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PREFACE

The Eighth International Symposium of Space Terahertz Technology was held at the Harvard
University Science Center in Cambridge, Massachusetts, on March 25-27, 1997. The Symposium
was attended by more than 140 scientists and engineers from all over the world. The theme of the
Symposium centered on the detection, generation, and manipulation of radiation in the terahertz
spectral region for both space- and ground-based applications including astronomy and remote sensing
of the Earth's atmosphere. The program included twelve sessions covering a wide variety of topics
including: Schottky, SIS, and hot electron bolometer mixers; local oscillator sources, either
fundamental, varactor frequency multiplied or generated from heterodyne downconversion; and
various new developments in optics, antennas, and waveguide devices. In addition, there were invited
presentations that outlined the recent progress and future opportunities in ground-based, airborne, and
spaceborne observatories for submillimeter astronomy.

The Symposium was sponsored by the NASA Office of the Center for Space Microelectronics
Technology, Jet Propulsion Laboratory and was organized by the Harvard-Smithsonian Center for
Astrophysics. We would like to thank all of the participants of the Eighth International Symposium of
Space Terahertz Technology, in particular the session chairs whose work helped to make the event a
success. We would also like to thank Harvard University for the use of the meeting facilities.

The Ninth International Symposium on Space Terahertz Technology will be held in Pasadena, CA, and
will be hosted by the Center for Space Microelectronics Technology, Jet Propulsion Laboratory, on
March 17-19, 1998.

Edward Tong
Raymond Blundell

For more information on the next Symposium please contact:

Dr. William R. McGrath
Jet Propulsion Laboratory
MS 168-314
4800 Oak Grove Drive
Pasadena, CA 91101

Telephone: 818-354-8542
FAX: 818-393-4683
Email: rob@rob-mac.jpl.nasa.gov

The SEM photographs on the front cover, showing a 150 nm wide distributed SIS device and a 80 x 80 nm
niobium HEB device, are supplied by Bruce Bumble (JPL Center for Space Microelectronics Technology).
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Abstract

The noise performance of receivers incorporating NbN phonon-cooled superconducting hot-
electron bolometric mixers is measured from 200 GHz to 900 GHz. The mixer elements are
thin-film (thickness ~ 4 nm) NbN with ~5 to 40 pum’ area fabricated on crystalline quartz sub-
strates. The receiver noise temperature from 200 GHz to 900 GHz demonstrates no unexpected
degradation with increasing frequency, being roughly Try ~ 1-2 K GHz™'. The best receiver
noise temperatures are 410 K (DSB) at 430 GHz, 483 K at 636 GHz, and 1150 K at 800 GHz.

Introduction

Superconducting hot-electron bolometric mixers are emerging as the alternative tech-
nology to SIS mixers for heterodyne detection above 1 THz. This technology promises
good sensitivity (Try < 1 K GHz™), low local-oscillator power requirement ( < 1 pW),
and a large useable IF bandwidth (several GHz). This type of mixer should have good
performance up to infrared wavelengths. It also utilizes the same components as those
used in an SIS-based receiver system (except a magnetic field is not needed), making the
technological transition convenient and straightforward.

The goal of our present series of experiments is to study the performance of the pho-
non-cooled NbN hot-electron mixer [1, 2] at frequencies where we have a good under-
standing of the measurement techniques, and where we can also make direct comparisons
to the performance of SIS mixers. In our experiments near 200 GHz [3], we demonstrated
the operation of the superconducting HEB mixer in a practical receiver, measuring its line-
arity, stability and saturation level, and also detecting molecular line emission from a labo-
ratory gascell. The sensitivity of the receiver was Tzx = 750 K (DSB) at 244 GHz, with
1.5 GHz IF and 500 MHz bandwidth. While this sensitivity is not competitive with that of
SIS receivers operating in the same frequency band, similar noise performance should in
principle be possible at frequencies beyond 1 THz, unlike for current SIS mixers made
from niobium.

Following this successful proof-of-principle experiment, which proved that the super-
conducting HEB mixer is a properly behaving heterodyne detector, we built and tested a
receiver operating at 400 GHz [4]. The block and mixer are nearly scaled versions of
those operating at 200 GHz. Measurements at these frequencies yielded good receiver
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noise performance, typically better than 2 K GHz", and at some frequencies better than 1
K GHz'. The best receiver noise temperature in this frequency band is 410 K at an LO
frequency of 430 GHz. We attribute the improvement in the noise performance to better
quality NbN film [5]. In this paper we report measurements made at higher frequencies, in
the 600 GHz and 900 GHz bands.

Mixer and Receiver

The mixer element is an electron-phonon cooled [lattice-cooled] HEB mixer. The mixer
element is formed from reactive magnetron sputtering of NbN on z-cut crystalline quartz
[5]. The substrate material is chosen because the waveguide block is designed for its di-
electric constant, and is chosen over fused quartz because of its superior thermal conduc-
tance. The film is etched to form a bridge with 5 pm*to 40 um’ area across two overlaid
TiAu electrodes which couple the mixer to the waveguide. Because the length and width
are not critical dimensions in the operation of the mixer, a mixer with a range of imped-
ance can easily be fabricated. Additionally, by adjusting these dimensions the local-
oscillator power requirement can be varied as its value depends on the volume of the
mixer.

For our mixers the typical film thickness is 40 A, and the bridge is 5-20 um wide and 2
um long. The room temperature resistance is ~ 1500  / . The film has 7; ~ 8 K, AT, ~ 1
K, and j. (T=4.2K) ~ 1 x 10° A cm™. The mixer has an IF bandwidth of about 2 GHz,
which is sufficient for our present measurements. Further increase in IF bandwidth is pos-
sible by reducing the film thickness or by improving the quality of the film [S]. Changing
the substrate to one on which better film can be grown is possible, but would obviously
entail a different design for the mixer. The (absorbed) local-oscillator power is ~ 1 pW.

freq. band wavegquide dimension substrate size
[GHZz] [a x b mm] [txwxImm]

200 1.1x0.28 0.13 x0.51x 7.5
400 0.51x0.12 0.058 x 0.28 x 6.3
600 0.37 x 0.091 0.041 x0.16 x 2.0
900 0.25 x 0.066 0.030 x 0.13 x 2.0

Table 1. Waveguide and substrate dimensions

The receivers operating at 600 GHz and 900 GHz are scaled versions of those operat-
ing at 200 GHz [3] and 400 GHz [4]. Further details of the mixer design can be found in
[6]. The dimensions of the waveguide mixer are summarized in Table 1. The mixer is sus-
pended across a waveguide, and the mixer block has a mechanically driven backshort. The
mixer is operated at Tuysicat > 4.2 K. The waveguide is coupled to the input beam with a
corrugated feed, which illuminates an off-axis paraboloid. The beam passes through sev-
eral layers of porous Teflon IR filters at 4.2 K and 80 K, and through a 0.5 mm Teflon
window, which seals the cryostat. A Martin-Puplett diplexer employing free-standing
wire-grids is used to ensure adequate LO coupling.
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The local-oscillator power is supplied by a multiplied solid state source, except those
measurements made above 820 GHz. For those measurements a backward-wave oscillator
is used.

Measurements

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. Previous measure-
ments [3] have shown that the mixers used in our study do not suffer from direct detection
saturation effects due to the broad band response to the input radiation. Furthermore, all
the receiver noise temperatures reported are not corrected to account for losses. The sen-
sitivity refers to the double-sideband receiver noise temperature. Except for the measure-
ments near 200 GHz, the IF output power is detected after a 200 MHz wide filter centered
at 1.4 GHz.

The current-voltage (I-V) curves of 600 GHz and 900 GHz mixers are shown in Figure
1, with the insets showing the IF power output as a function of DC voltage bias in re-
sponse to hot and cold loads placed at the input of the receiver. These I-V characteristics
are similar to those of mixers giving the best noise performance at the lower frequency
bands, although it is not possible definitively to predict which mixer will give good RF
noise performance by mere inspection of its -V curve. In our experiments, we pre-select
mixers with high 7, high j., low resistance, and a large ratio of the critical current to cur-
rent measured in the resistive region, which is usually fairly constant over a broad bias
range. About 6 mixers were tested at both 600 GHz and 900 GHz, and the noise perform-
ance of all the mixers was typically better than 3 K GHz™.

LO frequency  DSB L, Tonix Trx (DSB)
[GHZ] [dB] [K] K]
244 ~-18 ~500 750
430 -10.5 370 410
636 -13 400 483
800 -16 990 1150

Table 2. Best noise performance in each frequency band, with estimates
of the conversion loss and mixer noise temperature.

Table 2 summarizes the performance of the mixers that gave the best noise perform-
ance in each frequency band. In the same Table, estimates of the DSB conversion loss and
mixer noise temperature are also stated. The sensitivity of the receivers is plotted as a
function of LO frequency in Figure 2. The frequency of each point is verified by measur-
ing it with the Martin-Puplett interferometer.

Conclusion

We have used the electron-phonon cooled version of the superconducting hot-electron
bolometric mixer in a waveguide receiver, and performed noise temperature measurements
from 200 GHz to 900 GHz. The best receiver noise temperatures are better than 1 K
GHz™'. Further improvements in the noise temperature should be possible when the mixer
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design is optimized, specifically when the RF and IF mixer impedance are better matched
to their respective circuits.
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Figure 1. I-V curves of mixers operating at 600 GHz (top) and 800 GHz (bottom).
The lower right hand comner in each figure shows the IF power as a function of
DC voltage bias in response to hot and cold loads placed at the receiver input.
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ABSTRACT

We have measured the noise performance and gain bandwidth of 35 A thin NbN hot-electron
mixers integrated with spiral antennas on silicon substrate lenses at 620 GHz. A double-sideband
receiver noise temperature less than 1300 K has been obtained with a 3 dB bandwidth of
=5 GHz. The gain bandwidth is 3.2 GHz. A lower noise temperature of 1100 K has been
achieved with an improved set-up. The mixer output noise dominated by thermal fluctuations is
about 50-60 K, and the SSB receiver and intrinsic conversion gain is about -18 and -12 dB,
respectively. Without mismatch losses and excluding the loss from the beamsplitter, we expect to

achieve a receiver noise temperature of less than 700 K.

INTRODUCTION

The superconducting hot-electron bolometer (HEB) mixer has proved to be a strong competitor
to mixers based on traditional superconducting tunnelling devices or Schottky diodes for
frequencies above 1 THz. The mixing mechanism in a HEB depends on the non-linearity of
electron heating and the temperature dependent resistance near T [1]. The HEB is consequently not
limited by parasitic reactances or by the superconducting energy gap as SIS devices, and is
therefore expected to have a good performance up to tens of THz. Schottky mixers which also
work in the terahertz region are noisier and require orders of magnitude more LO power.

A disadvantage of bolometric mixers is a very narrow IF bandwidth mainly determined by the
electron energy relaxation time. The semiconductor InSb and first Nb HEB had a bandwidth of
about 1 MHz and 100 MHz, respectively [2, 3]. In both types the electron energy relaxed through
interaction with phonons. A larger bandwidth has been obtained in devices of NbN which have
shorter electron-phonon relaxation time. Another limitation to the relaxation time is the phonon
escape time from film to substrate, determined both by the thermal resistance in the film substrate
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interface and the film thickness. Thus for ultra thin 35 A NbN devices an IF bandwidth larger than
3 GHz has been measured at 4.2 K [4], enough for most practical applications.

Another approach for increasing the IF bandwidth is to make the device very short. If the device

length L<.f12D7,_,, (D is the diffusion constant and 7., is the inelastic electron phonon

interaction time), the out-diffusion of hot electrons into the normal leads dominates over electron-

phonon interaction as the main cooling mechanism [5-10].

An important property of the HEB is that the output noise should be dominated by thermal

fluctuation noise which has the same frequency dependence as the IF signal [1, 11-13]. Thus the

receiver noise bandwidth will be larger than the gain bandwidth. Here we present measurements of

DSB receiver noise bandwidth and gain bandwidth for an ultra thin phonon cooled NbN HEB
mixer operating in a 620 GHz quasi optical receiver.

MEASUREMENT SET-UP

The measurements were performed with HEB devices made from =35 A thick NbN films with
T.=10 K sputtered on silicon substrates by reactive magnetron sputtering in an argon-nitrogen gas
mixture [4. The film is patterned to form a 1 pum long and 13 pm wide bolometer strip across the
centre gap of a Ti-Au spiral antenna, which has a frequency range from 300 to 1250 GHz with an
impedance of 75 Q. The substrate on which the device and antenna are integrated, is glued to an
anti-reflection coated extended hyper hemispherical silicon lens with a diameter of 12.5 mm.

window / lens BWO beam splitter

\ N

/ 600.940 GHz

42K Vacuum cryostat Teflon m 550-715GHz 50 pm Mylar

1mw

{RT amgl} MXR >— Spectrum Analyser
Fig. 1 Measurement set-up

Table 1. RF losses

element loss [dB]
50um beam-splitter 0.8

1 mm Teflon window 04
Zitex G115 IR filter 0.1
silicon lens 1.8
RF mismatch loss antenna-bolometer <24
total RF loss <55
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The mixer is mounted in a LHe-cooled vacuum cryostat equipped with a 1 mm thick Teflon
window and a 380 um Zitex G115 IR radiation filter. We use two backward wave oscillators
(BWO) as signal and local oscillator (LO) sources with a common frequency range 600- 715 GHz,
Fig. 1 for IF bandwidth measurements. The radiation from the LO is focused by a Teflon lens and
combined with the signal by a 50 pum thick Mylar beam-splitter. The optical losses are estimated to
be about 3 dB, Table 1.

For DC bias and IF signal output the device is attached to a coplanar 50 2 line soldered to a
SMA connector, and connected to a bias-T. Data for the amplifiers used for noise measurements at
different IF frequencies are shown in Table 2. Following the last amplifier is a second mixer and a
50 MHz low pass filter at the input of a scalar network analyser. For gain bandwidth measurements
the IF signal from the HEB is directly fed to a spectrum analyser, amplified by a 0.01-20 GHz

room temperature amplifier.

Table 2
IF freq. [GHz] 0.7 1.5 3.9 1 NRAO
LHe LNA (GHz) 0.68-0.92 D 1.3-1.84 3.64.29 2 Miteq
4K/17 dB 5K/33 dB 12 K/33 dB 3 Miteq
LN7 LNA (GHz) 0.1-2.52 - - 4 Russian
20 K/40 dB - - 5 Russian
RT ampl. 120K/30dB ¥ 120K/30dB ¥ 150 K/30dB 5 6 Russian AGASTA
RT ampl. - 150 K/32dB ® 500 K20dB 7 7 Avantek
600 T
NON S.1 961007
500 i =
: e i operating point
T 400 | / v,
= dR__ Ri-R2
g 300 a7 TIT2+AT,
5 4 S
§ : unpumped
@ 200 [ i ]
: pumped
; operating point e
100 & thermally heated |
_-""-.-- vo’ lo
0 4 : L N
V] 5 10 15 v 20

Bias volatge [mV]
Fig. 2. 1V characteristics. Inset shows part of the IV at the operating point, with two curves at different temperatures

(T1,T2) and the corresponding resistances (R1,R2) at bias voltage V,, for calculation of dR/dT.
The optimum bias with respect to minimum receiver noise temperature is found by adjusting the
LO-power and the bias voltage at the operating temperature 4.5 K, Fig. 2. The absorbed LO and
DC power, are about 2.5 uW and 0.5 pW respectively, and are derived from the IV characteristics
assuming that the response to DC and RF power is the same and due to electron heating only.
VIII - Volo
T1—x M
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Points O and 1 are where the isotherm intersects two IV curves with LO powers P, and xP; o,

At the optimum bias a change of current or voltage by £10% does not have any significant

influence on the noise performance, Fig. 3.

120 1650 1750 — .
NbN #S.2, 960704
115 | 4 .
15 11600 8 _ 1700
3 x
1okt H 2 1650 [ ]
< 1550 § s
=3 S @ 1600 | ]
z 105} g g
£ 8 2 45850
5 11500 = ° F
© 00} 3 2 o
® S 1500
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L ] g o
95 e 1450 | ]
90 1 i " i 1 i 1 14m 1400 N N N 3 L
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Voltage [mV] bias current [uA])

Fig. 3. DSB receiver noise temperature vs a) bias voltage and b) bias current (LO power). No minima is found for an
optimum amount of LO power. Further reduction of LO power results in unstable and hysteretic conditions

RESULTS

The gain bandwidth of the HEB is measured with fixed frequency and power of the signal
BWO, while the frequency of the LO BWO is tuned to obtain an IF signal in the frequency range O-
7 GHz. An attenuator is used to keep the LO power at a constant optimum level, as indicated by
the bias current. As seen in Fig. 4 the gain bandwidth is slightly larger than 3 GHz.

-52 100

Relative output power [dB]

@ Device output noise -Johnson noise [K]

Tonix = 50 PS ¢ o
64 [ '
o
o -66L . : 10
0,01 0,1 1 10

Frequency [GHz]

Fig. 4. Relative IF output power and device output noise temperature excluding Johnson noise vs frequency

To measure the device output noise temperature, T,,,, two noise levels were obtained on a scalar
network analyser; one with the device in the operating point, P, and a second with the device in the

32



Eighth International Symposium on Space Terahertz Technology, Harvard University, March 1997

superconducting state, P, giving rise only to Johnson noise, T}, due to the series-resistance in the
contacts. An additional noise source is the load of the circulator at the input to the amplifier. The
load temperature, T;=4.5 K, is reflected by the device and is added to the IF amplifier noise
temperature, Ty The ratio of P, to P is then obtained from the equation given below.

& _ Toul/Lr + Ts(l— 1/L,)+ TIF @
P, T, L +T,(1-YL)+T

Here L;and L; are the mismatch losses in the operating point and superconducting state,
respectively. In the latter state T)=T;. Ty is noise the contribution from the IF-chain, and is
obtained with the device in normal state acting as a white noise source and producing only Johnson
noise at two temperatures just above T, . All quantities except Toy in Eq. (2) are now known, and
we can thus obtain T, at different IF frequencies by measuring P,/P;.

The similar frequency dependence of the output noise and IF signal, Fig. 3, as well as the
relatively large low frequency value of the output noise, 50-60 K, compared to the Johnson noise,
T, (= electron temperature 6 = T), proves that the dominating noise process in the device is due to
fluctuations in the equivalent electron temperature. An expression for the fluctuation noise is [11]

_ 2 (drRY 6
L= R_L(FT-) c,V

T
©))

I, is the bias current, R, is the load resistance, c,= 9 is the electron specific heat (y=Sommerfield
constant 0.21 mJ cm3K-2). The electron temperature 0 in the mixing operating point (V,,], in
Fig. 2) is determined by thermally heating the whole device without LO power. In this way the
same point (V,,I,) is reached at a temperature of the environment of 8.7 K. By adding the excess
temperature due to Joule heating Tpe= Ppc/G = IV, t/c.V = 0.3 K we obtain 8=9 K. V is the
bolometer volume, and the electron energy relaxation time T=52 ps is obtained from the mixing
time constant, Tyx in Fig. 3, according to [3, 14]

T mix
dR I} R,-R, @

_T \ —
"X 4T ¢,V R, + R,

T=
1

R, is the DC resistance in the bias point. dR/dT=63 /K is found from the IV-char. according
to inset in Fig. 2. This derivation is done at the operating point which is reached by thermal
heating without LO power. The change in resistance at constant voltage V, for a change of physical
temperature of 0.05 K is measured, and adding a difference in Joule heating of 0.012 K. The
value for the fluctuation noise obtained by Eq. (3) is 31 K. Another contribution to the output
noise is from Johnson noise = 9 K. For a pumped device, there is as well a contribution from the
300 K hot load. The SSB conversion loss is =18 dB (see below). Thus, the hot load
contribution is about 10 K. This gives a total output noise temperature of 50 K, in excellent
agreement with the measured value of 50 K at 1.5 GHz IF frequency and 60 K at 700 MHz IF.
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However, it should be pointed out that there is an error in the calculated value of about 20 K.
The factor o by which the mixer noise bandwidth will be larger than the gain bandwidth, due to the
dominating fluctuation noise is given by [1, 12].

o= Touw(0) _  |Tr(0)+Tipee +7,

®)

where T,,(0) is the output noise in the low frequency limit. Since we have different noise
contributions from the IF chain in the different bands, Table 2, the noise contribution from the IF
is excluded in Eq. (5) so as to enable us to compare it with the measured receiver noise bandwidth.
We also want to judge the performance of the HEB independently of our particular IF chain. With
T,=9 K and T, (0)= 50-60 K we should have a mixer noise bandwidth about 2.3-2.5 times larger
than the gain bandwidth, i.e. =7.5-8 GHz. The DSB receiver noise temperature, Tpsg, Was
determined from the Y-factor with a hot/cold load (300/80K) at a signal frequency of 620 GHz and
at IF frequencies of 700 MHz, 1.5 and 3.9 GHz. The response was obtained within a 40 MHz
band at each IF frequency. The best DSB receiver noise temperature is 1280 K with a 50 pm
beam splitter and =1100 K with a 12 pm beamsplitter. Fig. 5 shows the measured noise
temperatures at the different IF frequencies including an error of =+50 K. The frequency
dependence gives a 3 dB receiver noise bandwidth of roughly 5 GHz. Subtracting the noise
contribution from the IF chain (which includes an error of = £25%), shows that the HEB device
has a 3 dB mixer noise bandwidth of about 8 GHz, 2.5 times larger than the gain bandwidth, in
agreement with the value derived from Eq. (5).

SRR

oT 0SB’ No IF contribution I

2000

DSB receiver noise temperature [K]

1000 L

10

-

Frequency [GHz]

Fig. 5. DSB receiver noise temperature vs IF frequency with and without contributions from the IF chain.

The RF (350 €2) and IF (120 ) impedance mismatch loss is about 2 and 1 dB, respectively.
With no mismatch losses, which can be obtained with shorter devices, and excluding beamsplitter
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loss, it is possible to achieve a DSB receiver noise temperature of about 700 K with devices of this
type of NbN film.

An estimation of the single-sideband receiver conversion gain from the output and receiver noise

measurements is obtained by

_ Tou Lip+Tyr ©)

Gssg =
2-Tps

and gives =-18 dB gain. Excluding the RF and IF mismatch and the loss in optics (=3 dB) we

have an intrinsic conversion gain of = -12 dB.

In summary, we have measured the mixer gain and receiver noise bandwidth of ultra thin NbN

HEB at 620 GHz to 3.2 and =5 GHz, respectively. Excluding the noise contribution from the IF
chain, the mixer noise bandwidth is =8 GHz. For an optimised receiver with the same device, a

receiver noise temperature of 700 K DSB is possible to obtain.

This work has been supported by ESA /contact AOP/WK/330038), Swedish National Space
Board (Contract Drn. 22/95), INTAS Grant N0.94-3965, and Russian program on Condensed
matter Grant # 93169. We are thankful to NRAO for the loan of the 4K LNA, V. Belitsky for

useful discussions and B. Voronov for fabrication of NbN devices.
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Abstract

We report two typical experimental results of waveguide diffusion-cooled Nb hot-
electron bolometer (HEB) mixers. The device is a thin (10 nm) Nb bridge with a length of
0.3 pm and a width of 0.9 um and is defined using photolithography. In the first experiment,
the resistance of a HEB is studied as a function of temperature. We observe two critical
temperatures, which correspond to the 7, of the Nb bridge and the T, of the Nb under the
Au pads, respectively. These two T, define a superconducting transition width A7 of a HEB.
The reduced T, of the Nb under the Au pads is explained by the superconducting proximity
effect. In the second experiment, we measure relative conversion efficiency vs intermediate
frequency (IF) by using two coherent sources, a carcinotron and a Gunn oscillator, and
determine an IF roll-off (/F,,,; ) between 0.6 and 1.2 GHz, in agreement with a value
estimated in terms of the diffusion-cooled model.

1. Introduction

Recent work on diffusion-cooled Nb hot-electron bolometer (HEB) mixers reported
by the Jet Propulsion Laboratory and other groups™ has demonstrated that they are
promising heterodyne detectors in the THz frequency range. It has been shown that HEB
mixers have low noise and a reasonable wide intermediate frequency roll-off (IF,,,.,y ), but
no clear upper limit of operating frequency and no requirement of high local oscillator (LO)
power. HEB mixers are expected to compete with NbN SIS mixers around 1.5 THz, but to
be superior at much higher frequencies. It is known that coupling a signal at radio frequency
(RF) and a signal from a LO to a superconducting HEB can generate a response at IF
frequency, provided that the superconductor is biased near the middle point of the transition
due to the heating of LO and DC power. So a superconducting HEB can be operated as a
mixer. For a practical HEB mixer. it is required that an /F, ;.5 , defined as the IF frequency
at which the relative conversion efficiency decreases by 3 dB, should be = 1.5 GHz. A
diffusion-cooled Nb HEB suggested by Prober' can satisfy this requirement because the hot
electron are cooled via out-diffusion, but not via electron-phonon process. This new cooling
process can result in a shorter thermal response time and thus a higher IF, .~ A typical
diffusion-cooled HEB consists of a thin (~ 10 nm) and narrow (~ 100 nm) superconducting
Nb bridge. which 1s attached to two Au pads serving as heat sinks. The separation of the two
pads defines the bridge. A short bridge (~200 nm) is needed to ensure a fast out-diffusion

36



Eighth International Symposium on Space Terahertz Technology, Harvard University, March 1997

cooling.

Several heterodyne measurements have been reported using diffusion cooled Nb
HEBs. Those are in the waveguide mixers at 530 GHZ* and in quasi-optical mixers at 1.3
TH2z? using double dipole antenna by Skalare er al, in quasi-optical mixers at 2.5 THz using
twin-slot antenna by Karasik ez al*, and waveguide mixers at 800 GHz by Fiegle et al’. Also,
the dependence of /F, ., on bridge length is studied by Burke er al’ and the output noise
spectrum by Schoelkopf er al’.

It is known theoretically that the superconducting transition width AT of a HEB and
details of resistance vs temperature within the AT play a critical role in determination of
mixer properties, such as conversion efficiency, mixer noise temperature and requirement
of LO power. However, the origin of the transition is not clear. In this paper we will address
this basic problem and also report measurements of the /F,,, .. Furthermore, we will present
our preliminary receiver noise measurements around 730 GHz.

2. Devices and Fabrication

Part of the HEB device is schematically illustrated in Fig. 1a. It consists of a Nb strip
with a thickness of 10 nm and a width of 0.9 um, attached to two Au contact pads (60 nm
thick), acting as heat-sinks and RF probes. The separation of the Au contact pads in this case
is 0.3 um, defining the bridge length. The devices are fully fabricated using the standard
photolithography and realized in the following way. Starting with a fused quartz wafer, a 10
nm thick Nb is sputtered over the whole area. The Au pads are patterned using
photolithography, followed by an Au sputtering deposition and a lift-off process. To remove
the native oxides of Nb, a short RF Ar sputter etching of 1 min is applied before the Au
deposition. To improve adhesion we add a thin (6 nm) Al layer between Nb and Au. Then
the choke structure, which is a Nb and Au bilayer, is defined by sputtering and a lift-off
process. The Au layer is for electrical contacts and to prevent Nb etching during the last
step. In this last step, bridges are formed by etching the Nb and applying photoresist as a
mask. Fig. 1b gives a SEM micrograph of a completed HEB. Before heterodyne
measurements, devices are diced and polished so that the substrate has a width of 90 um and
a thickness of 50 pm.

There are two points we need to explain here. Firstly, to establish film growing
parameters for Nb thin films we choose a simple fabrication process, namely the
photolithography. The present process can lead to bridge dimensions as small as 300 nm.
Secondly, since /F,,,,; is determined by both the bridge length and interfaces between Au
and Nb, it is essential to form an oxide-free interface. For the devices studied, we apply a
RF Ar sputter etching of 1 min, which is shorter than the standard process for Nb SIS (2.5
min). Thus, we expect a possible reduction of /F,, - , although we do not have clear
evidence of oxide barriers from the DC measurements.

3. DC Measurements and Superconducting Transition

The resistance (R) of a HEB is measured as a function of temperature (7) by applying
a standard lock-in technique using a low current. The sample is mounted in a dipstick with
a vacuum can and the temperature is varied by changing heating currents. Fig. 2 shows R
vs T curves for two different devices. Below 5.5 K the resistance is zero and above 6.5 K
it reaches the normal state resistance R,. Between these two temperatures the resistance
increases with temperature. We will explain that in our case the two values, 5.5 K and 6.5
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K, correspond to the critical temperature 7,(Nb/Au) of Nb under the Au contacts and the
critical temperature 7,(Nb) of the Nb bridge, respectively. The difference between the 7.(Nb)
and the T(Nb/Au) defines the transition width AT of a HEB. The low T(Nb/Au) is due to
the superconducting proximity effect. This conclusion is supported by additional
measurements and a numerical calculation.

The different R,, values between the two devices in fig. 2 are due to the difference in
bridge size, which is negligible if devices are close to each other on the wafer.

The first experimental result to support our conclusion is the measurement of R vs T
for Nb films with different thicknesses or different levels of impurities. The latter is
manipulated by using different sputtering rates. We find that the Nb films have a transition
width AT smaller than 0.1 K regardless of thickness and sputtering rate. In general, a lower
sputtering rate can cause a reduction of 7,. The reason for this is that more contaminations
existing in the background of a sputtering system are introduced to the film. Very likely, the
presence of oxygen and water in the sputtering system is the cause of the reductior’.
Reducing the thickness gives the same effect.

The second experimental result'® to support our conclusion is the separate
measurement performed in a device structure allowing determination of the 7(Nb) and the
T.(Nb/Au) simultaneously. We observe a reduced 7.(Nb/Au).

We calculate the reduction of T, using a model by Werthamer® based on the proximity
effect. Fig. 3 shows the calculated normalized critical temperature 7/7T,, of Nb under Au or
Al layer as a function of metal thickness D,. Details of the numerical calculation are given
elsewhere'®. For comparison, our experimental data, together with the data from others'!, are
included. As expected, the 7T, of Nb will decrease with increasing the metal thickness. It is
also clear that this reduction depends on which metal is used. The difference between Au and
Al is mainly caused by the fact that Al is a superconductor and Au not. We notice from our
calculations that the parameters, the electronic specific heat y for Nb and T, for Al, have
a clear influence on T.. However, we find that varying the electron mean free path for Al
or Au gives only little effects.

The quantitative difference between the calculated and experimental results is obvious.
One possible reason is that, as mentioned before, the native oxide layer may not be fully
removed. This would cause a less transparent interface and weaken the proximity effect.
There is also another complication. For our devices, there is a very thin Al layer between
Nb and Au. The influence for this layer is not clear. But it is reasonable to assume that the
result should be close to one calculated for an Au layer.

So far we only explain the double 7, characteristic. Another interesting feature, that
is the temperature dependence of the resistance within the transition width AT, is probably
also a result of the proximity effect. However, in this case, we have to deal with the
proximity effect along the bridge, by considering the Nb bridge as a superconductor and the
contacts which are Nb/Au bilayer as a normal metal. Unfortunately, such a system is beyond
Werthamer’s theory. A different model is required to extend our calculations.

4. Heterodyne Measurements

4.1 Heterodyne Measurement Setup

The heterodyne measurements are performed in a modified waveguide receiver test setup
originally designed for Nb SIS mixers. The waveguide mixer block has been previously used
for Nb SIS mixers around 700 GHz'*'*. Major modifications are made with respect to the
bias-T connector and the IF chuin. For the former a bias-T connector suitable for 0.1 to 4
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GHz is chosen and for the latter Miteq wide-band low temperature FET amplifiers are used.
For the Y-factor measurements, an amplifier' operating between 0.1 to 2 GHz with a noise
temperature of 15 K at liquid nitrogen temperature, together with two room-temperature
amplifiers operating between 0.1- 1 GHz, is used. A low pass filter of 0.5 GHz is applied
to limit the bandwidth for the receiver noise measurements to 0.1-0.5 GHz. For the IF, ,;»
measurements, the second amplifier (0.1 to 8 GHz) with a gain flatness of +1.5 dB (max.)
is used in combination with a room temperature amplifier with the same bandwidth.

Three different local oscillators are employed, a carcinotron, a backward wave
oscillator (BWO), and a Gunn oscillator.

4.2 FTS Response

As the first step to characterize HEB mixers, we evaluate the direct response of a HEB using
a Fourier transform spectrometer (FTS). The normal state resistance of the device is 13 .
The measurements are done by raising the temperature of a HEB within the transition region.
Although they can also be performed at the bath temperature, signals are less stable. Fig. 4
shows FTS direct response spectra, different curves corresponding to different positions of
the backshort tuner. The continuous curve corresponds to the case that the backshort is close
to the HEB. Peak response, as expected, takes place at around 700 GHz. It is evident that
the HEB mixer has a much wider instantaneous bandwidth than SIS mixers. The response
starts around 500 GHz, which is the waveguide cut-off frequency, and ends around 960 GHz,
where the RF loss through the substrate channel may become significant. It is worthwhile to
note that, in contrast to SIS mixers, the instantaneous bandwidth is not set by the HEB
mixer, but set by the waveguide, or by an antenna in the case of quasi-optical HEB mixers®*.
In the FTS spectra a dip at 750 GHz is due to water vapour absorption.

4.3 Determination of IF, ;.

We study relative conversion efficiency vs IF by mixing the two monochromatic signals from
a carcinotron and a Gunn oscillator. The former is used as a LO to pump the mixer, while
the latter acts as a RF signal. Their frequencies are chosen around 700 GHz and their
frequency difference specifies an intermediate frequency. Mixed signals are monitored with
a spectrum analyser. The measurements are carried out at 7,,,=4.6 K, which is read from °
a temperature sensor placed in the mixer block.

The amplitude of the mixed signal as a function of IF is measured by varying the LO
frequency, but keeping the pumping power constant. The power is monitored through A/ (at
a constant bias voltage) which is the current difference with and without the LO power. The
pumping power is chosen in such a way that the output of the mixed signal is maximal. Fig.5
illustrates the normalized amplitude of the mixed signal as a function of IF for two different
bias voltages, 0.25 and 0.35 mV. No corrections are applied for small fluctuations in the
gain of the IF chain. We fit the theoretical expression for the frequency dependence of the
conversion efficiency, [1+(f;7/IF,,.,»°1", to the experimental data. We find that our data
obey the function reasonably well and obtained an IF,,; of 0.6 GHz at 0.25 mV and 0.9
GHz at 0.35 mV. For the same device we also determined the /F, , ,~ata lower temperature
(3 K) and higher bias voltages. Depending on the bias voltage, the IF,,,; ranges from 0.6
to 1.2 GHz. No clear differences are found between 3 and 4.6 K.

In another measurement we used a combination of a carcinotron and a BWO. Due to
the BWO the mixed signal is broad (80 MHz). By taking the averaged signal amplitude the
results still show similar behaviour as previous ones.

It is known that the /F,,,,, for a HEB follows IF,,,,, =27 7,)", where is the thermal
response time 7,=C/G. Here C is the thermal capacitance of a HEB and G the thermal
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conductance. To calculate the /F,,, -, we need to know the C and G. We calculate the C
value using C=vTV, where v is the coefficient of electronic specific heat (700 J/K*m?); T
critical temperature of the bridge (6.5 K); and V volume (2.7 X 10%' m®). W estimate the G
value of a HEB, fabricated in the same wafer but with R, =23 Q, by measuring the resistance
as a function of temperature for different currents'®". In this case G equals 32 nW/K. Since
the resistance of the device used for the IF,,,,, measurement is 13 Q, we find the G value
being 57 nW/K by scaling the resistances. In this way, we derive a 7, of 0.21 ns and thus
an IF,,,, of 0.8 GHz. This value is roughly in agreement with those of the IF,. -
measurements. Since the experimental IF,,, ,; values are much higher than that one would
expect from electron-phonon cooling HEBs®, we conclude that the cooling process in our
devices is indeed dominated by diffusion.

We notice that, if we calculate the G by using the Wiedemann-Franz law, the IF,,; -
should be 2.5 GHz for the present device. There are several possible reasons to explain the
difference. Firstly, the interfaces may, as mentioned before, not be highly transparent. We
expect that, if we take a long RF sputter etching time before the deposition of the Au pads,
this effect can be diminished. Secondly, since the operating temperature is below the
T,(Nb/Au) (the Nb under the Au pads), this Nb is likely still superconducting, although the
Nb bridge can be in the resistive state due to LO pumping. Because of the presence of
superconductor/metal interfaces, hot electrons may have difficulties to diffuse out. Finally,
variations in bridge length (see fig. 1b) due to mis-alignment of photolithography can
certainly have an additional effect.

4.4 Receiver Noise Measurements

Fig. 6 shows a Y-factor measurement of the HEB mixer together with the pumped I-V curve
at a LO frequency of 730 GHz and 7,,,=4.6 K. Here ac output power is a measure of the
response between hot and cold loads and is proportional to the Y-factor. The LO power that
pumps the HEB, is supplied by a carcinotron. The maximum Y-factor is 0.18, giving a
receiver noise temperature of 5500 K. Since this is a very preliminary measurement, we will
not discuss this result further before we have optimized the IF chain. One interesting feature
that needs to be discussed is the operating bias point. We can see clear hot/cold response
only at bias voltages below the drop-back point, which differs from the results reported by
others®>. In other words, if we use the current-bias mode for measurements, it is difficult to
measure response in the IF output. For this reason, all the measurements are performed in
the voltage-bias mode.

4.5 Local Oscillator Power

We estimate LO power using a technique commonly applied for HEBs'. The coupled LO
power is approximately given by the difference in DC heating power taken from two points
(from a constant resistance line) in the pumped and unpumped curves, respectively. We find
that the coupled LO power is 130 nW at 4.6 K and 160 nW at 3 K for the IF, .z
measurements, and is about 90 nW for the receiver noise temperature measurement.

5. Conclusions
We fabricate waveguide diffusion-cooled Nb HEB mixers using photolithography. Two basic

aspects have been studied. Firstly. the resistance of a HEB is studied as a function of
temperature. We observe two critical temperatures, which correspond to the T, of the Nb
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bridge and the T, of the Nb under the Au pads, respectively. For a HEB these two T, define
a superconducting transition width. In our case theAT equals about 1 K. The origin of the
transition is interpreted by the superconducting proximity effect. Secondly, we measure
relative conversion efficiency vs intermediate frequency by mixing two coherent signals and
obtain an /F,,,, ranging from 0.6 to 1.2 GHz, which is in agreement with the value
estimated in terms of the diffusion-cooled model. Furthermore, the first noise measurements
show a receiver noise temperature (DSB) of 5500 K at 730 GHz. For all the measurements
the local oscillator power needed is <160 nW.
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Au pads

Nb (10 nm)

FIG. 1(a) schematic top and cross-sectional views of a hot-electron bolometer mixer; (b) SEM
micrograph of the centre part of a completed HEB.
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FIG. 2. Resistance as a function of temperature for two different HEBs. The temperature
values, 5.5 K and 6.5 K, correspond to the T, of the Nb under the Au pads and the T, of the
Nb bridge, respectively.
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FIG. 3. Calculated normalized critical temperature 7. /T, of 10 nm thick Nb under a normal
metal layer, which is either Au or Al layer, as a function of the thickness D,. The curves are
theoretical values and the data points are experimental values. The data point indicated by “
o ” is taken from ref. 11. T, is the original critical temperature of 10 nm thick Nb, that is 6.5
K in our case.
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FIG. 4. FTS Spectra of a HEB mixer in a 750 GHz waveguide mixer block. Different curves
correspond to measurements with different positions of the backshort tuner. The continuous
curve corresponds to the case that the backshort is close to the HEB.
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FIG. 5 Relative conversion efficiency of a HEB mixer is measured as a function of
intermediate frequency at two bias voltages. The data points are the measurements and the
curves are the fits (see the text).
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FIG. 6 AC IF output power of a HEB mixer, that responds to hot/cold load, as a function of
DC bias voltage and the pumped /-V curve. Measurements are done at a LO frequency of 730
GHz and at a bath temperature of 4.6 K.
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Abstract

Receiver noise and RF coupling bandwidth have been measured for a quasioptically
coupled diffusion-cooled hot-electron bolometer mixer at a local oscillator frequency of
1267 GHz and an intermediate frequency of 1.4 GHz. A lowest receiver equivalent noise
temperature of 1880 K double-sideband was measured, with an upper limit for the mixer
noise temperature of 950 K double-sideband. The amount of absorbed local oscillator
power in the bolometer device was approximately 6 nW. The effective instantaneous RF
bandwidth measured with a Fourier transform spectrometer was 730 GHz.

Introduction

In the last few years, superconducting transition-edge hot-electron bolometers (HEB's)
have emerged as prime candidates for use in low-noise heterodyne receivers at frequencies
exceeding 1 THz [1,2,3,4,5,6]. The reason is that their performance does not degrade
above the superconducting gap frequency, as is the case for SIS mixers, since bolometers
operate through heating of the electron gas in the device. The most urgent need for these
receivers is within the field of astrophysics, where the strong requirements on detector
sensitivity justify the use of cryogenic temperatures below 10 K. Conventional bolometers
have traditionally not been considered for such applications, as their intermediate frequency
bandwidth has been limited to less than the 500 MHz to 1 GHz that would be required.
Recent measurements have shown that superconducting HEB's can satisfy both the
sensitivity and IF bandwidth requirements of molecular spectroscopy in astrophysics
[2,3,4,5,6,7].

Two varieties of superconducting HEB's have been reported. The phonon-cooled variety
studied by other research groups [3,4,8] uses interaction between the hot electrons and the
lattice as a cooling mechanism, and will not be treated here. The diffusion-cooled
superconducting HEB, which is the topic of this paper, instead relies on electron out-
diffusion as the main cooling mechanism for the heated electrons. This requires that the
device is very short, less than 1 pm [1,2,7], since the thermal response time and therefore
also the intermediate frequency bandwidth depend on the time required for the heated
electrons to escape via the ends of the bolometer. This type of HEB requires normal metal
contacts, which suppress the superconducting energy gap at the device ends, thereby
ensuring that Andreev reflection will not slow down the escape of the electrons.
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In this paper we present measurements of receiver noise and RF bandwidth of a
quasioptically coupled diffusion-cooled superconducting HEB at 1267 GHz. Additional
details of the device operation are discussed elsewhere [6].

Bolometer Device & Experimental Setup

The device is a 150 nm wide and 300 nm long strip, that is e-beam patterned and etched
from a 10 nm thick Nb film using a recently developed self-aligned fabrication technique
[9]. This process provides a robust thermal and electrical contact between the Nb
microbridge and the gold contact pads, which is important for the mixer operation. Fig. 1
shows an SEM of a completed bolometer. It is integrated with a gold double-dipole antenna

[10,11,12] on a crystal quartz substrate to form the planar mixer circuit, see fig.2. A A/4
thick quartz plate with a gold reflector is placed on top of the device substrate which is then
glued to a hyperhemispheric lens of crystal quartz. An additional plastic lens is used to
create an essentially parallel beam in front of the mixer assembly. This mixer assembly,
together with a HEMT intermediate frequency amplifier is cooled to an operating
temperature of about 2 K in a vacuum cryostat. Y-factor measurements were performed in
an evacuated box that was attached to the vacuum cryostat, as shown in fig.3, thereby
eliminating the need for atmospheric corrections to the measured Y-factors, and thus
allowing for accurate measurements of receiver noise. The box contains a 10 pm thick
polyethylene beamsplitter to couple in the local oscillator power, and a rotating mirror to
switch between the hot (295 K) and cold (85 K) loads. The 1267 GHz local oscillator is a
submillimeter gas laser using a difluoromethane (CH,F>) line, that is pumped by a CO;-
laser operating at the 9R6 line. Two Zitex filters at 77 K and at 2 K are used to reduce the
amount of infrared radiation coming in through the cryostat window. The intermediate
frequency chain consists of a cooled isolator, a cooled 1.4 GHz HEMT amplifier, two
FET amplifiers operating at room temperature, and a crystal direct-detector. A bandpass
filter outside the cryostat sets the IF bandwidth for noise measurements to 300 MHz. The
entire chain has an equivalent noise temperature of 6.3 K and a total gain of 85 dB.

Measurements

The frequency dependence of the RF power coupling to the bolometer was measured using
a Fourier transform spectrometer (FTS) with the bolometer operated as a direct detector.
The measured coupling center frequency was approximately 1 THz, with an effective
coupling bandwidth of 730 GHz as shown in fig.4. This is in good agreement with the
antenna design frequency, which was 1100 GHz, and with the one octave 3 dB
bandwidth that has been measured for this type of antenna at lower frequencies [12]. This
indicates that the coupling bandwidth is defined by the antenna rather than the bolometer.
The dip near the center of the coupling band (see fig.4) corresponds to a third-order Fabry-
Perot resonance between the quartz lens and the plastic lens in the mixer block, which we
believe is enhanced by the mismatch between the /6 beam of the spectrometer and the high
focal number beam of the mixer.

A measurement of the direct detection response of the bolometer when switching between a
hot (295 K) and a cold (77 K) blackbody load in the receiver signal beam indicates that the
coupled broadband RF power is of the order 0.4 nW. In combination with the 730 GHz
bandwidth this indicates that the total beam-path loss between the loads and the bolometer
is approximately 7 dB.
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Figure 5 shows the measured data for heterodyne receiver measurements. The best Y-factor
response occurs in the resistive branch of the device IV curve at bias levels just above the
instability point where the device switches into the superconducting state. The largest Y-
factor value, measured at a constant DC bias voltage of 0.345 mV was 1.084, giving a
receiver noise temperature of 2430 K double-sideband (DSB). This value does, however,
contain a systematic error due to a slight shift in the electron temperature of the device from
the broadband thermal radiation coupled from the calibration hot and cold loads. The
temperature shift causes a change in the DC resistance and in the amount of thermal
fluctuation noise generated by the device. This temperature shift can be avoided by
maintaining constant resistance during the measurement instead of constant voltage, since
the device resistance is a unique function of the electron temperature. This gives a slightly
higher DC bias current, and therefore a higher mixer conversion [13] for the "cold" data
point than for the "hot" one, leading to a conservative (slightly underestimated) value of the
real Y-factor. The Y-factor measured in this way at a constant resistance of 54 Q is 1.107,
corresponding to an equivalent noise temperature of 1880 K DSB. It should be pointed
out that the shift in temperature is not the same as a saturation of the mixing process; in fact
the effect occurs also when no local oscillator is present. Due to the thermal response time
of the device, only broadband power coupled within a few GHz of bandwidth around the
LO frequency can actually take part in the mixing process. This power is only a few pW,
which is not enough to cause saturation.

An upper limit estimate for the mixer noise temperature can be calculated by subtracting the
IF amplifier chain noise, and by taking into account that the antenna is operating at
1267 GHz where the coupling is 1.6 dB lower than optimum (see fig.4). Other coupling
losses such as reflections at lens surfaces, losses in the infrared filters and ohmic losses in
the antenna are less accurately known to us, and are therefore not taken into account. This
upper limit for the mixer noise is 950 K DSB.

The absorbed LO power in the device can be estimated from the direct detection response of
the bolometer to be approximately 6 nW. This very low number is a result of the fairly
high sheet resistance of the niobium film; the two-squares long device has a resistance of
140 Q. The sheet resistance is linked via the Wiedemann-Franz law to the thermal
conductivity of the electron gas, and therefore affects the bolometric response. Lower
resistance devices generally require higher amounts of LO power, see [2,5,7]. In addition,
for lower resistance devices (20-30€2) than the one described here the broadband thermal
radiation from the hot and cold loads has a negligible effect in Y-factor measurements
[2,5], since the higher thermal conductance effectively reduces the temperature shift of the
electrons.

Planned measurements

We are currently preparing to do two types of measurement with the devices described in
this paper:

The first is a gas cell measurement using a rather strong absorption line of deuterized
ammonia (NH7D) at 1268 GHz, with either a backward wave oscillator (BWO) or the
1267 GHz CH5F; laser line as a local oscillator. This measurement is warranted since it is
the is the best way of conclusively verifying that the detector is operating in a 100 %
heterodyne mode.

The second experiment is a measurement of resistance and IF output noise from the

bolometer as a function of ambient temperature and the amount of LO pump power.
Preliminary measurements have shown that an unpumped device can generate a significant
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amount of thermal fluctuation noise when biased thermally right at the superconducting
transition temperature. The amount of noise generated appears to be higher than what an
LO-pumped device produces when operated as a mixer. This may indicate that only a
portion of the microbridge is operating precisely at the transition, and that the mixer can
therefore be further optimized. This is reasonable, since the diffusion-cooled microbridge
must operate with a temperature gradient along its length. A local oscillator that is stable
over an extended period of time is required for this experiment because of the time
constants involved in varying the temperature of the fixture that holds the mixer. We will
therefore use either a BWO or a lower-frequency (630 GHz) solid-state source rather than
a gas laser.

Summary

We have made the first measurements at terahertz frequencies with a diffusion-cooled hot-
electron bolometer. A receiver noise temperature of 1880 K (DSB) was measured at
1267 GHz, with a mixer noise temperature below 950 K (DSB). The amount of local
oscillator power absorbed in the device was approximately 6 nW, which is the lowest
amount reported for any heterodyne receiver operating above 1 THz. The RF coupling
bandwidth was 730 GHz, as measured with a Fourier transform spectrometer.
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Fig.1: SEM photo of a submicron Nb HEB.

Fig.2: Double-dipole antenna and coplanar transmission line embedding circuit and RF
bandstop filter. These elements are fabricated in gold. The Nb microbolometer is located in
the center of the antenna circuit.
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Fig.3: Schematic of the vacuum cryostat and the evacuated Y-factor measurement box.
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Fig.4: Relative coupled rf power versus frequency as measured with a Fourier transform
spectrometer. To first order, the frequency dependence of the FTS itself has been calibrated

away. Two different beamsplitters were used in the spectrometer which shows that there
were no systematic errors due to this particular element.
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Fig.5: A pumped IV-curve at 1.2 THz and the output intermediate frequency power when
coupling to a hot and a cold blackbody radiator. The periodic "wiggles" in the IV-curves
are due to numerical truncation in the digitized data and are not present in the actual device.
The integration time used in acquiring the IF power data was fairly low, which causes
some point-to-point variation in the power readings shown. At high enough bias currents
both IF power curves increase linearly with the dc current (not shown here), which is a
result of the diffusion cooling mechanism in conjunction with the Wiedemann-Franz law
for the thermal conductivity.
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A Low-Noise Superconductive Nb Hot-Electron Mixer
at2.5 THz

B.S. Karasik®, M.C. Gaidis, W.R. McGrath, B. Bumble, and H.G. LeDuc
Center for Space Microelectronics Technology, Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, CA 91109, USA

We report on the development of a quasioptical Nb hot-electron bolometer mixer for a
2.5 THz heterodyne receiver. The devices are fabricated from a 12 nm thick Nb film, and have a
0.30 pmx0.15 um in-plane size, thus exploiting diffusion as the electron cooling mechanism. The
rf coupling was provided by a twin-slot planar antenna on an elliptical Si lens. A specially
designed 2.5 THz system, using a CO.-pumped FIR laser as local oscillator (LO), with rf hot/cold
loads enclosed in vacuum to avoid atmospheric absorption, was used in the experiment. The
experimentally measured double sideband (DSB) noise temperature of the receiver was as low as
2750 + 250 K, with an estimated mixer noise temperature of =900 K. These results demonstrate
the low-noise operation of the diffusion-cooled bolometer mixer above 2 THz.

I. INTRODUCTION

A number of on-going astrophysical and atmospheric programs are aimed at spectroscopic
exploration of the terahertz (THz) frequency range. There is an urgent need here for low-noise mixers for
heterodyne receivers. Currently available SIS mixers and Schottky-diode mixers exhibit significant
degradation in noise performance above 1 THz [1] (see Fig. 1). A unique superconducting hot-electron
bolometer (HEB) mixer has been proposed [2-3] as an alternative to address these high-frequency needs.
The HEB mixer is expected to operate up to at least several 10's of THz, due to the relatively frequency
independent absorption of rf radiation in a superconductor above the gap frequency. Theory [4] predicts the
HEB mixer noise temperature due to intrinsic noise mechanisms to be as low as ~ 100 K, which is of
the order of the quantum limit at THz frequencies. Also the required local oscillator (LO) power can be
made very low (less than 100 nW for Nb devices) if the device size and sheet resistance are appropriately
chosen. Two different approaches have been pursued to develop a practical HEB mixer. The first device
approach employs an ultrathin (< 40 A) NbN film where, due to the fast phonon escape, the mixer 3-dB
IF signal bandwidth, fy4, is determined by the intrinsic electron-phonon interaction time T, to be f34, =
1/(21t'tep) =3-4 GHz [5]. The other major approach utilizes thicker (= 100 A) low-resistive high quality
Nb films, in which out-diffusion of electrons to normal metal contacts serves as the dominant electron
cooling mechanism. For Nb device lengths L less than 0.4 um, useful IF bandwidths have been
demonstrated in the range of 2-6 GHz [6-7].

In this work we developed and tested a quasioptical diffusion-cooled HEB mixer at 2.5 THz. Record
sensitivity was obtained at this frequency demonstrating the superiority of HEB mixers at THz
frequencies.

II. MIXER DESIGN AND EXPERIMENTAL SET-UP

The bolometer device used in this experiment consists of a 0.30 pum long by 0.15 pm wide

* Electronic mail: karasik@merlin.jpl.nasa.gov
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microbridge made of a 12 nm thick Nb film sputtered-deposited on a high-resistivity (p = 4-5 kQ cm)
silicon substrate. The length of the bridge was defined by the gap between the 150 nm thick gold contact
pads using a unique self-aligned fabrication process [8]). The surrounding mixer embedding circuit and
planar antenna are fabricated from 300 nm thick gold. This process gives automatic registration of the
Nb under the gold to provide dependable electrical and thermal contact. Figure 2 shows an SEM of a
completed device. To protect the device against oxidation the entire area surrounding the microbridge was
passivated with a 40 nm thick layer of SiO. More details of the device fabrication are given elsewhere
[8]. The critical temperature of the film was 6.8 K, the transition width was 0.2-0.3 K, and the sheet
resistance was 11-13 Q/sq. After patterning of the device, the critical temperature decreased typically to
6.5 K without significant change of other film parameters. The critical current density at 4.2 K was
measured to be 1.5x107 Afem’.

The mixer f embedding circuit was made using a twin-slot antenna and coplanar waveguide
transmission (CPW) line [9] located at the second focus of an elliptical Si lens of 12.7 mm diameter
[10]. Figure 3 shows this planar circuit. Qur antenna design uses a slot length of 36.5 pum, a slot width
of 2.0 um, and a center-to-center slot spacing of 19.0 um. A Z, = 39 Q CPW feed connects to the HEB,
with center strip width of 2.0 pm and gaps of 0.5 pm each. The rf impedance presented to the HEB
device at the feed point was designed to be 70 Q, and was strongly determined by the 0.5 pm gap in the
CPW line. The IF and dc line integrates an rf choke with 4 high- and 4 low-impedance CPW sections
each of 12 um length. The (85 Q2) high-impedance sections have center strip widths of 1.0 pm and gaps
of 4 um each. The (34 Q) low-impedance sections have center strip widths of 7.0 um and gaps of 1 um
each. A 250 um thick Si chip carrying the twin-slot antenna and rf choke-filter was glued to the lens and
wire-bonded to a coplanar waveguide IF circuit on Duroid™ substrate which, in turn, was soldered to an
SMA connector.

Our mixer test system (see Fig. 4) consisted of a CO,-pumped methanol FIR laser as an LO source,
and a vacuum box containing two blackbody loads with similar emissivities for Y-factor measurements
of the receiver noise temperature. The box is connected to the LHe vacuum cryostat, allowing operation
without a pressure window in the signal path. The box and cryostat are evacuated to remove the effect of
atmospheric absorption which is significant at 2.5 THz. Thus accurate measurements of receiver noise are
possible without any corrections applied. We use a 200 pm thick Zitex™ G108 [11] infrared filter to
block background 300 K radiation. The LO beam was diplexed into the signal path using a 12.7 um
thick Mylar beam splitter. One of the blackbody loads was attached to the cold finger of a liquid N, dewar
and reached a temperature of typically 90 K. The signal from the hot and cold loads was switched by a
mechanical chopper with a reflecting blade at a rate typically around 100 Hz. The first-stage of the IF
system consisted of a cooled broadband HEMT amplifier with a bandwidth 1.5-3.0 GHz and a noise
temperature of = 9 K. This was followed by room-temperature amplifiers, a narrow bandpass filter (a set
of different filters with bandwidths ranging from 25 to 300 MHz was used), and a commercial crystal
detector. The average IF response, V4, (i.e., the dc voltage across the IF crystal detector) and the change
in IF response synchronous with the chopper, AV, were simultaneously measured using a voltmeter and
a lock-in amplifier. The Y-factor is then given by (V +AV/2)/(V4-AV/2), and the DSB mixer noise
temperature, Ty, is Ty = (Ty-TY)/(Y-1), where Ty and T are the effective Planck temperatures of the
hot and cold loads.

III. EXPERIMENTAL PROCEDURE
A. RF Antenna and Coupling Test.
The antenna frequency response was measured using a Fourier Transform Spectrometer (FTS). For

this measurement, the device operating temperature was set to a value near T, and the bias voltage was
adjusted to obtain a large direct-detection response in the bolometer. The detector response was corrected
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for the calculated frequency dependence of the beamsplitter in the spectrometer. The remaining frequency
dependence is dominated by the antenna response. From the result shown in Fig. 5(A), the center
frequency is about 1900 GHz and the 3-dB bandwidth is approximately 1.1 THz. These results conform
with the expected performance for twin-slots [9] and demonstrate that this type of antenna functions well
above 2 THz. Previously, twin-slot antennas have been successfully demonstrated only slightly above
1 THz [12].

One can see that the center frequency was offset by almost 25% from the desired 2.5 THz center
frequency. We have investigated the antenna rf performance, attempting to understand this discrepancy
with the 2.5 THz design. A detailed model simulation revealed a significant dependence of center
frequency on the HEB device resistance. Figure 5(B) shows the result of simulations for 3 different device
resistances. The antenna was designed to provide a match to a 70 Q HEB with a 2.5 THz center
frequency. The 23 Q HEB device, actually tested as a mixer, would be expected to best match the antenna
at about 2.25 THz which is only 18% higher than the experimental result. To examine these issues
further, we have tested a 35 Q device with the same antenna design as used for the previous 23 Q device.
In this case, we find the theory is about 7% higher than the measured center frequency. We have not yet
been able to test more devices of this type on the FTS to evaluate the statistical significance of this
deviation, but find it to be quite close to the errors one could expect from the theoretical model
simulations. Tests with more devices of varying resistances will also reveal the significance of the device
resistance on match to theory. The rf choke filter was assumed ideal in the simulations, but may also
play a role in the observed discrepancy. The first f filter section presented to the antenna is a low-
impedance section which flares at 45° to match the dimensions of the CPW inside the twin-slot antenna.
One other 49 Q device tested with a modified rf filter in which the first section does not have the 45°
flare, showed less than 1% deviation from theory, but the lack of more tests prevents us from yet
concluding that the rf choke is responsible for the 7-18% shift seen above. It is also likely that the Zitex
G108 or G115 IR filters used in the experiment causes a small downshift, as it exhibits a rolloff
beginning only slightly above 2.5 THz. The Zitex is responsible for the deviation between the calculated
and measured response above 3 THz. Finally it is useful to note that the theory predicts approximately
1.5 dB of loss at the LO frequency of 2.522 THz for the 23 Q, whereas the FTS measurements suggest
up to 3 dB improvement may be possible for an optimized device/antenna combination.

The coupling efficiency of the bolometer to the radiation (which includes all the losses and
reflections in the warm and cold optics, as well as embedding circuit losses) was measured using the
direct detection response of the HEB to the hot and cold loads (i.e., without any LO applied). Plotting the
two current-voltage (IV) characteristics (“hot” and “cold”) one can calculate the absorbed radiation power,
P,.s, assuming the rf power heats the device in the same fashion as the dc bias Joule heating. Here,
P, = Py(hot) - Py(cold), applied for a constant resistance line (Pdc is the Joule power). The device
coupling efficiency can be found as 1 = P, /AP;,., where AP, is the difference between the powers of
black body radiation from the hot and cold loads, integrated over the measured rf bandwidth of the mixer.
This yields a total optical coupling efficiency of n = -7.2 dB.

B. Y-factor and LO power.

Mixer experiments were performed with two very similar devices, and both demonstrated comparable
-performance. Only the data for one are discussed here. Figure 6 shows both unpumped and optimally LO-
pumped IV characteristics at 4.3 K. Normally, only small or no negative resistance was observed in the
optimal IV curve. The LO power (P,,) absorbed in the bolometer was evaluated from the pumped and
unpumped IV characteristics as P,, = P, (unpumped) — P, (pumped), applied for a constant resistance line.
Within the uncertainty of this simple technique, P,, = 80 nW was obtained. In addition, special
precautions have been taken (including very careful alignment, absorbers to catch stray reflections, and
aperturing of the laser beam) to reduce reflections and LO standing wave effects to a negligibly small
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level. This was required to obtain a stable ac component AV for Y-factor measurements. Also the offset .
of the output noise caused by the direct detection of the THz radiation within the antenna bandwidth was
verified as too small to contribute significantly to the observed mixing signals. In particular, we have
checked that the highest possible IF noise offsets caused by the direct detection at different temperatures
(LO power turned off) were still much smaller than the mixing response.

The bias dependencies of both V. and AV are given in the same figure. One can see than the IF
output power starts to rise when approaching the dropback point at the IV curve, indicating the onset of
strong mixing performance (at this point the dynamic resistance becomes very large and the self-heating
effects increase). This behavior was also observed at 1.5 K, where both the position of the operating
point and the mixer noise temperature were almost the same as at 4.3 K. The only difference was a
somewhat larger amount of LO power required to pump the mixer at 1.5 K. Also, for bias voltages in the
negative differential resistance region, the generation of oscillations in the device were observed. This
bias region was avoided for mixer measurements.

C. IF Impedance and Mixer Bandwidth.

In order to estimate the IF bandwidth inherent in the mixer device we performed IF impedance
measurements within a 0.054 GHz frequency range. It has been demonstrated experimentally for phonon-
cooled Nb [13,14] and NbN [15] devices that the HEB impedance changes from a high differential
resistance value at low frequencies to a lower ohmic resistance R at high frequencies. The crossover
occurs at the frequencies related to the intrinsic electron temperature relaxation time, T;. Thus, a
measurement of the HEB impedance versus frequency allows Ty to be determined. The mixer bandwidth,
f34s, is then given by:

T
fodp = —‘—E—:ﬁ’ )

1+C
R+R;

where R, is the IF load (50 2), and C is the self-heating parameter.

For these measurements, a 0.3 pum long device with small contact pads was mounted in a gap in the
center conductor of a microstrip transmission line fabricated on 0.5 mm thick Duroid with dielectric
constant 10.2. The line was placed in a dewar and connected through semirigid cables with a HP8510
network analyzer to measure the S,, parameter. The testing rf power level was greatly attenuated to avoid
any influence of the test signal on the device resistive state. Calibrations were done with the HEB device
in the superconductive state ( Z = 0 ) and normal state ( Z = R, ). This allowed the HEB IF impedance to
be de-imbedded from the microstrip test fixture. According to theory [4] the HEB impedance is given by

. TT
1+ IO
T
1-C

Z(w)=R 0))

1'C1+jco

Large values of the parameter C are required in order to observe a pronounced frequency dependence of the
impedance. Equivalently, the device has to be biased to the operating point with a large differential
resistance. In the experiment this was accomplished by heating the device to some temperature above
4.2 K. Figure 7 shows the IV curve and the position of the operating point for these measurements.
Figure 8 shows the Z(f) dependence (both real and imaginary parts) along with the fitted curves from
Eq. 2 The associated mixer bandwidth is found to be f,;; = 1.4 GHz. This quantity is in good agreement
with recently reported bandwidth measurements on diffusion-cooled Nb devices of the same length [6,7].
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IV. NOISE TEMPERATURE AND LOSSES

The experimental values of the DSB receiver noise temperature are plotted vs IF in Fig. 9. The
different points correspond to the different bandpass filters used. A best receiver noise of 2500-3000 K
was measured at IF’s below 1.4 GHz, i.e. the noise bandwidth is consistent with the mixer bandwidth
implied by the impedance measurements. If we remove the IF system noise and correct for the measured
1.5-dB loss in the off-resonant antenna, an upper limit of about 900 K is obtained for the mixer noise
temperature. This performance is comparable to that for similar diffusioncooled HEB mixers at
533 GHz [6] and at 1.2 THz [16], and demonstrates the relative frequency-independence of the mixer
performance. It should be noted that this receiver performance is 3-to-5 times better than competing
Schottky-diode receivers at 2.5 THz, and the required LO power is at least four orders of magnitude lower.

TABLE 1
BALANCE OF THE RECEIVER LOSSES

Element Loss (dB)
Si lens (reflection) 1.5

Si lens (absorption) <0.3
Beamsplitter 0.5
Zitex filter <0.5
Mixer center frequency offset 3.0
Twin-slot antenna backlobe loss 0.5
CPW conduction losses 1.0
TOTAL: 7.3

We believe that this measured performance, while very good, is certainly not the best possible for an
optimized device. Table I shows a loss budget at the mixer rf path. One can estimate that the DSB noise
temperature at the device itself (after eliminating the 7.3 dB rf loss) may be as low as = 500 K. Such
corrections always involve substantial uncertainty, but at least are indicative of the noise performance of
this type of HEB mixer. In addition, a better optimized design of the antenna circuit and use of an
appropriate anti-reflection coating for the Si lens can reduce the receiver noise temperature to below
1000 K.

V. CONCLUSION

Excellent performance of a diffusion-cooled Nb hot-electron bolometer mixer has been demonstrated
at 2.5 THz. A DSB receiver noise temperature of < 3000 K has been measured at f;z < 1.4 GHz, along
with only 80 nW coupled LO power. The mixer performance is expected to improve by at least 1.5-2 dB
with better antenna design and impedance match. This demonstrates that diffusion-cooled HEB mixers can
work up above 2 THz with no significant degradation in performance. This is a major improvement for
heterodyne sensor technology and is expected to be extremely useful for numerous astrophysical and
atmospheric applications.
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