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Nb hot-electron bolometers (HEBs) with critical temperature T. = 5 to 6 K have previously demonstrated
good heterodyne mixing performance at THz frequencies. HEBs with a lower critical temperature are pre-
dicted to have improved performance with lower noise. We present microwave (30GHz) mixing measure-
ments on Nb HEB mixers with T, between 1.4 and 5.3 K. The reduced T, is obtained by application of a
magnetic field, or by use of a bi-layer microbridge of Nb and Au with 'F e = 1.6 K. The mixer output noise
and voltage range of low mixer noise are observed to decrease approximately linearly with reduction of T.
The Nb-Au mixer has a mixer noise temperature TM = 50K (DSB) with reasonable dynamic range, and

thus is promising for future single pixel and array receivers for THz spectroscopy.

Heterodyne spectroscopy at terahertz
frequencies is a sensitive tool for identify-
ing molecular species important in star
formation and in atmospheric chemistry
processes. 1 Hot-electron bolometer (HEB)
mixers are well suited for such space-
borne and ground-based astronomical ap-
plications. Unlike superconductor-
insulator-superconductor (SIS) mixers, the
HEB is not limited by the superconducting
energy gap frequency and can operate at
several terahertz. 2 '3 Also, diffusion-cooled
FMB mixers can have very large interme-
diate frequency (IF) bandwidths; up to 9
GHz has been demonstrated. 4 HEB mix-
ers are considerably more sensitive than
Schottky diode mixers, which have been
used for higher frequency applications
where SIS mixers are limited by the gap
frequency or by RF losses.

The HEB mixer consists of a nar-
row, thin superconducting microbridge con-
tacted with thick normal-metal films; see

Fig. 1. The microbridge operates in the re-
sistive state, due to application of local os-
cillator (LO) power and DC bias. When the
RF signal is applied, the electron tempera-
ture of the microbridge (and thus the device
resistance) oscillates at the IF. The IF
bandwidth is determined by the inverse of
the thermal relaxation time for cooling the
hot electrons in the microbridge. 5.6 Diffu-
sion-cooled Nb mixers use hot-electron out-
diffusion for cooling. 6 These have demon-
strated very low noise at 2.5 TI-lz with re-
ceiver noise temperature TR = 1800 K
(DSB). 4 The mixer noise temperature TM is
estimated to be 350 K (DSB) for a similar
device measured also at 2.5 THz. 7 NbN
phonon-cooled mixers also have good per-
formance.3'8

Diffusion-cooled HEB mixers con-
sisting of a superconductor with lower
critical temperature (TO are predicted to
have improved performance."° In opti-
mized HEBs, thermal fluctuation noise is
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Figure 1: Superconducting mixer geometry for
the Nb-Au HEB, device B. The thin layer of Au
above the Nb lowers the Tc of the microbridge.
The Nb HEB mixer, device A, has no gold
layer on top of the microbridge.

the dominant noise source neglecting quan-
tum effects. In this case, T M is predicted to
decrease linearly with Te. 11 Another ad-
vantage of lowering the microbridge Te is
that the required LO power decreases. The
LO power for a diffusion cooled mixer is
predicted to be 12 

PLO (4E/11) (T2-T2),

where L = 2.45x10 -8 W-C2/1(2 is the Lorenz
constant, R is the electrical resistance, and
T is the temperature of the normal banks.
For optimum performance one has T Tc,
and thus PLO 

oc Te
2 , being in the range 1. —

30 nW. Since output power from solid
state LO sources at terahertz frequencies
may be limited to 1.1W, a mixer with a small
required PLO is desired, especially for
space-borne missions and large format ar-
rays.

A HEB mixer with reduced Tc
should have improved performance, but
will also be more susceptible to saturation
effects that degrade TM. Such effects can be
important in a THz receiver but are negligi-
ble in the microwave measurements. TM is
given by TM (DSB) = Tout / 2fl, with 11 the
conversion efficiency and Tou t the output
noise temperature. TM is minimum only
over a finite voltage range but then in-

creases due to the decrease of Input
saturation will occur when the absorbed RF
background power is — 0.2 PLO , as this re-
duces 11.

13,14 
Output saturation is due to RF

background power downconverted to the IF
which causes the voltage to deviate far
from the optimum bias voltage. We charac-
terize the voltage range for which TM re-
mains within a factor of two of its lowest
value as AA/op t. Simulations we have con-
ducted 13 using a discretized model for the
microbridge" suggest that AVopt will scale
approximately linearly with Tc, for the sim-
pie case where the contacts to the micro-
bridge do not perturb the superconductivity
in the microbridge. This is the case for Nb
devices. (In the case of Al HEBs, 13 ' 1617 the
voltage range is further reduced due to con-
tact effects.) The value T we report in
the Table and Fig. 3 below is an average of
TM over the 201iV interval of bias voltage
for which this average is lowest. This defi-
nition provides a more realistic value of the
expected mixer noise temperature in a re-
ceiver where averaging due to background
noise or bias variations might be present.

We report here on two Nb HEBs.
The first, a Nb HEB, device A, was fabri-
cated at JPL. Similar devices were previ-
ously measured in zero magnetic field at
20, 600, 1200, and 2500 GHz. 

4,7,18-20 

The
dimensions are 0.081stm wide, 10 nm thick,
and length L= 0.24m. Ti

c in zero field is
5.3 K and is reduced to 1.4 K by applying a
perpendicular magnetic field. The IF
bandwidth is 1.4 GHz. The Nb-Au HEB,
device B, was fabricated at Yale using dou-
ble angle deposition. 21 A thin bilayer resist
is used as the liftoff stencil. A thin (10 nm)
Nb film is first sputter deposited at normal
incidence, followed by Au which is sputter
deposited at a 45 degree angle. A thick
layer of gold deposits on the contacts, mak-
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Figure 2: Resistance vs temperature curves for
the Nip HEB, device A, with H=0,1,1.5,2,2.5T
and the Nb-Au HEB, device B, in zero magnetic
field.

ing them non-superconducting, and a thin
layer of Au (about 10 mn) deposits on top
of the Nb microbridge, lowering its T.
The Nb-Au HEB is 0.20 pm wide and L =
0.48 m. Te in zero applied magnetic field
is 1.6K. The measured IF bandwidth is 1.2
GHz, consistent with that predicted from
the length and diffusion constant (deter-
mined from Hc2). R(T) curves are given in
Fig. 2 for the Nb I-11B, device A, in various
magnetic fields and for the Nb-Au HEB in
zero field, device B. A third device, a Nb
HEB was also studied. Some of its proper-
ties were previously reported. 14 It followed.
the trends of device A. However, it dis-
played a two-step transition in zero field.,
which broadened dramatically with applica-
tion of a field. Its noise was about twice
that of the Nb HEB, device A, which we
ascribe to the unusual transition shape. We
therefore do not list that device. The meas-
urements use a liquid 3He cryostat equipped
for microwave mixing measurements up to
40 GHz, at T = 0.2 K. Temperatures up to
(1/2)Tc could be used without significant
performance degradation. For each value

of Te, the LO power and DC power is ad-
justed to optimize for the conversion effi-
ciency. Microwave measurements are em-
ployed for their rapid turnaround, low
background noise, and ease of calibration..
Past studies of Nb devices" showed rea-
sonable correlation between such micro-.
wave measurements and THz mixing re-
suits. A summary of the device parame-
ters is presented in the Table. Lut and
are measured at 1.4 GHz, and values listed
in Table I are those extrapolated to IF = 0
using the established frequency depend-
ence. The values of fm in the Table and
Fig. 3 me at IF = 1.4 G-Hz.

Achieving low mixer noise is the
key. The minimum"rm for both devices is
given as a function of Tc in Fig. 3. For

device A, fm. decreases linearly with the
reduction of Te, down to Te '-  K, and then
increases for lower values of Tc. The de-
crease of rm with reduction of T e is consis-
tent with theoretical expectations, and re-
sults simply from the reduction of thermal
fluctuations if 11 is independent of T. Spe-
cifically, the theory in Ref. 11 predicts TM —
'lc when operating with very small conver-
sion loss and thermal fluctuations dominat-
ing all other noise processes. We observe a
linear decrease in mixer noise temperature
with Tc, as predicted, but with larger con-
version loss (maximum conversion effi-
ciency fl = -11 dB). The reason for the in-
crease of TM for device A for Tc < 3.3 K is
the reduction of ri for applied fields of 2
and 2.5 T, for 're = 2.4 and 1.4 K respec-
tively (see Table). This reduction of 11

likely results from the very small critical
currents obtained at the largest fields (0.5
IAA at 2.5 T), indicating non-uniform super-
conductivity occurs at the largest fields.
This can be seen in Fig 2, where the resis-
tive transitions at 2 and 2 T are seen to
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Table I: Nb HEB mixer parameters. The conversion efficiency and output noise reported are
IF=0 values. The 1' li sted is the minimum averaged over 200/, as also in Fig. 4.

Device T, H lc(0) Toutput 11 fm (K) AVopt (pV)
(K) (T) (pA) (K) (dB) 

(A) Nb 5.3 0 100 26 -11 170 200

4.0 1.0 13 16 -11 110 135

3.3 1.5 7 14 -11 95 130

2.4 2.0 4 10 -15 180 90

1.4 2.5 0.5 4 -20 250 40

(B)Nip-Au 1.6 14 3 -12.5 50 130

have very large fractional temperature
widths. The small critical current at 2.5 T
of device A, 0.5 gA, can be compared with
the critical current of the Nb-Au device
which has a similar Te, for which l e ---- 14
jilk. For the Nb-Au HEB, larger conver-
sion efficiency results and ri„ = 50 K. PLO

for the Nb-Au HEB is 2 nW compared to
0.4nW for device A at 'F e = 1.4 K. The
resistive transition of this Nb-Au device,
in Fig. 2, is more uniform and narrower
than device A at 2.5 T. We believe that
the relatively large critical current, low
mixer noise, 7 = 50 K (DSB), and rela-

tively good conversion efficiency ( ri = -
12.5 db) are characteristic of a reduced-T,
device with a sharp transition. Another
Nb-Au device has similar properties to
device B.

For a practical mixer, low noise
operation must be achievable over a rea-
sonable operating range. The IV curve

and TM as a function of bias voltage are
shown for the Nb-Au, device B, in Fig. 4.
The IV curves are for PLO = 0 and for PLO =

nW, the absorbed power which gives the

(K)

Figure 3: Mixer noise temperature from Table I
for devices A (squares) and B (circle) as a func-
tion of L. Tbath= 0.2K. The dashed line is the
expected linear decrease in noise temperature
resulting from a decrease in thermal fluctuations.
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minimum value of TM. The critical current
when increasing the voltage is 1411A ., small
thermal hysteresis is seen in Fig. 4. The
minimum TM = 45 K, occurs just above 150

We show data for TM only for those
voltages for which operation is completely
stable. TM remains below 90 K for voltages
between 150 and 280 WV, giving a voltage
range AVopt =-- 130 p:V. For PLO between 2
and 4 nW, the minimum TM remains below
50 K. For PLO between 1 and 7 nW, TM <
100 K. Thus, for array applications, small
variations in the optimum P 1 0 for each
element due to fabrication imperfections or
pixel-to-pixel differences in the coupled
PLC) should not result in a significant change
in the noise temperature of each pixel. We
list AVopt and other microwave parameters
for both devices at all fields in the Table.
We see in the Table that AVopt decreases
approximately linearly with reduction of Te
for the Nb HEB.

We finally consider saturation is-
sues. For Device A, AVopt scales approxi-
mately linearly with Tc, as shown in the
Table, in good agreement with numerical
calculations. 14 These predict AVopt

1001,N for a HEB with a uniform T e = 1.6K
along the length of the bridge. With the
experimental value AVop t — 130 ptV, we
estimate for the Nb-Au HEB the level of IF
power which would begin to produce out-
put saturation as approximately 40 pW at
the IF. This corresponds to a background
noise temperature Tback = 13,000 K with an
IF bandwidth of 2 GHz, assuming i = -12.5
db (total RF bandwidth of 4 GHz due to
both sidebands). Such a large level of
background noise is not expected in typical
applications. 22 Input saturation would result
if the coupled broadband background noise
power is comparable to PLO = 2nW. For re-
ceivers with 200 GHz RF bandwidth, the

Figure 4: Mixer noise temperature and con-
version efficiency for the Nb-Au HEB, device
B, as a function of bias voltage. TM is the
mixer noise temperature at that voltage. The
heavy bar shows the 20mV range over which
the average of Tm (tM ) is found.

incident background power is 0.5 nW for
Tback = 200 K. The Nb-Au HEB should thus
show no significant saturation effects.
Overall, the Nb-Au HEB shows better per-
formance than a Nb HEB in a magnetic
field. In applications where the instantane-
ous RF bandwidth is very large (�. 0.5
THz), Nb-Au devices with slightly higher
T0, for increased PLO, can be used to avoid
input saturation. Such devices can be pro-
duced with a thinner Au layer. Thus, the
Nb-Au HEB looks very promising for THz
applications with low mixer noise and very
small required LO power, and should pro-
vide sufficient dynamic range for the an-
ticipated applications.
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