIT) detector. Based
on modeling presented in this paper and a previous paper[1], we expect it to be at least as
sensitive as superconducting hot-electron bolometers and to have a response time variable
from 1 ns to 10 Ps by operating at different electron temperatures. The TACIT detector is
narrowband, absorbing Terahertz radiation only in a small band of frequencies which can be
tuned by applying small DC voltages

In the device section of the paper, an overview of the TACIT detector mechanism and
structure will be presented. Intersubband absorption and two ideas for subband-dependent
electron mobility will be discussed. In the following section, the calculation of the TACIT
detector's expected performance will be outlined and the parameters in the model will be
discussed. Calculations for predicted performance of a TACIT detector operating in a hot-
electron bolometric mode are described elsewhere. [1} Work on making these devices has
just recently begun. and will be discussed in a future paper.

2 Device

TACIT detectors can be patterned from a variety of quantum well heterostructures. Our
samples are grown in the Molecular Beam Epitaxy (MBE) facilities at UCSB. The precise
control of epitaxial layer growth possible through MBE allows clean interfaces between ma-
terials to be grown, and so gives the ability to truly tailor heterostructures. Quantum wells
are used in the active region of TACIT detectors, such as the heterostructure shown in Fig.
1. Electrons in a quantum well are confined in the direction perpendicular to the plane of the
well. and have quantized momenta in this direction. In the plane of the well, the electrons
are free to move with any momentum. The combination of the discrete perpendicular-to-well
confinement energy, and the in-plane kinetic energy gives rise to energy subbands within the
quantum well. The TACIT detector heterostructure shown in Fig. 1 has a quantum well
channel for the active region, and another quantum well for a back gate. The wells are filled
by electrons from the silicon delta-doping layers. The doping levels and spacings are chosen
such that the channel well only has electrons in the ground subband prior to illumination.
The back gate quantum well is also designed such that electrons only occupy the ground
subband.

When Terahertz radiation is coupled to the channel quantum well with the polarization
of the electric field in the direction perpendicular to the plane of the well, electrons in the
well can absorb the light. raising them from the ground subband to an excited subband.
This intersubband absorption is a resonant process and can have a narrow linewidth, such as
that shown in Fig. 2. In previous experiments, absorption peaks with a full-width-at-half-
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Figure 1: Schematic of one GaAs/A1 0 .3 Gao .7As het-
erostructure being used for a prototype TACIT de-
tector.

Figure 2: Attenuation measured as a function
of frequency for the heterostructure shown in
Fig. 1

Figure 3: The frequency of peak ab-
sorption can be tuned by applying
a bias voltage across the detector
heterostructure.

maximum (FWHM) as small as 4 cm- ' = 120 Gliz have been measured. There are many
subbands in the channel quantum well, but only transitions between the ground subt and
and the first excited subband are considered here. The transitions to and among higher
subbands are larger energy transitions, and so are not affected by light at the absorption
frequency of the first two states.

A schematic of a TACIT detector is shown in Fig. 4. A planar metal broadband antenna
couples the Terahertz radiation from free space to the active region of the detector, with
the electric field polarized perpendicular to the plane of the quantum wells. Electrons in
the channel quantum well absorb the radiation, which changes the percentage of electrons in
each subband, which in turn changes the resistance of the active area. A current is sourced.
through metal ohmic source and drain contacts, and the change in resistance is measured as
a change in voltage across the device. The two antenna leaves also serve as a front and a back
gate, which are used to apply a DC voltage bias across the active region. The front antenna
leaf makes a Schottky contact for the front gate, and the back antenna leaf is connected to
the back gate quantum well through an ohmic contact.

A DC voltage bias is applied across the channel quantum well in order to change the
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Figure 4: Top-down and cross-section views of a TACIT detector. Ohmic contacts electrically
connect the back gate antenna leaf with the back gate quantum well, and the source and
drain contacts to the channel quantum well. The active region of the device is defined by
making the material outside, indicated by diagonal lines, electrically insulating.

subband energy spacing, and thereby tune the frequency of peak absorption. By applying
moderate voltages, the resonant absorption frequency can be tuned over a range that is
a significant portion of the original frequency, as shown in Fig. 3 for a typical TACIT
heterostructure. Tuning the absorption frequency is simple and can be done while the
detector is operating. TACIT detectors could then be used for a wide array of applications,
including, in certain situations, to record spectra without the use of a bulky spectrometer.
Additionally, the electron density in the channel quantum well can be tuned by applying a
DC voltage to the source and drain contacts to the channel. This flexibility allows for fine-
tuning the impedance of the device to match the antenna. Independent control of the front
gate. back gate, and channel DC voltages allow simultaneous tuning of the intersubband
absorption frequency and electron sheet density.

The channel quantum well subbands are engineered to have different electron mobilities,
so as absorption alters the proportion of the electrons that are in the excited subband, the
effective mobility of the device changes. Many different mechanisms could be used to give
the two subbands different mobilities. Two that are currently being pursued are to use
the electrons' wavefunctions in the quantum well to alter their scattering profiles, and to
use a low enough electron sheet density such that the electrons in the ground subband are
localized. In both cases. the current effort involves making the ground subband mobility,
Po less than the excited state mobility, In the absence of illumination, all the electrons
are in the ground subband. and the device has a high resistance. If the subband mobility
ratio, L i //o, is large, then when electrons are promoted to the excited subband, they can
effectively short out transport in the lower subband. The device would thus have a sharply
dropping resistance when just a small fraction of the channel electrons are raised to the
excited subband. It is also possible to make the ground subband mobility higher than the
excited subba.nd mobility < 1), but the resulting changes in resistance would be
harder to measure.

The first mechanism for differentiating the subband mobilities takes advantage of the

600



different spatial probability amplitudes of the two subband wavefunctions. For the het-
erostructure shown in Fig. 1, a spike of electrically-compensated impurities is grown in the
center of the channel quantum well. Ionized impurities are used to give a larger scattering
cross section than neutral ions, and two types of dopants are used so that the resultant
spike is electrically neutral, and should not change the quantum well potential. The ground
subband is symmetric in the well, and has its maximum in the center of well, where the
impurity spike is, so the electrons in the ground subband should scatter strongly from the
impurities. The first excited subband wavefunction is antisymmetric in the well, and has
a node in the center of the well. The electrons in the excited subband should spend most
of their time away from the impurity spike, and so should scatter far less and have a much
higher mobility than the electrons in the ground subband. This mechanism has been studied
analytically by Hai and Studart.{2]

The second mechanism for differentiating the subband mobilities is a transition from
localized electron states to non-localized states. The electron sheet density in the channel
quantum well can be made low enough, a few times 1 x 10 10cm- 2 , so that the ground subband
is comprised of localized electron states, but the first excited subband has non-localized
electron states. Conduction in the ground subband would be through hopping from one
localized puddle to the next, and could be made very low by decreasing the electron density
or lowering the temperature. When electrons absorb Terahertz light and are excited to the
first excited subband, these electrons would be promoted to non-localized states, and could
conduct without hopping. In this manner, the first excited subband would have a much
larger mobility than the ground subband. The mobility of electrons undergoing a transition
from an insulating state to a metallic state has been measured by Finkelstein et al[3] for
quantum well structures similar to those being used for TACIT detectors.

In the calculations of the expected TACIT detector performance, both the impurity
spike and localization mechanisms are considered together. The value used for the subband
mobility ratio, p i hio, is taken from the data presented by Finkelstein et al.

3 Expected Figures of Merit

The relevant characteristics of an incoherent detector are the sensitivity, speed, and fre-
quency response. These characteristics can be expressed in terms of the noise equivalent
power (NEP). response time, and the corner frequency L respectively. We assume that
the electrons in the ground subband can be described by a thermal distribution with an
electron temperature, Te. The detector will generally be operated at a low bias power so
all the electrons are assumed to be in the ground state in the absence of illumination. The
system is also assumed to have a single energy relaxation time, T1 . We consider coupling
the incident light to the antenna and coupling from the antenna to the device. We do not,
however, include effects associated with coupling the detector to an outside sample mount
or electronic circuit, such as heat diffusion or amplifier noise.

The noise equivalent power, NEP, is the root mean square amplitude of sinusoidally
modulated radiation power incident on the detector required to produce a unity signal to
noise ratio (SIN = 1) in a 1 Hz bandwidth. The NEP can be expressed as the ratio of the
rms noise voltage. Vn, (in V/Hz -1 ), to the responsivity, 7 (in V/W). The responsivity, R,, is

601



the change in output voltage per unit incident power. A constant current is sourced to the
device, and the change in voltage comes from variations in the source-drain resistance, RSD-

dV dRsD
R = rIFA 71AD -

I 
SD

dP„b,

r1F A is the coupling efficiency from free space to the antenna, and ?MD is the coupling efficiency
from the antenna to the active area of the device. 

'SD and RsD are the applied source-drain
current and source-drain resistance respectively. Pabs is the signal power that is absorbed in
the detector active region.

The device resistance changes as electrons absorb the Terahertz radiation, raising them
from the ground subband to the excited subband. In the absence of inter-valley scattering,
conduction in the two subbands can be considered to occur independently and in parallel.
[4] The effective resistance of the active area is then the resistances of the two subbands
added in parallel. Resistance is inversely proportional to mobility, so an effective mobility
can be defined,

Yell = A r  + AT (2)

T otal 1 V T otal

where No and NI are the number of electrons in the ground and excited subbands, and
otal No ± N1 . The total number of electrons in the channel quantum well does not

change in operation, but how many are in each subband does. The differentiation in the
responsivity expression, Eq. I can be carried through to variations in the effective mobility
with incident light.
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with gsp being a geometric factor of the dimensions of the source-drain region.
A photon has a certain probability of being absorbed by an electron in the ground sub-

band. With a sufficiently low incident power, the number of electrons will be much larger
than the number of photons arriving in the intersubband relaxation time. Assuming all
electrons are initially in the ground subband, the number of electrons in the excited state
will then be simply the number of photons at the resonance frequency, f o, arriving in the
detector within the intersubband relaxation time, T1-

a
7k- P bsT1

- " =
h fo

An electron in the excited subband has several ways of relaxing back to the ground
subband. The excited electron can spontaneously emit a photon, or it can undergo stimulated
emission. We assume, however, the detector will be looking at weak signals, so the photon
density will be small, and the rate of stimulated emission will be negligible compared to

(1)

nFARADISDCSD r

3)
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The responsivity is proportional to the change in effective mobility with varying signal
power, which is in turn proportional to the changes in the relative subband populations.
Combining Eqs. 3 and 4, the responsivity for low signal powers can be expressed,

(Pi — Po) Ti

(4)

= — 77FA 7MDISDRSD (5)
11 0 hfOlVsASD

The responsivity is proportional to the ratio of the difference between subband mobilities to
the ground subband mobility. It is also inversely proportional to the active region area and
resonance frequency.

This expression of the responsivity also includes the two antenna coupling factors, 71FA

from free space to the antenna, and 77AD from the antenna to the active region of the device.
Using a transmission line model, 77AD is the fraction of of the power delivered through the
transmission line to the active region of the device. On resonance, with f = fo , the detector
active region can be modeled as a resistance in parallel with a parasitic capacitance. This

other relaxation mechanisms. An excited electron can also release energy and momentum
by emitting a phonon. If the electron has sufficient energy to emit a longitudinal-optical
(LO) phonon, 36 meV in GaAs, it will rapidly do so, for LO phonons are strongly coupled
to the electrons. A few picoseconds is a typical relaxation time constant for LO phonon
emission in GaAs/AlGaAs quantum well heterostructures. If the excited electron does not
have enough energy to emit a longitudinal-optical phonon, it can still emit an acoustical
phonon. These acoustical phonons have no minimum energy, and are less strongly coupled
to the electrons than LO phonons. For greatest sensitivity, the TACIT detector is operated
such that the electrons excited to the upper subband cannot emit a LO phonon, and so
have a longer lifetime in the excited state. The intersubband relaxation time constant has
been measured for samples similar to the heterostructures being used for prototype TACIT
detectors.[5] The time constant T1 = ins for an electron temperature Te 10 K, where
the electrons effectively cannot emit LO phonons. For an electron temperature Te = 50 K

< 10 ps. At Te = 50 K, the electrons still have an average energy far below the LO
phonon energy, but the tail of the electrons' Fermi energy distribution is large enough that
a small fraction of the excited electrons can emit an LO phonon. Energy relaxation by
emission of a LO phonon is significantly faster than by acoustic phonons, so that even with
only a small fraction of electrons with sufficient energy, emission of LO phonons becomes
the dominant energy relaxation mechanism. The intersubband relaxation time, T1 , includes
all these mechanisms.

As the total number of electrons in the channel quantum well is constant and IVTotal
No+ N1 , the population change of the excited subband is simply negative that of the popu-
lation change of the ground subband,
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resistance is not the source-drain resistance of the device, but rather is the resistance sensed
by the radiation-induced Terahertz voltages between the front and back antenna leaves.

27c mxd2FWHM
= A

A
SD

O-
3-D e2ASDATSf05c

where d is the distance between the gates and the channel quantum well and Asp is the
area of the active region. FWHIVI is the full width at half maximum of the intersubband
absorption peak (in m* is the conduction band effective mass of the electrons, Ns
is the sheet density of electrons in the channel well, and fosc the oscillator strength of the
transition between the ground and first excited subbands. This expression is for a low signal
power regime, where there are no saturation effects. When this resistance 'perpendicular' to
the plane of the quantum wells is matched to the antenna impedance, Rant = 710 for our
log-periodic antenna. 77,1p simplifies to,

1
77AD = 

1 + Cf I fc)2

with a corner frequency,
e

2
Ns fosc 

IC 
= 

7r RIC 2r2 cm.*€ dFWHM
The corner frequency, along with the intersubband absorption lineshape and tunable reso-
nance frequency, specify the spectral characteristics of a TACIT detector.

Having now an expression for the responsivity, the expected noise equivalent power for
a TACIT detector can be computed. Considering Johnson noise, generation-recombination
noise. and fluctuations in the thermal background, the detector's NEP can be written,

4K B Te RsD 4eIsDR2sD hfc FWHM 
NEP 2 = R.2

4- 

1 (27fT1)R2 	exp [Ki3T
h
B
f
kgnd — I

To estimate the performance possible for a TACIT detector using the subband-dependent
mobility mechanism, device parameters were taken from the heterostructure design, device
processing considerations, and. where applicable, from related experiments. Several factors
constrain the choice of parameters. The primary constraints are to match the impedance
of the detector active region to that of the antenna, and to consider signal and bias Joule-
heating powers to yield an electron temperature that is consistent with the desired subband
relaxation time constant. The first constraint relates the active area Asp, gate to channel
distance d. and the sheet density of electrons in the channel quantum well Ns. The cor-
ner frequency also involves the separation d and electron sheet density, and this frequency
should ideally be much larger than the operation frequencies of interest. The responsivity
is inversely proportional to the device active area, Asp, as shown in Eq. 5, so to get the
highest sensitivity. minimizing the area must be balanced against the corner frequency and
impedance-matching criteria. The second constraint limits the total power that can be con-
sidered for a given intersubband relaxation time constant, T1 . The total power absorbed,
both signal power and bias Joule heating power. IID RsD , absorbed within the relaxation
time will heat the electrons above the semiconductor lattice temperature, TL,

(Ps:gn.: 4- I sp 2 RsD ) T1 = Cv(Te)(Te
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Sourced current /SD 0.1yA Area A
, 912n22

Source-drain resistance RSD 1 k9, Gate separation d 0.17yrn
Resistive impedance 1:11 70 C./ Absorption FWHM 4 cm-1
Intersubband relaxation T1 1 ns Electron temp. Te 12K
Electron sheet density 4 x 10 1 'cm-2 Lattice temperature TL, 10K
Free space-antenna coupling T

IFA 0.5 Oscillator strength fosc 0.9
Subband mobility ratio p ih-to 300

Table 1: Parameters used in calculating TACIT detector operating characteristics.

Parameter f = 1.0 THz f = 1.8 THz f = 5.0 THz
Responsivit3r [V/W] —2.6 x 107 —1.2 x 10 7 1.9 x 106
NEP, 300 K bkgnd [147/Hz1/2 ] 1.3 x 10-15 1.2 x 10-15 1.0 x 10-15
NEP, 77 K bkgnd [W/Hz' /2 } 2.7 x 10-16 2.1 x 10 -16 4.4 x 10-16
NEP, 10 K bkgnd [W/Hz' /2 J 3.1 x 10' 6.6 x 10' 4.4 x 10 -16 _.

Table 2: Expected responsivities and noise equivalent powers for a TACIT detector operating
at 1.0 THz, 1.8 THz. and 5.0 THZ, with thermal background noise from a 300 K, 77 K, and
10 K blackbody source. Entries in bold type indicate background-limited sensitivity.

where Cv (Te ) is the specific heat of the electrons. The resulting electron temperature must
be consistent with the relaxation time used to calculate it.

The parameters used to estimate the performance of a TACIT detector are given in Table
1. The parameters are design characteristics, with the ratio of subband mobilities, p l igo, and
the coupling constant rIFA taken from the literature.[3, 6]. These parameters are all feasible
to achieve. The responsivities and noise equivalent powers for such a TACIT detector under
various conditions is summarized in Table 2. With these experimentally-feasible parameters,
a TACIT detector operating at its resonant absorption frequency of 1.8 THz is expected to
have 77 K-background-limited sensitivity and 300 K-limited performance for frequencies to
and beyond 5 THz with a intersubband relaxation time constant of 1 ns.

4 Summary
Intersubband transitions in quantum wells are a unique system for making detectors for
the 1-5 THz frequency range. TACIT detectors are narrowband, with an absorption peak
linewidth FWHM = 4cm- 1 = 120GHz measured for similar heterostructures, and are tun-
able by applying a moderate bias voltage. Using quantum well heterostructures designed to
give a large subband mobility ratio, absorbing a low signal power is expected to dramatically
change the effective mobility of the device active region. This change in mobility is measured
as a change in source-drain resistance of the detector. A parallel-current-path model is used
to calculate the expected performance of the TACIT detectors. With a set of experimentally-
feasible device parameters, TACIT detectors are expected to have background-limited sen-
sitivity for a 300 K background, and for some frequencies, even for a 77 K background. The
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intrinsic speed of TACIT detectors is predicted to be limited only by the intersubband re-
laxation time, which is variable, and is in the range of 1 ns to less than 10 ps. This expected
performance compares favorably to other detector technologies.
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The proceedings of this conference attest to the striking progress in front-end receiver technology

during the last ten years. This puts great demands on back-end technology. Because of this, high-

speed low-power superconducting correlator technology is an attractive alternative to the complex

hybrid semiconductor correlators currently employed. It is described how superconducting autocor-

relators can be used today and in the next few years. Large scale superconducting correlators have the

potential to replace semiconductor correlators to the benefit of future millimeter array observatories.

I. LNTRODUCTION

Autocorrelation spectroscopy is widely used in radio astronomy to take a time series of a very small signal

buried in noise and produce a time-averaged frequency spectrum. Many single-dish observatories still use

acousto-optical spectrometers or even filter banks as they provide high resolution and bandwidth at reasonable

cost [11. Today, digital autocorrelators are becoming more prevalent as their benefits outweigh their cost. The

autocorrelator for a modern single-dish telescope such as the Green Bank Telescope (GBT) consists of very many

equipment shelves filled with VLSI semiconductor correlator chips, connected by intricate cabling. This is the

current state-of-the-am

Nevertheless it is evident that much more correlation throughput could be profitably employed. A focal-

plane array receiver with M independent pixels requires a multi-bank autocorrelator M times as large as the

single-pixel receiver. Consider the millimeter array observatories (BIMA, LRAM, OVRO, NRO, SMA), which

use digital correlators exclusively for spectral observations. To take full advantage of an N-dish array each

baseline must be separately correlated, and so N(N-1)12 times the correlator throughput is required compared to

the single dish [2]. Therefore the correlators under design for future large arrays (MMA, LMSA) which will

have 40, 50, or more dishes must push the current state-of-the-art, but must also make severe compromises.

The proceedings of this conference attest to the striking progress in front-end receiver technology for

millimeter-wavelength astronomy during the last ten years; however the standard design of heterodyne receivers

has changed little during this time. It consists of an externally pumped SIS (and lately, BEB) mixer operated at

4.2 K followed by a cooled semiconductor IF amplifier, room-temperature postamplifiers, an analog-to-digital

converter (ADC), and some spectrometer. This scheme has been very successful, and such receivers are

responsible for most of the recent striking achievements in this spectral range [1].
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Nevertheless, this scheme has several limitations. First, SIS receivers are single-pixel devices, with few

exceptions (such as j3D. Among other reasons for this [4] are that multichannel spectrometers are complex and

expensive. Second, the instantaneous bandwidth of almost all SIS receivers has been limited to 1 GHz. This is

not due to the SIS mixers themselves, which are capable of 20% to 30% fractional bandwidth [5]. One problem

is that SIS mixers operate at 4.2 K while the HEMT IF amplifiers are usually mounted some distance away

with an isolator in between. A great improvement on this, to 4 GHz bandwidth, was demonstrated when Padin

et al. [6] positioned a HEMT much closer to the SIS junction. Padin's 1994 accomplishment has been widely

cited in plans for future observatories, for example, the Millimeter Array specification calls for 8 GHz band-

width per sideband based on Padin's work [71. This is a striking indication of the thirst for greater bandwidth.

Thus one might say that the correlator is the limiting instrumental subsystem for radio astronomy today.

Here we consider using high-speed low-power superconducting technology to replace the complicated hybrid

semiconductor correlators currently employed. Is this worth the effort? -- in principle, any size correlator can be

built with today's semiconductor technology by further multiplexing. In practice however the limitations are

reliability, power dissipation, cost, and complexity of interconnections. The largest correlators today fall

comfortably within these constraints, but not by a large margin. Also, semiconductor VLSI appears to be

approaching its maximum clock speed according to the authoritative semiconductor industry "Roadmap" [8].

After introducing superconducting correlators we will describe how these can be used today (Sec. IV, Large

Focal Plane Arrays), in the near future (Sec. V, Protogalaxy Search Receiver), and if a state-of-the-art fabrication

facility becomes available (Sec. VI, General Correlators for Radio Astronomy).

II. SUPERCONDUCTING DIGITAL ELECTRONICS

The potential virtues of superconducting digital electronics are impressive. The intrinsic switching time is

very short, on the order of a picosecond. Perhaps even more important is the low power dissipation, on the

order of a microwatt per gate, a thousand times less than CMOS circuits. There has been a long and significant

research effort in this area, most notably the IBM supercomputer project ending in 1983 and the M M project

(Japan) in the 1980's. These projects and most others chose to emulate semiconductor technology in using a

"voltage state" logic — data is represented by steady voltage levels. This choice was unfortunate. Superconduc-

ting voltage state logic cannot operate faster than a few GHz (10 GHz with considerable error rate) for reasons

that are intrinsic, in fact topological [9], and the maximum speed can be little increased by better technology.

Today there is a renewed research effort in superconducting digital electronics based on RSFQ (rapid single

flux quantum) logic, first proposed in 1985 [14 Among the accomplishments of this technology are a simple

digital circuit operating up to 370 0112 [11], a 64-bit circular shift register with data clocked around at 18 GHz

[12], and an oversampling ADC with 18-bit decimation filter composed of 2100 Josephson junctions operating

above 10 GHz clock frequency [13]. Note that this combination of digital speed and complexity cannot be

approached in any other technology.

It must be stated that no Josephson junction digital devices have yet left the laboratory. One limitation is

the requirement to operate at 4 K, a severe disadvantage for many applications. Also, high-speed output from an

SFQ circuit is difficult because of the small energy scale. The best result to date is output to room temperature

of 8 GHz RSFQ data [14]. Likewise, chip-to-chip SFQ transmission has not yet been demonstrated; the empha-

sis has been to develop multi-chip modules [15], which is much harder. Perhaps the most severe problem has
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Fig. 2. A single correlator lag.

to prescaler

been integration scale. A useful digital circuit should require many Josephson junctions with well-controlled

properties and complex interconnections. To realize such a circuit puts great demands on fabrication tolerances.

III. SUPERCONDUCTING CORRELATORS

During the past few years there have been a number of designs advanced for superconducting digital correl-

ators, but no concerted development effort. An early 256-lag 1-bit correlator used 4350 Josephson junctions and

operated at a clock frequency of 10 GHz [16]. There was no prescaler, however, and the output from the

correlator was analog. A fully digital RSFQ correlator was proposed in {17}, and different modifications of this

[18-20] have converged to a common design. In one of these projects [19] a 16-lag RSFQ autocorrelator

complete with on-chip ADC, high-speed clock, and counters (1650 Josephson junctions total) was successfully

demonstrated at a clock frequency of 11 GHz [21]. It resolved a sinusoid buried in -40 dB signal/noise.

These are 1-bit autocorrelators with double-Nyquist sampling. The basic architecture is well-known,

identical to [22], for instance. 1-bit correlator schemes were a standard tool in early days of radio astronomy [233

and are appropriate for an immature technology where device-count is a greater limitation than switching speed.

Prescalar outputs
Mixer BiasHalf-Height

Input Waveg,uide

Quartz Substrate

Fig. I. Possible scheme for an integrated superconductor mixer / back end.

Figure 1 is a sketch of a possible heterodyne receiver. A 1-bit ADC measures the sign of the (almost)

random signal X(t) coming from the SIS mixer at intervals c = l/fc, where fc is the clock frequency; it gives

the data stream sign(X(ti)), where i is the sample number. In double-Nyquist sampling the nominal bandwidth

is fc,/4. The autocorrelator lag number k must compute the product of sign(X40) and sign(X(ti+2kT)), which is

the sample taken 2k clock periods later, and accumulate the result over many samples i = 1 to N. Since the

SFQ ADC codes sign+ as "1" and sign- as "0", this product is simply the XNOR function of a given sample

and another sample delayed by 21a. In practice, the XOR function provides the same information.

A single lag stage of this autocorrelator is shown

in Fig. 2. The clocked delay line consists of RSFQ

destructive read-out (DRO) cells ("D"), which are the

simplest RSFQ gates. After the k=1 stage the Abut is

connected back to the Bin (with a single delay). The

XOR is a standard , and the prescaler is an SFQ T-flip-

flop binary counter whose length (8-13 stages) depends

on the clock rate, integration time, and desired output

rate. This is an extremely simple RSFQ circuit.
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The only "interesting" challenge in this circuit is the timing requirements. The A arm uses concurrent

clocking (clock flows with data) while the B arm uses counterflow clocking (clock flows opposite data), and as

drawn the circuit suffers from the worst aspects of both: susceptibility to race faults in the A arm and low speed

because of the B arm [24]. It is likely that this circuit can be made considerably more robust and also faster by

an optimization of the timing interconnections [251 This basic design however is an excellent trade-off between

speed and circuit area. It can be made with very few Josephson junctions, and the accuracy lost by the one-bit

digitization is partially compensated by the oversampling [26].

111.1 Circuit area and power dissipation

The major design constraint for superconducting correlators today is the necessity to use only a single

chip. The correlator design described above will require roughly 100 Josephson junctions per lag. A literature

survey shows that current RSFQ design practices use about 2000 1= 2 area per junction. This implies that a

256-lag autocorrelator will fit on a standard 1 cm 2 chip. The area requirements of RSFQ circuits have never

been pushed and could be reduced by perhaps 4x today with an aggressive design. They certainly will be reduced

with future fabrication improvements. Note that a future specification (Sec. VI) is 100 gm 2 per junction.

A literature survey shows that current RSFQ circuits dissipate on the order of 0.2 i.tW per junction.

Therefore a 256 lag correlator will dissipate about 5 mW at 4.2 K, and so one hundred such chips would require

only a standard 1 W cryocooler. This power dissipation is entirely due to static loss in the dc bias resistors and

can certainly be reduced. A preliminary estimate is that 0.03 1.1.W per junction is possible with little decrease in

reliability [19]. (Note that a future specification from Sec. ffl.4 is 7.5 nW per junction.) Thus the cryogenics

capacity should not limit the ambitions of future superconducting correlators.

IV. LARGE FOCAL PLANE ARRAYS

Recent technological advances have put the construction of a large focal plane array of submillimeter-wave

mixers within technical and financial feasibility. It is now standard to incorporate tuning structures directly on

the same substrate as the SIS junction, alleviating the need for cumbersome adjustable tuners. Micromachining

technology offers the possibility of fabricating large numbers of waveguide / mixer blocks in a single unit [27,

28, 29]. A new laser milling technique has been developed to fabricate high quality submillimeter waveguide

components and feedhorns with almost any cross section [30]. Under computer control, the construction of high

performance large-format (-10 x 10) waveguide array receiver front ends becomes tractable.

Unfortunately, there is no backend technology to efficiently process the vast quantity of a data that would

be gathered by such an array. Using current correlator or acousto-optical components, an entire room of

equipment would be required. Superconducting correlators are ideal for this application. A 256-lag single-chip

version of the autocorrelator described above, clocked at 1 to 10 GHz, gives a frequency resolution of 1 to 10

MHz. The size of the array would be limited by the requirements for the multiple low-noise HEMT amplifiers.

It may however be possible to use superconducting ADC's to digitize the SIS mixer output without intervening

amplification, as sketched in Fie. I. Superconducting ADC's have been the focus of much research for many

years, as reviewed in [31, 32). For instance, a fully SFQ "quasi-one-junction SQUID" ADC [33] consists of

only several Josephson junctions. The superconducting mixer / ADC / autocorrelator combination would enable

an entire 10 x 10 array receiver (frontend + correlators) to be housed in a standard 1 W cryostat.
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V . PROTOGALAXY SEARCH RECEIVER

Last year at this conference it was suggested that observations of protogalaxies are "THE future of

millimeter-wavelength astronomy" [34]. It is likely that there is a large class of early objects which are heavily

obscured by dust [35],[36]. For instance, Chariot and Fall maintain that there is only a brief period at the

beginning of star formation between the generation of Lya emission and complete attenuation by dust {371

Protogalaxy model light curves fall within the sensitivity limit of the Hubble Space Telescope (HST) only be-

cause of the extended ultraviolet brightness of the irregular galaxy spectrum; for high-z objects the HST sees the

flux of a few naked 0 stars which do not represent the stellar population as a whole -- most of the luminosity

appears in the submillimeter [35]. To resolve these issues, some sort of submillimeter-wave search is needed.

The 2P3/2 2P1/2 line of C+ at 2t., = 158 gm is long recognized as a sensitive probe of protogalaxies [38,

39]. This CIE line will be most prominent in protogalaxies undergoing a burst of star formation. Cold-dark-

matter galaxy formation models (i.e. [40]) predict such bursts occur at z — 2.2 and decay afterward at a roughly

exponential rate. Adopting this redshift, one finds the most promising frequency range to detect protogalwdes in

the 01 line is between — 500 and 700 GHz. Atmospheric absorption narrows this window to 620-710 GHz.

To locate such protogalaxies, a sensitive sub-millimeter SIS receiver is desirable. The instantaneous

bandwidth of the receiver should be as large as possible, but high resolution is not required. The integrated

superconducting receiver described above and sketched in Fig. 1 is just such a receiver, if the back-end is operated

at a high clock rate. In fact, the bandwidth is limited by the maximum clock rate of the autocorrelator.

All RSFQ circuits use the same material system as SIS mixers -- Nb/Al203/Nb Josephson junctions.

Although more than 10 laboratories in the world fabricate superconducting digital circuits (as reviewed in [41]),

few make both competitive SIS mixer junctions and also digital circuits. SIS mixers commonly use junctions

with 1 gm2 area and critical current density (jc) 10 kA/cm 2. Digital circuits however are generally made with

3.5 gm linewidth, minimum junction area 10 gm 2 , and jc = 1 kA/cm2 . These parameters are more conservative

for good reason; it is because the fabrication-induced parameter variations, the differences between design and

chip, are by far the limiting factor which determines the maximum clock rate of complex RSFQ circuits. Were

it not for this, one could design complex RSFQ circuits which run at almost 100 GHz, today [42].

The correlator is a very simple RSFQ circuit and so a clock rate of 20 GHz is probably possible today

using the jc = 1 kA./cm2 specification. Almost all of the most successful complex RSFQ circuits to date have

been fabricated at the Hypres, Inc., foundry [43]. Hypres is now in the process of upgrading their fabrication

facility and anticipate a 1.0 gm linewidth with jc = 10 kA/cm 2 by Summer 1999 [44]. This should allow the

construction of an autocorrelator clocked at 64 GHz, giving an IF bandwidth of 16 GHz. 256 lags implies a

spectral resolution of 62.5 MHz, and the broad — 600 MHz emission lines expected from protogalaxies at 680

GHz will be easily resolved. It is seen that superconducting correlator technology is an ideal match to the

spectrometer requirements of a protogalaxy search.

VI. GENERAL CORRELATORS FOR RADIO ASTRONOMY

In light of the strong need for greater correlation throughput presented in the Introduction, one asks

whether high-speed low-power superconducting correlators can ever compete with the massive semiconductor

correlators used at radio astronomy observatories. In fact, future plans for RSFQ logic are far beyond the needs

of radio astronomy!
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For instance, a large DARPA-sponsored trial project has recently begun development of a petaflops

computer (10 15 floating point operations per second) based on RSFQ logic, under the title "Hybrid Technology

Multithreaded (HTMT) Architecture." Many believe that this can not be accomplished with future CMOS

technology. One H'TMT specification projected 10,000 RSFQ processors, each providing 100 gigaflops. Each

processor will consist of about 30 chips in a multi-chip module. Each 2 cm x 2 cm chip will have 4,000,000

Josephson junctions (0.8 gm linewidth with jc = 20 kA/cm2), run at a clock speed of 100 GHz, and dissipate 30

mW at 4 K. The plan is to complete this in ten years. Most recent results and specifications are given in [45].

This is a breathtakingly ambitious project. For comparison, one design for the Millimeter Array correlator

requires 204,800 256-lag sub-correlators with a clock rate of 125 MHz [46]. To realize this in RSFQ with 100

Josephson junctions per lag at 125 MHz would require 5 Billion junctions, more than two orders of magnitude

less than the HTMT specification. And of course a 1000 x increase in clock rate would simplify the MMA

correlator enormously.

One can be certain that superconducting correlators will be widely used in radio astronomy long before

other large-scale superconducting digital electronics applications receiving intense interest, such as the HTMT

project; for three reasons. First, there is less competition. A large hybrid autocorrelator can provide a

correlation bandwidth of perhaps 16 GHz using semiconductor chips with clock rate of only several hundred

MHz. It does this by subdividing the input and taking the cross-correlation functions of all the subdivisions.

This means that the complexity of a hybrid correlator decreases as the square of the clock speed, and so

superconducting correlators compete with much more complex semiconductor correlators. Second, the correlator

functions without frequent communication to the (room temperature) external world, unlike the other large

projects. Third, superconducting correlators have the advantage of a much simpler architecture than other large

superconducting circuits, without need of contingent high-speed decisions. Computer circuits are much more

difficult to design and to realize.

Many technical advances will be required before this can occur, in particular a large improvement in

superconductor circuit fabrication. However, any progress towards the HTMT or other ambitious project goals

will require a large investment in Josephson junction fabrication technology, to the benefit of future

superconducting correlators for radio astronomy.

VII. CONCLUSION

Single-chip superconducting autocorrelators can enable large focal plane array and/or very wide bandwidth

submillimeter wavelength receivers for radio astronomy. This is an extremely simple superconducting digital

circuit, the 4 K operating temperature requirement is an advantage rather than a liability, and high-speed output

is not required. In the future, large superconducting correlators may allow the information throughput of

millimeter array observatories to be fully utilized.

Let us define a figure of merit for a correlator chip F = (number of lags) •(clock rate). Then the GBT chips

have F = 128 lag-GHz [46
] . Superconducting correlator chips of this performance have already been

demonstrated [211. In several years it should be possible to realize superconducting correlator chips suitable for

a protogalaxy search receiver (Sec. V), for which F will be 128 times higher than this. The HTMT

specifications (Sec. VI) imply F can be 30,000 times higher than the GBT chips.

The author gratefully acknowledges the substantial contributions of Chris Walker and Tony Kerr to this paper.
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Abstract

We describe the design and realization of a new type of wideband, moderate resolution back-
end spectrometer for heterodyne spectroscopy. WASP, a Wideband (analog) Autocorrelation
SPectrometer, combines direct analog multiplication with transmission line delays to achieve a
bandwidth of 3250 MHz at a resolution of 33 MHz. This combination of bandwidth and resolution
is well matched to the requirements of submillimeter-wave studies of interacting galaxies, active
galactic nuclei and high redshift objects. The spectrometer is compact, low-power (75 W) and
integrates stably for many hours.

1 Introduction
Improvements in the sensitivity of millimeter and submillimeter-wave heterodyne SIS receivers
permit observations of spectral line emission from increasingly distant objects (Brown & Vanden
Bout 1991, Ohta et al. 1996, Omont et al. 1996, Guilloteau et al. 1997). As one moves to
near-submillimeter-wavelengths it is, however, the bandwidth rather than the sensitivity of the
receiver that becomes the limiting factor in observations of several classes of object (eg. Harris
et al. 1991). Spectral line widths are set by physical conditions of the emitting gas within an
astronomical object. Current receivers and backend spectrometers have analysis bandwidths of
1 Gliz. At 1 THz this corresponds to a velocity bandwidth of only 300 km/s, sufficient for
studies of many galactic objects but inadequate for observations of astronomically interesting
objects such as interacting galaxies, ultraluminous galaxies and active galactic nuclei, and more
locally planetary atmospheres. Large bandwidths are also important in searches for molecular
and atomic line emission from objects at very high redshifts (quasars and their host galaxies),
where uncertainties in the optically determined redshifts as well as systemic redshift offsets can
be more than a few hundred km/s. A new generation of wideband receivers and spectrometers is
thus required.

We have designed and built a prototype wideband analog autocorrelation spectrometer at the
Universities of Massachusetts and Maryland. Known as WASP (the Wideband Analog Auto-
correlation SPectrometer). the spectrometer has a contiguous bandwidth of 3250 MHz, with a
modest resolution of 33 MHz. WASP has been designed to match the bandwidth and resolution
requirements of submillimeter-wave and far-infrared line observations of molecular and atomic
gas in local and distant galaxies. WASP will be used in conjunction with the new generation of
wideband receivers to make high-frequency observations of a range of extra-galactic objects. The
contiguous bandwidth is essential for line searches in the most distant objects, where baseline
structure introduced by stitching together narrower band spectrometers can mimic the weak and
wide spectral line emission features that are being sought. Wideband correlators can also be used
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effectively in studies of the terrestrial atmosphere and in interferometer phase correction spec-
trometers (eg. Ruf & Swift 1992, Staguhn et al. 1998), and as cross-correlation spectrometers for
aperture synthesis arrays.

2 Backend Spectrometers
Observations of line emission and absorption at millimeter- and submillmeter-wave lengths are in
general made using heterodyne detection techniques. The down-converted signal may be analyzed
in one of two domains: the frequency domain, where the signal power spectrum S (f) is subdivided
into narrow frequency bins prior to analysis, and the time (lag) domain, where the autocorrelation
function of the signal, 11(7), is determined by multiplying the signal with time-delayed versions
of itself, V (t) .1 (t 7) . The signal power spectrum and the autocorrelation function are related
by the Fourier transform relationship known as the Wiener Khinchin Theorem:

S(f) = f R(7)cos(27r f 7)d7 (1)

The instrument used to analyse the signal is colloquially referred to as the backend, of which
there are several different types in common use.

Filter banks and acousto-optical spectrometers (AOS) operate in the frequency domain. Fil-
ter banks are made up of many contiguous filters, and can have large bandwidths with high
spectral resolution. They are, however, often massive, and can be difficult to stabilize over long
integrations. An AOS is compact, however the bandwidth for a single spectrometer is limited
to approximately 1 GHz. Hybrid spectrometers made up of multiple 1 Gliz subbands are under
development at the University of Köln (see poster contribution by Horn et al. in this volume).

Digital autocorrelation spectrometers (D.AS) are the most common form of backend in use
at millimeter and submillimeter telescopes today. The signal delay and cross-multiplication is
performed in digital circuitry, with the maximum operation bandwidth of a single DAS determined
by the clock rate used. Bandwidths as large as 200 MHz have been achieved (communication,
Lavera), again with larger bandwidths realized by stitching together multiple subbands. Digital
correlators are typically used where high to medium spectral resolution is required.

The recent introduction of wideband microwave monolithic integrated circuit (MMIC) multi-
pliers has meant that wideband analog autocorrelation spectrometers can now be built. WASP
combines the wideband MMIC multipliers with analog delays introduced by sections of microstrip
transmission line. The maximum achievable contiguous bandwidth is set by the shortest length
of delay between two channels, and the maximum response frequency of the MMIC multiplier.

3 WASP: A Wideband Analog Autocorrelation Spec-
trometer
3.1 The Signal Path Through WASP
A schematic of the signal path through WASP is shown in Figure 1. The input signal is split into
two. The two counter-propagating signals pass through anti-aliasing filters and power amplifiers
before being correlated in one of 8 multiplier modules. Each module contains 16 multipliers and
signal delays. The modules are connected in parallel using cable delays, spaced to realize a near-
equally spaced chain of 128 lags. The signal is phase-switched by 180 deg at 770 Hz - synchronous
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Figure : A schematic of the signal path through WASP.

detection is used in the low-frequency signal-processing electronics to recover the multiplier signal,
reducing the effects of drift in the DC electronics. The electrical length of a microwave connector
is longer than the spacing between adjacent multipliers, and so at least two strings of multipliers
are required to achieve equal lag spacing. Each half of the initial signal is in fact further split
into eight to minimize the difference in power at the ends of the modules, the splitters in addition
providing isolation between modules. Given that the autocorrelation function of a real signal is
symmetric in time, it is necessary to measure only either positive or negative lags. An additional
signal delay is therefore inserted in one arm of the spectrometer, placing the zero path difference
lag at one end of the lag chain. A transfer switch and 90 deg hybrid combination is used to change
the phase in one arm, enabling the signal delay at and amplitude response of each multiplier to
be measured.

3.2 The Multiplier Modules

Each module houses 16 MMIC multipliers, spaced uniformly along microstrip transmission lines
(Figure 2). The multipliers are MMIC active mixers (Hewlett Packard IAM-81008), based on
a classical Gilbert multiplier core (Gilbert, 1968). The mixers are consequently good analog
multipliers when LO-starved. Measurements suggest that the multipliers are very linear below
an input power level of -15 dBm, over a power range of least 50 dB power for equal-power signals
as well as power differences of up to 10 dB between inputs.

The Nyquist sampling criterion requires that a signal is measured at least once per half
wavelength. The counter-propagating signals in the two arms of WASP are delayed by equal
amounts at the two inputs of the multiplier (Figure 2) and one quarter of the wavelength of
the highest frequency signal that can be fully sampled is equal to the spacing between adjacent
multipliers. The physical size of the packaged multipliers limits this spacing to 0.265 inches
which, on the 0.05 inch thick Duroid circuit board (€,=10), sets the maximum frequency at
just over 4200 MHz. A short tab extending from the transmission line demarks the position of
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Figure 2: A schematic view of a section of the multiplier/delay chain and the low-frequency signal-
processing electronics.
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Figure 3: A plot of the WASP passband (heavy line) superposed on the passband of the IF processor
(all electronics preceding the 8-way power splitters). A ratio of the two indicates that the response of
the multiplier modules is quite flat, except in the region near 3000 MHz.
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each multiplier. This tab accurately locates one end of a chip capacitor that forms a broadband
resistive power divider that weakly connects the line and multiplier input. The coupling between
the transmission line and the multiplier input is around -25 dB at low frequencies, rolling up by
8 dB at the top of the frequency band. This roll-up, caused by the shunt capacitance in the chip
resistors, compensates nicely for fall-off in multiplier sensitivity with increasing frequency.

3.3 Signal Processing Electronics
Circuitry at the IF output of each multiplier blocks the DC bias level, and then amplifies, de-
modulates and low-pass filters the correlated signal. The resultant DC signal is then digitized
prior to digital averaging in a PC (Figure 2). The whole spectrometer is read out at a rate of
just over 13Hz, keeping the aliased DC noise of the two-pole low-pass filter to below one percent.
This data rate is compatible with those attainable using serial input/output analog-to-digital
(A/D) converters, and requires a clock frequency that is low enough that connections between
the correlator boards and the computer can be made using ribbon cable.

The required dynamic range of the spectrometer readout-electronics is determined by the
intrinsic dynamic range of the input signal, and the internal noise floor of the spectrometer. For
a bandwidth of 3250 MHz and a sampling interval of 73 ms, the minimum dynamic range needed
is just over 14 bits. Further range is required to allow for variations in multiplier sensitivity,
differences in power level along the delay line and to sample the noise more finely than the
minimum level. This translates to a total range of 17 or 18 bits, achieved using the combination
of a 12-bit analog-to-digital converter and a programmable offset (digital-to-analog converter)
(Figure 2). The dynamic range requirement relaxes with increasing lag as the size of the correlated
signal decreases, and so offsets are included on the first 64 lags only.

3.4 Mechanical Structure
WASP is fully contained within a half-height rack. Each multiplier module is mounted onto
a correlator board that also contains the low-frequency signal-processing electronics for all 16
channels. The eight correlator boards are mounted in a standard 3U VME crate which in turn
sits in the half-height rack along with the IF processor, power supplies and the rack-mounted PC.

4 Spectrometer Performance

4.1 Amplitude and Phase Response
The amplitude response of the spectrometer is shown in Figure 3. The passband of the IF
electronics in front of the 8-way splitters (IF processor) shows a fair amount of structure (Figure
3 light line), due in the main to the mixer used to phase modulate the signal prior to correlation.
The multipliers and their coupling circuits also introduce some structure, particularly noticeable
around 3000 MHz (a comparison of the light and heavy lines). This dip in response is seen in
each multiplier, and is tentatively attributed to a roll-off in amplifiers at the LO-input of the
multipliers. Detailed measurements of the multiplier and coupling circuit properties are being
made to investigate this.

The phase response of the spectrometer can also be readily determined. This is done using
two measurements (at each frequency) of the autocorrelation function, with and without a known
phase inserted into one of the two arms of the spectrometer. In an ideal correlator, with perfectly
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uniform sampling, the phase difference between adjacent multipliers would increase linearly with
increasing frequency. In general this is not the case in WASP, as dispersion and roll-off in the
multiplier amplifiers as well as low-level reflections within the module affect the measured phases:
at low frequencies the averaged phase difference does increase linearly, however at higher frequen-
cies, and particularly around 3000 MHz, the phase shift per lag deviates quite markedly. The
Nyquist frequency of the spectrometer, given by the frequency at which the phase change between
adjacent multipliers is r, can be determined from an extrapolation to phase change measurements
made at the low-end of the band. This suggests a maximum frequency of just over 4200 MHz,
above the cutoff of the anti-aliasing filters included in the IF processor.

4.2 Stability
WASP has proved to be very stable, due mainly to the internal phase switching and subsequent
synchronous detection of the input signal. There are, however residual drifts that occur at a
low level. Temperature changes are the dominant cause of drift. In particular, small temper-
ature changes produce changes in multiplier sensitivity and the delays between multipliers: a
change of 4 K in temperature results in a 1% change in responsivity and delay. The modules
are temperate-regulated using heaters, though both the delay change and multiplier responsivity
can be corrected for. The temperature sensitivity of the digital-to-analog converters used to in-
crease the dynamic range of the low-frequency signal processing electronics is a more significant
source of drift. The drift time scales, however, are long compared to typical sky-chop frequencies
used during observing. Again, heaters are used to stabilize the temperature of the programmable
offsets. A small change in the layout of the low-frequency signal processing electronics would
produce an order of magnitude reduction in the sensitivity to temperature.

Very low-frequency noise in the multiplier power supply manifests itself as small offsets in
the measured autocorrelation function. The offset at any time is the same for all channels and
therefore transforms to 6-function at zero frequency, without affecting the power spectrum within
the spectrometer passband.

Long integrations on the noise diode simulating sky-chop observations at 0.25 Hz show that
spectrometer noise integrates down as the square root of the integration time over periods in
excess of 10 hours. These time scales agree with measurements of the Allan variance of individual
channels.

5 The Recovery of Power Spectra

5.1 The Method
The power spectrum of a correlation spectrometer input signal can be obtained by the inversion of
its autocorrelation function (ACF). An ACF that is uniformly sampled in delay may be inverted
using a Fourier transform (Equation 1). The small deviations in sampling caused by phase errors in
the multipliers and dispersion in the microstrip transmission line distort the sampling of the WASP
AU. with the result that a WASP ACF cannot be inverted analytically. A linear technique has
been developed to reconstruct the power spectra from WASP ACFs. Calibration measurements
are made of the spectrometer response to a series of monochromatic signals spanning the input
band of WASP. spaced at 10 MHz intervals. These .ACF measurements are then used to determine
a set of basis functions which are then used to reconstruct the power spectrum. The ACF at each
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lag, R(7), though a function of frequency and non-uniformly sampled, changes very little with
time and temperature, and so occasional calibrations only are needed.

The linear reconstruction scheme is described in more detail in Isaak ., Harris and Zmuidzinas
(in prep.). Nonlinear, iterative inversion techniques are also being developed that will be used
when WASP is operating in cross-correlation mode.

5.2 Power Spectra
A variety of different power spectra have been recovered from various WASP autocorrelation
functions using the linear reconstruction technique.

Figure 4 is the laboratory spectrum of a 1000 MHz bandpass filter and noise source, normalized
by the passband of the spectrometer. The spectrum has a dynamic range of greater than 100 (
20 dB), sufficient for extra-galactic astronomy.

WASP has also been used for preliminary observations at the Caltech Submillimeter Obser-
vatory. Shown in Figure 5 are two superposed CO J = 4-3 spectra of the star-burst galaxy, M82,
taken with the 1000 MHz bandwidth 460 GHz facility receiver. The spectra have been binned to a
resolution of 30 MHz. The heavy line traces the line profile measured with WASP, while the light
line traces the line profile measured using the facility AOS backend - the agreement between the
two spectra is good, and the origin of the small differences between the two spectra is currently
being investigated.

WASP will be used in conjunction with a wideband 700 GHz SIS receiver that is being built
at Caltech. It is intended that the instantaneous bandwidth of the receiver will match the input
bandwidth of WASP. This wideband combination will be used to study the warm and dense gas
in external galaxies.

6 Conclusions
We have designed and built a wideband analog autocorrelation spectrometer. WASP has a con-
tiguous bandwidth of 3250 MHz with a resolution of 33 MHz, a bandwidth that is a factor of
a few larger than other spectrometers. WASP is stable over integration periods of greater than
10 hours, and produces spectra with dynamic range of greater than 100. The spectrometer is
compact, physically robust and, inspite of not being optimized at all for low power comsump-
tion, consumes only 75 W excluding computer. Prototype low-power correlator boards are being
designed to explore the possibilities of power reduction.
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Figure 5: Spectra of the star-burst galaxy M82, taken in the CO(4-3) transition at the Caltech Sub-
millimeter Observatory in January 1998. The heavy line traces the spectrum measured using WASP,
and the light line the spectrum measured using the facility AOS backend: the two spectra show
good agreement. The bandwidth of the spectra was limited by the receiver and IF bandwidth. The
WASP spectrum is an average of two observations, totaling 4 minutes in integration time, and was
reconstructed using the linear scheme. The AOS spectrum represents a single, 2 minute observation.
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