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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 airbome 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 beginin 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 ym to 3 pm, 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 T. 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 (Tg = hv/k) 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) [10-12]. 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 I4., the LO power Pro, the thermal
conductance to the bath G, the resistance R = Vj./I4., and the change in resistance with
temperature dR/dT as [10-12]

_ P Idc<dR/dT>)2 1
W) =mryg ( Gess 1+ (wress)? @

1

= U(O)m)—z,

)
where w 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 f3ag gain = 1/(277ess). Here
Tess is the effective thermal time constant and G.sy 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 by

Tess = Ten /(1 — @), (3)
7 = C/G, (4)
Gess =G (1-a), (5)

_ I2dR/dT (R — R
o= g (RL+R) ©)

B R.-R
= a0 ( M R) ()
2

oo = LT, ©

where C is the (electronic) heat capacity, and R the load resistance at the IF, i.e., the
input resistance of the IF amplifier, which is typically 50 Q. The effect of the electro-
thermal feedback between the electron temperature and the dc bias supply is described
quantitatively by the parameter a. If o is small (due to small current or small dR/dT),
then the effect of electro-thermal feedback is small, and the effective time constant 7.y
is equal to the “bare” thermal time constant 7y,, and the effective thermal conductance
Gesy 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 Ry .
This is the case for the devices studied in this work.
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The factor nyF is defined as

_ 4RRy
nirF = (R+RL)2, (9)

where Ry 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 [10,12]. 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 TrF is given by [10-12]:

1 1
RGorr(l—a) 1+ (wrers)? PF

Tre(w) = (IecTe(dR/dT))”

1
1+ (wTeff)z ’

(10)

=Trr(0) (11)

where 7;F is the IF mismatch factor in Eq. 9, and T, 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 [14,12]:

_ 1 14 (wren)?
Tionn =T a- a)2 (1 T (WTe_ff)z NIF- (12)

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

Trr(0)

Toul) = Toomn ¥ T (orer )

(13)

8. Mizer noise

The single-sideband (SSB) mizer noise Tryiz = Tout/n 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]:

272G 2RT,G?

Tnia ()(SSB) = B2~ + Frogz o (14 @res)?)- (14)

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
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by 3 dB) is not necessarily equal to the noise bandwidth, f3ap noise; which we define as the
frequency at which the mizer noise increases by a factor of two. In fact, using Eq. 14, it is

simple to show that [15]:
f3aBnoise _ | Tyonn + Tr(0) (15)
f 3dB,gain TJ ohn

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 ITA as an approximation to expected
device performance.

The impedance of the device at frequencies above the energy gap frequency (=~ 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 T, 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

T.(z) =Tb\/1+%(1— %) ;—}Z. (16)

Here P is the power dissipated, T; 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):

1The 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 T,(z,t) and find
for a time dependent input power given by P(t) = Py+ P, e** that the electron temperature
averaged along the length of the device is given by:

< Tu(z,t) >p= T, + BIE (18)

iwt 8 7o oo 1 1
+e P“’? C n=0 (2n+1)7 1+iwrs ’

where C is the heat capacity (the specific heat ¢ times the volume), and 7, is defined as

L2
n2D(2n +1)?’

1l

Tn (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 Py
<Te >p= = . 20
Thus, the resultant ”effective” dc thermal conductance is given by
LTy
G= E]ﬁ (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

LZ
Th = 5 (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 7, = C/G; 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 T._pn When the bridge length is equal to wL._p,. Therefore, the crossover from
phonon-cooled to diffusion-cocled behavior occurs at L = wLe—pp.
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3. Spatially distributed temperature fluctuations, no electron-phonon interaction

In section IT 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-
tem, fluctuations in the flow between nearest neighbors are postulated, and the magnitude of
forcing function must be calculated. A generalized Langevin 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:

2 4kpT? *f 1 1
- — 2n+ 1) 1+ (wmn)?

n

(< 0T (z,w) >z)

o 72 (23)
C’s
This equation was derived when no external power is applied, so that T, 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:

_ 4kpT2 _ 4kpT?
Clisp LT/

Iim (< 6Te(z,w) >x)2 (24)

Thus, the lumped element prediction for the thermal fluctuation noise (eq. 10) can be used,
provided the dc effective thermal conductance of LT/ £ (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 = A(TY = Tpp), (25)

where p,y: is the electron-phonon power flow per unit volume, and A = 1 —
2x101° W m=3 K~* for D = 1 cm?/s.

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, ie—pr. For
devices much shorter than wL._px in the presence of weak ac heating, a lumped element
is a good approximation, with a single time constant of L?/72D. 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
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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; o 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 o 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:

@v/dl)-R _

2 — T2 _ N =
I3.dR/dP = 1.(dR/dT)/G = (7 TR

(26)

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

Pro ag 1
= 27
U(WIF) ) Pdc (1 — a)z 1+ (wIFTeff)2 NIF, ( )
2 2
Tout = Te ¢ % 1 (28)

Pie 1-0a)?21+ (WIFTeff)2 ME-

The values of Py, Pro,G, and T, 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 T, = 5 K, transition
width AT, ~ 0.5K, and sheet resistance ~ 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 um. 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.
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TABLE I. Device geometries and dc resistances.

Device: Length Width Ry dR/dT®
(um) (um) () (Q/K)

A1 0.08 0.08 56 140
A2 0.08 0.08 56 -

B 0.16 0.08 80 200

c 0.24 0.08 9 250
D 0.6 0.2 93 -

E 3 1 86

2For this table, dR/dT is evaluated at the steepest point on the R vs. T curve.

Resistance (€)

100 T l l
IDevice CL=0.24 ym |
80 b= g : ]
| Device B L=0.16 pm|
60 :
_ Y
40 .__ N S p—
20 : :
Device A1 L=0.08 um
o A
40 45 5.0 55 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 Q microstrip, using a “fip-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 T, 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 mizer
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 mizer 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
low, = 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
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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 | n(0) (277en) ! (GHz) Trr(0) (K) Ts (K)| Noise BW| Tmiz (0) = Tou: (0)/2n0(0)
from fit of from fit of from fit of
(um)| (dB) | n(f) to Eq. 2 Tou:(f) to Eq. 13| Tou:(f) to Eq. 13 (GHz) (K,DSB)

Al 008 -5.6 >6 2.3 49 25 >6 120
A2 0.08| - >6 - - - - -

B 016 -11 2.4 1.4 34 23 3.9 320
c* 024 -8 1.5 - - - - 200
D 06| -4.1 0.3 0.13 262 19 0.73 120

E 3 | -2® 0.08 0.13 223 8 0.75 530
AT 008 -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 06 |-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.
®The 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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conversion efficiency and output noise based on Eqs. 1 and 10 was calculated for each
device by using the maximum value of dR/dT measured with small bias current and no LO
power. This method is expected to predict an upper limit for 7 and TTF since the electron
temperature may not be at a point where dR/dT is maximized under operating conditions.
A "local” value of dR/dT can be estimated by inferring the electron temperature from
R = V. /14, and evaluating dR/dT 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 7 and T, directly
from the measured I-V curve was described in section IIC. 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 o and ag, 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
(v DTee, with 7! 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 dc bias using method 2 (Eq. 26) for all the devices studied in both the optimum
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efficiency and overpumped 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 T, devices made of Al may have improved
performance.
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TABLE III. Predicted and experimental conversion efficiency and output noise; top half: opti-

mum efficiency case; bottom half: overpumped case.

Dev. 7(0) (dB) Tout(0) = Trr(0) = T (K} ®
calc. from calc. from expt. calc. from calc. from expt.
eq. 1 eq. 27 eq. 10 eq. 28
max./local max./local
dR/dT used dR/dT used
A1P +1.0/-5.3 -17.5 -5.6 237.5/60.5 9 37
B +0.2/-3.2 -7 -11 389.5/180.5 78.5 31
(o] +0.7/40.2 -9.4 -9.9 671.5/223.5 20.5 44
Dc +0.3/- -0.5 -5.4 365.5/- 179.5 118
E° +0.3/- 0.0 -8.6 695.5/- 409.5 105
A1P +2.3/0.0 -31 -7 165.5/91.5 5.6 14
B -2.2/-4.0 -17.2 -13.5 115.5/78.5 9 14
C +0.7/+0.2 -13.8 -12.7 330.5/145.5 7.8 17
D¢ 0.0/- -8.8 -10.4 92.5/- 17.5 26
E® -7.0/- 3.7 -20 42.5/- 83.5 10

2A value of 5.5 K was assumed for T in the theoretical prediction.
®The 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 IV. Device parameters; top half:

optimum efficiency case; bottom half: overpumped case

Dev. Vie Py, Pro dR/dT G* @ a nIF
(mV) (nW) (aW) (2/K) (nW/K)
loc./max. Exp.(thy.)
Al 0.45 9 13 68/140 40 (29) 0.16 0.06 0.86
B 0.35 5.5 5 135/200 30(20) 0.56 0.22 0.85
C 0.46 6.4 8 144/250 -(17) 0.41 0.086 0.95
D 0.38 5.6 15 -/250 ® 44(-) 0.66 0.24 0.87
E 0.65 39 85 -/250 520(-) 0.71 0.46 0.58
Al 0.5 9 26 103/140 40 (29) -0.025 -0.007 0.92
B 0.25 2.3 10 163/200 30(20) 0.095 0.028 0.92
(o] 0.4 4.3 16 164/250 -(17) 0.15 0.021 0.98
D 0.23 1.9 30 -/250 48(-) 0.13 0.037 0.92
E 0.2 2.9 170 -/250 520(-) 0.13 0.076 0.68

*Measured value at 6 K or 6.5 K extrapolated to 5.5 K. (Theoretical value calculated using
LT/(Rnx/12).) G was determined experimentally using noise thermometry measurements in the

normal state.

®Not actually measured. Estimated based on device C, which has the same normal state resistance

as devices D,E.
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Abstract

Phonon-cooled superconductive hot-electron bolometric (HEB) mixers are incorporated in a
waveguide receiver designed to operate near 800 GHz. The mixer elements are thin-film nio-
bium nitride microbridges with dimensions of 4 nm thickness, 0.2 to 0.3 pum in length and 2 um
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 pW. 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 submillimeter 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 Q.

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

! present address: Caltech 320-47, Pasadena, CA 91125
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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 Q. 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 pm wide and
0.3 um 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'. The
best noise temperature at 780 GHz is 850 K, where we estimate that the conversion loss is
14 dB and that T,,;,= 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 NbN-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 uW. 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 €, 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 dB, 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 nW of power incident on the receiver
within a bandwidth given the IF bandwidth. In terms of load temperature, this represents
~5 x 10* 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 ~0.1 uW. 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 run 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 Q. The receiver IF bandpass is
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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 convemntional 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 1. Current-voltage characteristic of a mixer 2 mm wide and 0.3 mm long meas-
ured at 4.2 K. At an LO setting of 780 GHz, the receiver noise temperature is 850 K
(DSB). The operating bias point is 0.7 mV.
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IF. The slight rise at 1.7 GHz is due to the response of the isolator following the
Iixer.

42



CO(7—6) in IRC+10216
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Figure 5. A five-point map of IRC+10216 in CO(7-6). The LO frequency for this
measurement is 805 GHz. Each panel represents a spectra taken at different sky offsets
from the central position, and within each panel, the amplitude is given in antenna
temperature and the frequency span is about 100 MHz.
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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 ~3.5 nm) NbN 1.5 um wide and 0.2 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 1200K (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 PLo~1 uW. The latter type of HEB mixers
showed a noise temperature of 650 K (533 GHz) [8], 1880 K (1267 GHz) [9], 2700 K
(2.5 THz) [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 kinds of mixers was the
order of magnitude of their local oscillator power. A lower P o 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 P o 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
Pro 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 um. A decrease in the optimal P o 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 P o for a NBN
film of 1.5x0.2x0.003um’ 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 HEB
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 HEB 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 pm 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 um by 1,0-2,0 um. 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 final 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 um
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-um-thick Mylar
beamsplitter. For dc bias and IF signal output the device is attached to a coplanar 50 Q 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 T; 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 «=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:

a
P, = a_l(Isz-IxV‘) ey

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}V, and LV, products prove to be utterly insufficient.
Calculations by (1) yield an absorbed optimal P o of 20nW, and for the given working point
of the mixer Pg. =IyVo= 15 nW (fig.2). It should be emphasized that the dependence of the
noise temperature of the receiver on Pio and P4c over quite a wide range is very weak. This
can be seen from the same figure, which also shows the dependence of T; on bias voltage. The
bias voltage may vary from V=0.3 mV to Vy=1.5 mV, while T, 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 P o. Here, P o 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, 12]. In this case, for NbN

Pac+PLo=AV(0*°-T>9), @
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where A=Ce(T)/3.67epn(T)T>°~3-10* W-cm K™ for NbN, V is the NBN film volume, 0 is the
electron temperature. Assuming that T.=8 K, we will obtain P4+PLo=36nW, while
experimentally assessed values of P4c+P o may vary from 25 to 55 nW without any significant

increase of T;.

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, T; 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 T{(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<2A 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 final 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 T, 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 IV-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 pA (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
Pou for hot and cold loads (after amplification they were 102 W and 85 pW, respectively),
another two values of Pg for two different local oscillator powers, one being optimal for
conversion gain (Po,=102 pW) and another one, reduced by a factor a=0.8 dB (Po,=88 pW).
These two states of the HEB 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 varies only a little from point 3 to point S (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, value at point 4 in Fig.2 as
100 uW. 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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Fig.1. SEM photo of the 0.2 pm by 1.5 um NbN HEB device integrated into spiral
antenna.
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Fig.2. Unpumped and pumped IV-curves at 880 GHz and the receiver noise temperature

versus bias voltage.
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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
faﬁ an intermediate frequency of 1000 MHz with a 50 MHz bandpass

ter.

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
fi = %2 is set by the energy gap of niobium A(Nb) =~ 1.4 meV. The higher
energy gap of NbN A(NbN) ~ 2.4 meV suggests to employ NbN junctions

*email: roesch@iram.fr
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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 7, 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 THz 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)

54



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 CF 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 um and was chosen to match the resistance of
the antenna, which is as low as 100 2. 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 um long. The width of the microstrips is about 1 um 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 uW in the range from 798 to 813 GHz [15], which
is superposed with the signal of the load using a 19 pum polvester foil as
beam splitter. The intermediate frequency (IF) signal was matched to the
50 2 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 Ekstrém [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 I/V curve which has the typical hysteretic behaviour is not
shown in the figure. The critical current for increasing bias voltage is 230 uA
and the drop-back current for decreasing bias voltage is 70 uA.

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 w3y = 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
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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 [17]. 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 nm) microbridge 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.

L Introduction and motivation

The increasing demand for sensitive heterodyne receivers in the terahertz frequency range has
largely stimulated the development of hot electron bolometer (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 [1-5].

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 ie. dR/AT =
RN/AT., where Ry 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 AT, 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 I we give an overview of device

! electronic mail: wilms @phys.rug.nl
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fabrication, DC characterisation and heterodyne performance. In Section IIl 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.

I1. Device fabrication and characterization
IILLA  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 um 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).

II.LB  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 HA) 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 AT, never larger
than 0.1 K.

II.C  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 Q. 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 pum thick Mylar beamsplitter.

Fig. 1b 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, comresponding 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 IV 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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Figure 1: (a) Resistance as a function of temperature of a Nb HEB.

(b) AC IF Output power as a function of bias voltage with hot and cold loads
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 1):

¢y

TM=TRF+TWX +—T“’—-.

with Tgg, T, and Ty the noise contributions from the RF-optics, IF amplifier chain and
bolometer mixer, respectively, and Ggr, G and Gux 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
ie.Ry~50 Q.

RF Optics IF Chain HEB Mixer
Gain -1.1dB 80dB -24 dB
Tn 24 K 32K -
Table 1: Gain and noise contributions of the RF optics and the amplifier 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. 1a). 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>A are injected as quasi-particles, whereas Andreev reflection
occurs for energies E<A.

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 microbridge 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 Andreev 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 T, the energy gap A 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]:

=2 @

Here Q’ is the excess charge and Ny 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

4kT
. = . 3
T (T) [n AT }rm 3)
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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 1¢.¢ is the inelastic electron scattering time at the Fermi energy. The associated diffusion
length is given by

A, (M= D1 o @, 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 Tg- is independent of
position, this leads to the following differential equation [13]:

AW, () =K M, (0-p, )
dx? Ay (DY

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

and x=L:
d(.u,,(X)—us)I _de (6)
dx x=0,L c

Here o 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

_2F (TR, _ L |l..af L .
R‘bridge (T) = _—‘—'w AQ' (T)[l COSh[ AQ_ (T) Hsmh [—AQ, (T) ] ™

Ry, 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]

(1g)" =10°RT. ®

67



Resistance (a.u.)

Termneraturs (K\

Figure 4: Normalised resistance as a function of temperature for a Nb HEB. The calculation
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. S.
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 T. in order to make the comparison more straigthforward. T. 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 T., 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, one might expect a slower

1 10
—R(T) Measured | | e Bridge length = 160 nm

2F R(T) Calculated 08k — Bridge kength=1500nm_
~10b Bridge length = 160 nm g
g s
8 sh ‘§ 06
g &=
@ =
g 6r &
K] g oer

4t §

N o2 . .

[ @® ®)
046 48 50 52 54 56 58 60 075 080 085 090 095 1.00 105
Temperature (K) T,
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 T, and to the normal state resistance.
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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 1.e. AT. = 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 microbridge 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 microbridges 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 microbridge is much smaller than the
bridge length (§ ~ 6 nm << L ~ 200 nm).

The length of the hotspot Ly 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:

T ¢

—KEXT'F—L(T—T»,):J'ZP (for Ixl < Ly) )]
e-ph
and
2
_K_‘?_'f.,. Ca_(T-T,)=0 (for Ixl > Ly) (10)
dx c-ph

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
ce 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
n= (D're.ph)m, 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
n/L<1, whereas diffusion to the normal conducting pads is the dominant relaxation
mechanism when 1/L>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

R R
AR = [—“;)ALH - (—s")(gL—“)AP. an
w w dpP

Here Ry is the square resistance of the microbridge, Ly 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

s=1(ﬁ)= (Rw)(h), (12)
AP \ dp
where 1 is the bias current.

We have calculated S(V) on basis of the heat balance equations given by Egs. 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, n/L<1) and short (200 nm,
1n/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 aP;o. 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 I(V) curve. The calculation is performed in
case Lyrigge = 1000 nm (1YL < 1, phonon-cooled) and Lyne, = 200 nm (/L > 1,
diffusion-cooled).

of the bridge which is in a superconducting state. Consequently, a term (1-a)P o 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 find 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) is
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 pm 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. HEB 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) [2].

* Electronic mail: karasik@merlin.jpl.nasa.gov
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In addition to the noise temperature, the local
oscillator (LO) power and the mixer IF
bandwidth are the
which must

most  important

characteristics 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,-
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
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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 lengthL>,/D7,_, (D is

the electron diffusion constant, 7,, 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), 7,,, must
be much shorter than the phonon-electron
energy transfer time 7, , =7, ,c,/c, (¢, ¢,
are the electron and phonon specific heats
respectively). At helium temperatures 7,,<7,,

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

7,,>7T,, is typical for conventional low-T.

superconducting bolometers which are not used
high-T,

superconducting HEB mixers (more details on

as heterodyne mixers, and for
the latter case can be found in [3]). For
operation of the low-T_ hot electron bolometer

as a mixer one should avoid this situation and
make sure that 7,<<7,,. This case was

successfully implemented in Nb films with
thickness d<10 nm [4,5].
electron-phonon time in Nb is too long to be

However, the

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 Ty, = I’ / (zzD),

where L is the device length. This expression
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Fig. 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 LO
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 7, 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 cm?/s [8]. For a

100-um-long device, the electron-phonon
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Fig. 3. The crossover from phonon cooling to diffusion
cooling in NbC HEB devices of Ref. 8. The data points
following the T~ 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 T~ 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 the diffusion constant
D > 1 cm?/s. For smaller diffusivities, the

when

device length needs to be less than 0.1 pm in
order to provide a practical (ie: > 1 GHz)
bandwidth. Such short device sizes are difficult
to achieve. Fortunately, there is a variety of
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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], Santhanamé&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 NbDN
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 range 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 cm?/s. Many data points have
been obtained for Nb microdevices with
D =1-2 cm?s. The data for the devices of
different length made from the same film
approximately follow the expected L2 as
shown in Fig. 5. This dependence was
previously shown at microwave frequencies
below 20 GHz [.19], and we show here the
first confirmation at submillimeter frequencies.
Thus for L =0.1 um one can expect a
bandwidth of 10 GHz or greater.

For D =10 cm%s (a typical value for
aluminum) and L =0.1 pum, 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 um 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, (p”’ = N,’D) 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 rf
embedding circuits.

Niobium nitride is the only material which
has a short enough electron-phonon time and,
therefore, is useful for fabrication of HEB
mixers. There is indirect evidence that the
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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 7,

= 13 ps [20] is verv short

and since ¢, =0.3¢, the phonon-electron

relaxation tume [

thinnest NbN films used in the recent
experiments [20.21] the phonon escape time is

=40 ps. Even for the

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 Topr
1.e. 4 GHz instead of 10 GHz. This situation
can be adequately described by introduction of
both
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 cm®/s.

electron and phonon temperatures

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 crtical current density.

Under these circumstances assuming that the



device operates at temperature 7 << T, the
SSB mixer noise temperature, 7,,, is given by

the following expression:
Ty = (n+2)T, €))

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: » = 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, ~v/kg, to the

limit of Eq. 1. As a result the difference in Ty,
between Al and NbN HEB mixer becomes
smaller but is still significant.

1000
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10

Iod.3.331

Frequency, THz

Fig. 6. Theoretical noise temperature limits for different
mixer materials. The dash-and-dot line is the quantum limit.

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 NbN [20,23]:

Po=cT)VT T, ) [nT 7, (T,)] (2a)
cATJVT T, ) [nT 7, (T,)]=

AT /7 (T, T). (2b)

For a diffusion-cooled HEB mixer {24]:
P, =4L4T2-T°)/R, (3)

where R is the device resistance, and L is the

Lorenz constant.
The results of calculations using Egs. 2

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

R =20 Q for diffusion-cooled Al, Nb and
NbC bolometers and V = 0.15 (length) X 1.5

(width) x 0.003 (thickness) um’® for an NbN

phonon-cooled bolometer.
A further reduction of the local oscillator
power might be achieved in a
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g \

<) Al

o NbN

o 10 N
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Operating temperature, K
Fig. 7. Local oscillator power for optimized diffusion-

cooled (Nb, NbC and Al) and phonon-cooled (NbN) HEB
mixers.
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phonon-cooled mixer by reduction of the
volume. However, in the case of NbN, 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

temperature. For T°<<T, P, o T, and one

can see from Fig. 7, that Al with its low T, (=
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 TRADEOFFS

above
considerations, for a phonon-cooled HEB
mixer, the IF bandwidth depends on the

As can been seen from the

electron-phonon interaction time which 1is
temperature dependent. Since a material with a
relatively high T such as NbN is required, a
bandwidth higher
temperature (Eq. 1) and higher LO power

wide means noise
(Egs. 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 T. materials, such as Al, can

be chosen to reduce mixer noise and LO power
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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
needs of practical

to meet the various

regards to LO power,
HEB

devices with lower critical temperature may

applications in
bandwidth, and noise. Developing
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

demanding 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 HEB detailed understanding 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 strong 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 signal 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 HEB. Karasik 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 unpumped 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)
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Unpumped current-voltage characteristic (device #9 from UMASS) for

different f£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 S1#5) for different £ilm
temperatures. The iv-curves for lower temperatures (<7.6K) show a
negative differential resistance. In the bias wvoltage 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 230Q

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:S1 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 S1 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 S1 , belongs to the
current-voltage characteristic shown in Figure 1) for different £ilm
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 £ilm
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 /
one obtains the following decomposition:

R(T.1,p)=R(T, I]p_0+2—-'p —R(T I.p),,=R@.I),,+AR(T.1.p)

In Equation (1) the cold resistance (obtamed for p=0) is separated in a “current free-cold” resistance and a.
“dynamic resistance”.

R(T.I),,=R(T) L., +RIT) e)
In the subsequent text the following terms for resistances will be used:

R(T.I Xp o = Reu (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(TXFO o =Rr T) 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.

R(I ;TXFO =R,(I;T) 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.

AR(T, I, p) denotes the resistance change due to self-heating. 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 Ry, to Ry; 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,,. This mixed state is stable until the voltage exceeds
the voltage for which the critical current is driven even for the higher resistance Ry;. 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 [S], [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.

U =R

I,=R

s B 1-| — 3)

cl ‘uo T
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.

¢, Meissner pad :

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 filma
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 BS in Appendix B) the following relation must hold:

2
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=—— .| ZLondon

Ry orrex (I ¢,PSL ) - 4 2 I @

: 5 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:
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(5)

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 superconducting film will 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’ Sau
Ucps = (Rpad '*'RPSL)'Ia =(Rpa.r." '*'RPSL)'Bcz 'Z: 1"!\_)' ©)

[

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:

=3

-1, m
Re o =Ry 152— —r @)
1 I,-1 cl. fiim /I
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.

2

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):

Rpad UcMeissner > U
R ' (U T.T )_ R R U _Uc.Meismer >U
cold sdsds )™ pad + PSL” UC.PSL > U = Y ¢c.Meissner (8)
Uc.PSL - Uc,M:issnzr
R, + Rpg U2U, s

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 long [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:
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RT = aﬂuxcreep : RN € o7 (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 .

Olnuxcreep [1] RN[Q]  Te(dipstick) [K] AT [K]

CTH, S1 6.6 0.5 270 9.9 0.425
UMASS #9 16.0 1.2 185 9.0 0.43
CTH, C2#]1 6.2 1.0 150 8.5 (fromiv-curve) | 0.5

Table 1l: 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 vanishing 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.

M A T H T T T L 1
[ R(T;v=0) UMASS#9
i
100 J
b 3
r 1
1
J
S
E 1
s
.é
= 10 - -_'
j
s R Expu>uc.psl
- ——o— R Theory
o ------ R Exp. u<uc,psl
1 1 ! ! |
4 5 6 7 8 9
Temperature [K]
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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U2

c¢.HotSpot

RPSL -b- [TY - Tst:rmre] =0 (10)

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

2bR & (

¢, HotSpor =2 l

U 7;7 - st:rrarr ) 1n

Sfilm

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

Film Temperature UcHotspot(Tc=7.7) Measured UMASS#9

42K 9.503mV 9.6mV

45K 9.325mV 9.0mV

5.0K 8.942mV 8mV

6.0K 7.730mV 6mV (+/- 0.5mV)

7.0K 5.395mV SmV(+/- 0.7mV)

Table 2: Theoretical and measured critical voltages for hot-spot gemeration 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:

2

C'I};""”‘" -b- [TY - ];stlmle] =0 (12)
Uc‘NarmaI =2 ?R" (1’;7 - T:Zb:traxe) (13)
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:
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Simplified model for typical mixer applications

Operating a HEB mixer in the hot spot growth region one typically finds resistance-voltage 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 prolong 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 :

7-T,

R(V,T)=aﬂmmp-RN-e—F+B-V-(TC +—;-AT—T) (15)

The values for the parameters Cf.cre,, and J are listed in Table 1. Here 0., denotes the efficiency to unpin a
vortex in the film where S 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. Extrapolating 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 9.1K. 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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theoretical: empty circles) and CTE S1 (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 NbXN bolometer
strip are listed for 42K 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.

Q Q i _
4 3 O S d

L, (Equation 3) | 194.2 uA 96.0 uA 95 pA

Uc Meissner (Equation 3) 10.8 uV 6.2uV not observable

Ucps. _ (Equation 6) 162.2 uV 91 uv 0.1mV

U Hotspor_(Equation 11) 11.94 mV 495 mV S mV

Uenormat (Equation 13) 168.9 mV 59 mV >55mV

Table 3: Theoretical critical currents and critical voltages for vortex flow,

phase slip line and hot-spot formation for the device CTH: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” heating 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 throughout 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 coupling 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 Il 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.

B,. X=B

ourer inner

=N, -(11-2) (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
(1+%) po=n (a2)
one obtains for the magnetic flux density and the magnetization in a demagnetizing geometry in terms of the
applied field B,,,:
1+
B, E—

= . A3
nner = Bagp T+ 7-N (A3)
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M=B,, — —5— (A4
oy l+x-N )
A type II superconductor in Meissner state is a perfect diamagnet with 7 = —1 if the inner magnetic field does
not exceed the first critical magnetic field

<

Y- H,,., = ]uo : Mi <B, (AS).

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 demagnetization facior normal to the film
surface are almost unity. The magnetization in the material sample for a film with the thickness d and width w
becomes then:

2w

1
M=-B_-——=-B_.=Z
.uo app 1- N app de

In ultrathin and wide films the magnetization and the inner field strength reaches very big values. The applied
field needed to reach the critical magnetic field in the film is reduced by 1 - N .

(A6)

B

cl.demagnetized

=(1_N)Bcl ﬁBcl‘lem =B W

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.

cl

nd
—2-— << Bcl (A7)

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 magnetic 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 assuming a square law temperature dependence of the critical fields [5:p.52 ]

) 7T d
Icl.ﬁlm =7 'BCLOK (1-[7} ;;' (A8)

c

This current is obtained by the current where the unpumped iv-characteristic departs from the pad resistance line.
Sometimes the superconducting part of an unpumped iv-characteristic looks like a parabola. This is attributed to
a transition resistance between the normal conducting 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 whgre
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, < B\ pim
1
x= -1+i_-—3“‘ﬂz B,, <B_<B (B1)
j Bcz _ Bcl_ﬁ[m cl. film app — “c2
0 B, <B,

\

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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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 ( y > —1) divided by the flux quantum. For fields not

exceeding the upper critical field one obtains for the number density of vortices:

O Bapp < Bcl.ﬁ[m
— B -
n= app X 1 (B3)
. + B B
1o - @, (1+x~N I—N) etfim < Bapp

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:

B.ou ?
ICF1=27M§£]—2M7T-‘(1' 1_[1} (B4)
H,y Ho

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):

Bapp < Bcl,ﬁlm

n=< B, x(8,,) 1 (BS)
R = + Bcl,ﬁlm < Bapp
#O'QO 1+X(Bapp)'N I-N

=)

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:

% i

vortex flow saturation 2
4mg

Applying a relation between the transport current and the applied field the resistance due to vortex flow can be
calculated.

(B6)

=n-v
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ABSTRACT

A novel concept of the normal-metal hot-
electron bolometer using capacitive coupling
of the absorber to antenna (NHEB-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 3x10"® 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™ 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
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normal metal strip at low temperatures (so
called “hot electron effect”™) to produce a large

mirrar (NbY/

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, for small
absorbed power P
g 1/
Te = (T3, + £
D 2

5

£}

where V is volume of the strip, X is material
constant and T, is 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.
1b).

The NHEB-A technology brings possibility
to fabricate the sub-mm wave receiver for
space applications with a noise equivalent
power NEP about 3x10"'® W/Hz™ at 100 mK
and 3x10"" W/Hz'” at 300 mK with a time

constant better than 20 us [2]. However, the
Andreev mirrors could give certain
frequency limitation for using this



bolometer. The problem can arise for higher
frequencies when the photon energy hf
becomes higher than the energy of a

superconducting gap A [5] as it is
demonstrated in Fig. 1b . For example, the

Nb gap A=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 L,

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 2A. 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
microbolometer 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
R, = 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 um®. 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

T = e-(Uo- bf y2q
and for typical d=12 A and U,=2eV,T=
4x107®. For all frequencies with energy hf
well below the height of the 4potential barrier
U, (corresponding to 5x10'* Hz) the
transparency will be negligibly small.

In such realization, we keep the main
advantage of the NHEB technology - very
small thermal conductance between electrons
and phonons due to the small volume of the
absorber (typical value of G is 2x10™° W/K
for T=100 mK) 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
asignal 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+¢)]1/2
where € is dielectric constant of the substrate

[7]. For Si substrate Z,_, = 80 Q2 .

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 =Z.+Z, + Zabs ’

where Z. is the impedance of two coupling
capacitances

Z. = (2/joC),

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

Z.= 2x107jol [In—L— + 1.19 +0.22 (£ * U
(w+t) 1

where 1 - length, w - width, and t - thickness
of the absorber. For typical parameters of the

absorber [2,3]: 1=6 um, w=3 um, and t =
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0.05 um,- one can get for inductance
component:

Z, = 8x10" jol,

with a length of the absorber 1 in um.

Taking into account that the log-periodic
antenna has a real impedance Z_,. there is an
optimal way to compensate the inductive
component Z, by the capacitive component
Z.. For typical length of absorber 1= 6 um

[2,3], the estimated Z; is 30 Q. For
compensation Z,, the capacitive component
Z.=1Z, 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 um®.

As aresult, 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-layer technology. 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 2'?)
that is important for the amplifier-noise
limited bolometer.



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.

Hot electron
resstor (Cu)

~ L~
SINjunctions with
Gapacitance C:
Z=1&C<Rpes
()
\J

SIN junctions Absorber
“Ge-ph

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

kQ) is considerably higher than the

resistance of the absorber (=80 Q) 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 NHEB-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, 1.
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;
Kawamuraetal., 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 t0 0.75 THz, 1.56 THz, and 2.52 THz. We have measured a DSB receiver noise temperature of

5,800 jmg 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

NbBN 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 3.5-4 nm. The films used in thease measurements have T_ =7.5 - 9K, the
transition width is about 1 K, and the critical current density is 2 x 10° A/cm?.

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 of ten, 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 nm 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

Silicon
Substrate

Silicon
Lens

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 nm. The lens is attached to the silicon substrate using purified bees wax. The
final dimensions of the device strips are about 0.6 . long by 1.0 p 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/semirigid 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, laser
pumped FIR methanol laser as the LO source. The laser setup is illustrated in Figure 4. Mylar beam split-

R Silicon Lens
3.mm

@ (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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Pedestal . Amplifier -

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 THz were also performed at Chalmers Uni-
versity in a setup which used a BWO as LO source and a 12.5 um beam splitter . The experimental arrange-
ment was as described in [Ekstrém et al., 1997].
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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. [Kormanyos 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

(dB)

FGH) | Tg® | T,® | T,® | T,® | L, L @B L., @B
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 i 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
be 0.155 dB +0.03 dB, which yields a DSB receiver noise temperature of 5,800 :iggg 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 FTS polarization, and (b) per-
pendicular to the FTS polarization.

the optimum operating point ( 0.97 mV, 38 pA), 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 & 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 etal., 1998]. Itis 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 I). The exact shape of the I-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 THz 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 (Kroug 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:

e Submicron size is not required

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

e LO power 100 nW, smaller for submicron devices

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

e 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 pm) and
low normal resistance (43 Q), 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 airborme (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,
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namely its high resistance (140 Q), 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 um long and
0.15 pm 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 . Fig.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 Q. The critical current of the device was
200 pA 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 Q
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 Mylar™
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
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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 Zitex™ 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 defined
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.
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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.
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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 detecting 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 MHz 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

Transmission (Linear Scale)

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.

Fig.7 shows three IF spectra, where the
1102.115 GHz 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
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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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Intermediate Frequencv_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].

T T T T T T

“Calibrated” conversion efficiency

IF System Gain Calibration

1 1 !

1.1 12 1.3 1t4 s 16 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.

119

Summary

Receiver noise measurements have been made
with a niobium hot-electron bolometer,
vielding 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 pW 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 (THz) 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 (HEM), 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
Yba;Cuz07.5 [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 NbN 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 um thick Si substrates by magnetron
spattering of Nb in the atmosphere of Ar and N; a 0.3 um 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)]*° = 75 Q (¢ = 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 Q for
device #1 and 320 Q 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 ®, 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, ~100 mm?, 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 uW 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 N, 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 N». 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 Q at bias voltage below 1 mV to about 30 Q for device #1 and 60 Q for
device #2 at a bias of five millivolt. We apply the constant dc resistance at small bias
voltage, R, to a dc series resistance of the bias tee (3.8 Q) 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, PLo, 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 Ry when calculating Pio.
Optimum LO power for device #2 (130 nW), was 6 times lower compared to that of
device #1 (0.8 uW), 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 Mylar. The lower noise temperature of device
#1 may be explained by a smaller normal state resistance, resulting in a smaller rf
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 rf and IF
impedance would result in even lower noise temperatures.

Table 1. Rf losses

Element Loss (dB)
Device #1 Device #2
Beam Splitter (wire grid) 35 -
Beam Splitter (Mylar) - 1
Black Polyethylene filter 0.5 0.5
Reflection at Si surface 1.5 1.5
Absorption in Si 04 0.4
Rf mismatch 04 2.1

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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Fig. 2. Radiation pattern of the hybrid antenna at 0.97 THz.

126



Proc. 9 Int. Symp. On Space Terahertz Technology, March 17-19, 1998

CA, Pasadena
BWO
Si lens
290K 77K ! Sensitive
Black TPX lens Black : /element Dc Bias
Body Polyet\hylene ! / A

Bias Tee

Beam
Splitter

/ Lock-in Amp. i
\ Chopper H‘ :
<
90K Golay )
Black Absorber Cell Detector or
Body Dc Voltmeter { Rt

Fig. 3. Block diagram of the experimental set-up.

127



Proc. & Int. Symp. on Space Terahertz Technology, March 17-19, 1998

200

CA, Pasadena

150

100

Current (mcA)

50

T

LO on

120

2 4 6
Voltage (mV)

10

100+

80

60+

Current (mcA)

40

20

LO off

LO on

2 4 6
Voltage (mV)

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.

128



Proc. & Int. Symp. on Space Terahertz Technology, March 17-15. 1998

CA. Pasadena

7~ 1700 ™ T T T T
3
® L ]
=
w 1600 + /‘4\/ J
S
(0} L 5
Q
% 1500 1
- device #2
(0}
R
O 1400} .
prd
o 1
wn
D 1300 " 1 1 i 1 1 i

1 1,2 1,4 1,6 1,8 2

Intermediate Frequency (GHz)

Fig. 5. System noise temperature versus intermediate frequency
for device #2.

o 3200 — — : :

:; L /. 4

:3_“ 2800 + _\/ -

s - .

L 2400+ —— device #1, wire grid

e —e— device #2, Mylar

o

-

o 2000+ .

2 ]

]

Z 1600f o—"u, ———° .

a8}

n

O 1200 SR : A
09 09 100 105 1,10 1,15 12

Frequency (THz)

Fig. 6. System noise temperature for different radiation frequencies.

129



QUASIOPTICAL NbN PHONON-COOLED HOT ELECTRON BOLOMETRIC
MIXERS WITH LOW OPTIMAL LOCAL OSCILLATOR POWER

P. Yagoubov*, M. Kroug, H. Merkel, E. Kollberg

Department of Microelectronics
Chalmers University of Technology
Gothenburg S-412 96, Sweden
*E-mail: yagoubov@ep.chalmers.se

G. Gol’tsman, A. Lipatov, S. Svechnikov, E. Gershenzon
Department of Physics

Moscow State Pedagogical University
Moscow 119433, Russia

Abstract

In this paper, the noise performance of NbN 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 RF 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.pn, €.g. NbN. For the
diffusion-cooled HEB a material with rather long T.,n 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 [3-6].

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].
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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 um long devices [6]. However,
at higher RF frequencies measurements were performed only for 0.3 um 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, Pro, 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 Pro 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 Pio. 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 submicron 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 kQ/o, a transition temperature
around 10K 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 um and a width of 1-5 um (depending on the design of the spiral antenna). Applyving
electron beam lithography for patterning a double laver 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 nm 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 lithography 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 voltage 400V, current
0.2 mA/cm?). The remaining resist is left on the device.

Finally, photo resist is spun on the whole wafer for protection when sawing up into
chips of size 2x4 mm (5x5 mm 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-um-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-stage 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 a2 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 Zan=Zo/[2(1+€)]"?, 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 nm thick Au
antenna. The surface resistor dimensions are 2x0.3 um. The conductivity of the Au film
was assumed to be 810’ Ohm™-m™ - 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) [10]. 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 T, 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 um. This gives a crude short
wavelength limit of 30 um (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 £1 and 0.2x2 um for the devices #2 and =3.
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 gap
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 [7]. 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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