
JOURNAL OF APPLIED PHYSICS VOLUME 91, NUMBER 7 1 APRIL 2002
Heterodyne mixing in diffusion-cooled superconducting aluminum hot-
electron bolometers
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We present microwave~30 GHz! measurements on aluminum superconducting hot-electron
bolometer ~HEB! mixers. Aluminum HEB mixers have a lower superconducting transition
temperature than niobium and niobium nitride devices, and are predicted to have improved
sensitivity and require less local oscillator power. The devices studied consist of a narrow
superconducting aluminum microbridge with contacts comprised of thick aluminum, titanium, and
gold. A perpendicular magnetic field is used to suppress superconductivity in the contacts. The
device length is much shorter than the electron–phonon inelastic length@L!(Dte– ph)

1/2# and thus
the intermediate frequency~IF! bandwidth is set by the diffusion time of hot electrons from the
microbridge into the contacts. We discuss limitations on the IF bandwidth in very short HEB mixers
with fully normal contacts. Overall, the microwave heterodyne mixing results show good
performance with a mixer noise temperature inferred from the conversion efficiency and output
noise ofTM>4 K, double side band~DSB!. Measurements at 618 GHz yield a conversion efficiency
approximately 10 dB lower than observed at 30 GHz. Output saturation by background radiation is
postulated to contribute significantly to this difference. A similar decrease in conversion efficiency
in the microwave mixing measurements is observed when broadband noise is added to the rf input
signal. We discuss the tradeoff between increased sensitivity and the occurrence of saturation effects
in low transition temperature HEBs. ©2002 American Institute of Physics.
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I. INTRODUCTION

Over the past decade, considerable progress has
made in the field of terahertz heterodyne spectroscopy1–3

Many molecules that are involved in stellar formation a
atmospheric chemistry undergo transitions between diffe
rotational and vibrational states whose emission frequenc
in the THz range.4,5 For example, molecules such as H2O,
CO, and other light species are believed to be involved in
cooling of molecular gas clouds, an important step in s
formation.4,6 In the Earth’s atmosphere, the OH2 radical
plays a significant role in ozone chemistry, and can be
tected by way of the doublet lines at 2.510 and 2.514 TH7

Several space-borne and ground based remote sensing
sions are planned for near term deployment, and there
need for heterodyne detectors with improved sensitivity t
operate at THz frequencies.8–10

Nb/Al-AlO x/Nb supercondcutor–insulator
superconductor~SIS! tunnel junction mixers exhibit near
quantum-noise-limited performance at operating frequen
of several hundred GHz. However, rf losses in the Nb sup
conducting tuning circuit limit the use of these detectors
frequencies near or below the superconducting energy

a!Electronic mail: irfan.siddiqi@yale.edu
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frequency, ;700 GHz. Operation up to;1.2 THz is
achieved using NbTiN (TC;14 K! for the wiring layer.11

Schottky diode mixers can be used at THz frequencies,
require more local oscillator~LO! power than SIS mixers
~mW versusmW!, and have considerably lower sensitivit
Schottky mixers recently developed for the earth observ
system~EOS! Aura satellite have demonstrated a receiv
noise temperatureTR59000 K, DSB at 2.5 THz (TM is es-
timated to be 3500 K! with 5 mW of absorbed LO power.7

The superconducting hot-electron bolometer~HEB!
mixer offers low noise operation at frequencies above 1 T
while requiring considerably less LO power than a Schot
mixer.12 The device consists of a thin, narrow supercondu
ing microbridge contacted with thick normal metal conta
pads. High frequency radiation consisting of the rf signal
be detected and the LO are coupled to the HEB device u
quasioptical or waveguide techniques.13,14 The combination
of LO and dc power puts the device into the operating st
where the resistance of the superconducting HEB va
strongly with the electron temperature. The thermal respo
time (t th) is not so short that the electron temperature va
ous at the LO or rf signal frequencies. However, if the int
mediate frequency@~IF!; f IF5u f RF2 f LOu] is smaller than the
thermal relaxation rate, then the resistance of the HEB
modulated at this intermediate frequency. The mixer conv

Y,
6 © 2002 American Institute of Physics
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sion efficiency is defined as the ratio of the power at the IF
the input rf power,

h~ f IF![PIF /PRF5h~0!/@11~2p f IFt th!
2#. ~1!

The 23 dB IF bandwidth of the mixer is determined by th
thermal relaxation rate

f IF,23dB51/~2pt th!. ~2!

In the presence of strong electrothermal feedback effects
observed rolloff in the IF response is described by an eff
tive time constant which is equal to the thermal time divid
by (12a). The parametera can be predicted from the
pumped current–voltage characteristic and is a measur
the strength of the electrothermal feedback between the e
tron temperature and the dc bias supply.15 In our experi-
ments,a!1, and Eq.~2! may be used.

There are two main mechanisms by which hot electr
are cooled in HEB mixers. Energy relaxation can occ
through inelastic electron–phonon scattering, ultimat
leading to heat being transferred via phonons into
substrate.16 Alternatively, if the device length is shorter tha
the inelastic electron–phonon length (L!Le– ph), then the
dominant mode of energy relaxation is outdiffusion of h
electrons from the superconducting microbridge into the c
tact pads.17 This diffusion–cooling technique allows for u
trawide IF bandwidths to be achieved using materials wh
the electron–phonon inelastic scattering rate is too slow
practical detectors.

Thin film Nb (TC;5 – 6 K! phonon-cooled devices hav
an IF bandwidth of order 100 MHz.16 This is too small for
most applications. NbN (TC;10 K! has been shown to hav
an electron–phonon inelastic scattering time of 12 ps at
K, and hence devices with up to 10 GHz of bandwid
should be possible.18 However, even for very thin NbN films
the phonon escape time is comparable to the electr
phonon time and hence both parameters need to be co
ered in mixer design. Typically, the film thickness and t
acoustic transparency of the film–substrate interface are
parameters of interest. IF bandwidths of;5 GHz have been
attained using NbN films on MgO substrates.19 Typical val-
ues of the receiver noise temperature areTR52900 K, DSB
at 2.5 THz.20

For diffusion-cooled devices, the IF bandwidth is det
mined by the diffusion time (tdiff) of hot electrons from the
microbridge to the contact pads. This can be shown
equal21

t th5tdiff5L2/~p2D !, ~3!

where L is the microbridge length andD is the diffusion
constant. An IF bandwidth of 9 GHz with a receiver noi
temperature ofTR51800 K, DSB at 2.5 THz has been dem
onstrated with a Nb HEB withL50.08 mm. The absorbed
LO power was estimated to be 30 nW.22

The motivation of the present work is to improve HE
performance by using Al (TC;1 – 2 K! for the microbridge.
A HEB mixer with a critical temperature lower than Nb h
been predicted to have lower mixer noise and to require
LO power.23 The dominant source of noise in a well op
mized HEB mixer is thermal fluctuation noise. Karasik a
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Elantiev24 have calculated that the mixer noise temperat
under ideal operating conditions is a few times the criti
temperature. Prober17 also predicts that the mixer nois
should be proportional toTC . It appears generally true tha
thermal fluctuations contribute to the mixer noise tempe
ture proportional toTC . Though a complete theory of nois
in HEBs is still under development, we propose simply th
an improvement in mixer noise should occur when the th
mal noise components are reduced. The theories refere
above do not take quantum effects into account, and i
understood that HEB mixers have a lower bound on
noise temperature dictated by quantum mechanics (TM

.hn/k). However, current devices have not reached s
quantum-limited sensitivity and thus lowerTC devices are
predicted to have lower mixer noise temperatures.

The LO power required for mixing in a diffusion-coole
device25 is given by

PLO5~4L/R!~TC
2 2T2!, ~4!

whereL52.4531028 W-V/K2 is the Lorenz constant,R is
the device electrical resistance, andT is the temperature o
the contact pads~the ‘‘bath’’ temperature!. In typical opera-
tion T!TC , so loweringTC of the HEB should significantly
reduce the required LO power. This is important for actu
applications where the use of a solid state LO source is
sired, or in array applications. ForT!TC , PLO}TC

2 .
An additional advantage of Al is that high diffusivit

thin films can be readily prepared, and hence shorter di
sion times can be achieved. Shown in Fig. 1 is a plot
diffusivity versus resistivity for Al films with thickness les
than 25 nm. The dashed line is the prediction from fre
electron-gas theory.26–32 Also included are diffusivity mea-
surements on films co-deposited with the HEBs repor
here. The potential thus exists for a short HEB mixer to ha
a 23 dB IF bandwidth of many tens of GHz ifL50.1 mm
can be utilized. We will show, however, that there is a low
limit on microbridge length, and thus a fundamental limit o

FIG. 1. Diffusivity vs resistivity for Al films with thickness 7–25 nm.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the maximum bandwidth achievable with a HEB with no
mal metal contact pads. For Al, the IF bandwidth is limit
to about 8 GHz, which is still of great practical interest
many applications.

Although HEB mixers are intended for use at terahe
frequencies, the results presented here are for mixing m
surements made with a 30 GHz microwave local oscilla
The motivation for these studies is to conduct a system
set of measurements that would help understand the de
physics relevant to the optimization of actual THz receive
A similar approach was used successfully in the study
diffusion-cooled Nb HEBs.21 We present mixing data for A
HEB mixers consisting of IF bandwidth, conversion ef
ciency, and noise measurements. Also, limitations on de
tor performance such as the minimum HEB length and s
ration effects are discussed.

II. EXPERIMENTAL SETUP

A. Devices

The superconducting Al microbridges are 0.1mm wide
and vary in length from 0.2 to 1.0mm. The device geometry
is illustrated in Fig. 2. The microbridge thickness is 13–
nm. The contact pads are made of thicker Al contacted w
Ti and Au. The respective thicknesses of these layers is
28/28 nm. Deposition of the microbridge and contact pad
carried out without breaking the vacuum by way of a dou
angle evaporation so as to avoid the formation of oxide b
riers. The devices are passivated with SiO which has pro
helpful in maintaining long-term stability. Details of devic
fabrication can be found in Ref. 33.

The critical temperature of the microbridge varies fro
1.4 to 2.5 K depending on resistivity. Devices with high
resistivity have a higher critical temperature, as is typical

FIG. 2. Device geometry.
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thin Al films. The contact pads consist of layers of superco
ducting and normal metals, and have a superconducting t
sition at about 0.6 K. We chose to contact the microbrid
with thicker Al rather than a normal metal film of Au or P
directly to avoid the diffusion of the contact pad material in
the microbridge. A perpendicular magnetic fieldH
50.05– 0.12 T is used to put the contact pads in the nor
state, thus making the device ‘‘N–S–N’’ like conventional
HEB mixers. The critical field of the contacts is significant
smaller than that of the microbridge, and thus it is possible
suppress superconductivity in the contacts while theTC of
the microbridge is only slightly reduced. The ability t
switch between normal and superconducting contact p
has proven useful in understanding phenomena arising f
the normal-superconductor proximity effect described la
In total, 14 Al HEBs were measured and the performan
summary of some selected devices is given in Table I.

B. Measurement technique

Mixer measurements are made in a variable tempera
liquid 3He cryostat with a base temperature of 0.22 K. T
LO source is a YIG oscillator~26.5–40 GHz! and the signal
source is the internal generator of a HP 8722D network a
lyzer. The first IF amplifier is a high electron mobility tran
sistor~HEMT! amplifier immersed in liquid4He. An isolator
is used for narrow band noise measurements. The noise
perature and gain of the IF system is calibrated by measu
the Johnson noise of the device at zero-bias voltage a
function of bath temperature aboveTC . The device output
noise is typically measured in a;50 MHz wide band be-
tween 1–2 GHz using a room temperature Schottky dio
detector. This measurement system provides an environm
with very low background radiation, with negligible leakag
of room-temperature radiation. The device ‘‘sees’’ only co
terminations at 4 K. The effect of background radiation is
interest, and has proven in our work to be significant.
order to simulate thermal background noise which accom
nies actual astronomical signals, the output from a broadb
noise source is coupled in along with the rf signal using
broadband23 dB combiner/divider. These measuremen
are useful in characterizing how susceptible the detector i
possible saturation effects. The mixer results reported h
erature

ents.
TABLE I. Al HEB mixer parameters; measured in a perpendicular magnetic field, except devices C and H which are measured at a bath tempT
.TC,contactsandH50. The microbridge width is 0.1mm. The conversion efficiency and output noise given here are measured at IF51 GHz.

Device
L

~mm!
RN

~V!
Tbath

~K!
IF BW
~GHz!

h
~dB!

Tout

~K!
TM5Tout/2h

~K,DSB!

A 0.2a 58 0.25 ••• ••• ••• •••
B 0.3a 33 0.22 ••• ••• ••• •••
C 0.3b 145 1.2 6 227 ••• •••
D 0.6 48 0.22 ••• 211 4 25
E 0.6 52 0.25 4 28 1.3 4
F 0.6c 387 0.25 2 216 1.6 32
G 1.0 100 0.22 ••• 212 13.3 105
H 1.0b 260 1.2 1.2 233 ••• •••

aDenotes a device without a superconducting transition.
bPoor conversion efficiency is observed since the bath temperature is close toTC . A magnet was not present in the system at the time of these measurem
cPoor conversion efficiency is observed because of the impedance mismatch between the device and the 50V input impedance of the IF amplifier.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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were measured without the extra noise source, except w
it is explicitly stated otherwise. A schematic of the measu
ment setup is shown in Fig. 3. The various couplers a
attenuators are included to ensure that the device sees
the LO and rf signal with only minimal additional noise fro
broadband room temperature noise, cables, amplifier,
other undesired sources, and that there are no unintent
microwave resonances in the cable assembly. We h
checked carefully to confirm that these goals have b
achieved.

III. RESULTS

A. dc properties

The resistance versus temperature characteristics i
applied magnetic field are shown in Fig. 4. The curves

FIG. 3. Schematic of the measurement setup. The low pass filter cuts o
12 GHz. The high pass filter consists of a pair of matedKa band waveguide-
coax adapters with a lower frequency cutoff of 26.5 GHz.

FIG. 4. Resistance vs temperature curves for devices G, D, E, and B,
magnetic field; the contacts are nonsuperconducting. The microbridges
similar sheet resistance,Rsq5R(W/L).
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for four devices with very similar sheet resistance (Rsq) with
lengthsL50.3– 1.0mm. The contact pads are in the norm
state due to the magnetic field, and a sizable resistanc
measured at temperatures significantly below the super
ducting transition temperature of the microbridge. Withou
magnetic field applied, two resistance drops are clearly
ible ~data not shown in Fig. 4!; one for the microbridge a
higher critical temperature and one for the contacts at lo
critical temperature, at;0.6 K. The entire structure is supe
conducting atT,0.6 K andH50. The measured resistanc
is that of the external wires, a few ohms. The maximu
resistance of the two contact pads is estimated to be;2 V.
We therefore attribute the resistance below 0.6 K in a m
netic field to the suppression of superconductivity in the e
of the microbridge due to proximity effect from the norm
metal contacts. This;30 V resistance seen in Fig. 4 belo
;0.6 K can not be due to the resistance of the contact fil
From measurements of the upper critical field (Hc2) of the
microbridge the zero-temperature coherence lengthj is
determined.34 For the samples whose data is shown in Fig
we havej;45 nm, which agrees well with the relationj
50.855(j0l )1/2 if the resistivity is used to estimate the elas
mean free pathl. Consider device G in Fig. 4 withL51.0
mm with RN5100V. The residual resistance at low temper
ture ~32 V! is likely due to two regions, one at each end
the microbridge, each of resistance 16V. If this end region is
assumed to be fully normal, its length would be 160 nm. T
length,LN , corresponds to;3.5j. Thus, (2LN /L)* RN is the
total low temperature resistance. In samples with higher
sistivity, the length of each resistive end scales atLN

;1/(TCr)1/2 as does the coherence length. For examp
sample E and sample F are both 0.6mm long. These bridges
~of different thickness! differ in resistivity by a factor of 5.
The lengths of the resistive edge areLN5150 nm for the
clean device, sample E, andLN570 nm for the high resis-
tivity device, sample F. For devices shorter than 6–7j, such
as device B in Fig. 4, no superconducting transition is o
served. In this case, we believe that the entire microbridg
proximitized to be normal by the contact pads.

Several experiments were done to ensure that the
served low temperature resistance is not the result of exte
noise coupled to the devices. The presence of such n
could in principle suppress superconductivity in the weak
parts of the microbridge.R versusT measurements wer
made at Yale with and without microwave components
place and no differences were observed. Also, measurem
were made in four different measurement systems~two at
Yale University and two at the Jet Propulsion Laborato!
and similar results were obtained. It is believed that the
plied field does not have any relation to this observed re
tance, aside from the obvious effect of putting the contact
the normal state. Abatch of devices was fabricated with
normal metal contacts~i.e., without thick Al! consisting of
28 nm of Ti and 70 nm of Au. The thin Al pads undernea
the thick contact pads are proximitized normal by the th
Ti and Au layers above. These normal metal contact dev
were unintentionally damaged prior to rf testing, and only
measurements were conducted. The resistive transition
the normal metal devices show the same residual resist
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at T!TC as the devices shown in Fig. 4 where a magne
field is used to put the contacts into the normal state. T
ends of the microbridge are forced into the normal state
proximity to the contacts regardless of whether the conta
are made normal through the application of a magnetic fi
or through the use of normal metal films. Thus, the ar
ments related to the effect of normal microbridge edges
mixer performance given below apply generally toN–S–N
HEBs.

Measurements of the excess resistance inN–S–Nstruc-
tures have typically been for relatively large layered str
tures rather than narrow wires with thick contacts.35,36 We
have previously suggested37 that the measured low temper
ture resistance can be predicted by applying the Usadel e
tions to calculate the position dependent superconducting
ergy gap for this geometry. Earlier predictions of t
minimum length required to achieve aN–S–N structure
have been made using Ginzburg–Landau theory.38 Recently,
work has been done at Delft University to explain the res
tive transition in Al HEB structures within the Usadel fram
work. Initial simulations based on the Schmid–Schon
proach indicate a good fit to the experimental data.39

There are various implications of this device residu
resistance for HEB mixer performance. One main con
quence relates to the maximum possible mixer IF bandwi
We can define the minimum HEB length to be a multiple
the coherence length,LMin5bj. Substituting this into Eq.
~3! and Eq.~2!, the minimum thermal relaxation time an
maximum IF bandwidth (BIF,Max) are determined. Since th
diffusivity can be expressed asvFl /3 with vF the Fermi ve-
locity, BIF,Max depends only on the superconducting ene
gapD~0!, and is given by

BIF,Max'p3D~0!/~2b2h!, ~5!

where we use results for weak-coupling superconduct
This result is independent of other material specific para
eters and should hold true for any HEB structures with fu
normal contacts. Our experiments show that the Al mic
bridges do not exhibit a superconducting transition ab
0.22 K whenb,6 – 75bc . Devices slightly longer than
bcj are only weakly superconducting, and are theref
likely to exhibit poor conversion efficiency. In order to es
mate the maximum IF bandwidth in Al HEB mixers, w
assume thatbj510j is the minimum microbridge length
that yields working devices. The measured IF bandwid
which is described in the next section, is;1.5 times larger
than that predicted by Eq.~3!. Using the measured band
widths as a scale correction to Eq.~3!, we can derive the
relationship

BIF,Max'~8 GHz!3TC ~6!

for Al HEBs with normal contacts. Although this is sufficien
IF bandwidth for most actual applications, it does constit
a limit which had previously not been considered. It sho
be noted that in Nb HEBsj is very small~;5 nm! and also
that the areas underneath the contact pads are us
superconducting.40 The combination of small coherenc
length and interface transparency is such that the thick
mal metal contacts do not fully proximitize the thin Nb pa
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adjacent to the microbridge, and thus those areas adjace
the microbridge are weakly superconducting. As a result,
suppression of superconductivity in the ends of the Nb
crobridges is less significant. In any case, even with fu
normal contacts, the predicted limits on IF bandwidth for N
and Ta HEBs devices is a few tens of GHz, large enough
most applications.

In Al devices, the normal regions at the ends of the m
crobridge are evident in the current–voltage characterist
shown in Fig. 5. The first two curves shown are the curren
voltage characteristics with and without a magnetic field
plied and no LO power applied. The resistance of a f
ohms at low voltage in theH50 curve is due to the wiring.
The resistance at low voltages in the presence of a magn
field, about 30 ohms, is primarily due to the edges of
device being normal. The third curve shown is the L
pumped current–voltage characteristic in an applied m
netic field. The edge resistance gives rise to two poss
regions of bias voltage where mixing is observed. Consi
this curve, with LO power applied. Biasing below the fir
‘‘kink’’ in the current–voltage characteristic, at voltagesV
<175mV, gives mixing response due to thermal modulati
of the resistance in the two end regions of the device. B
ing above the second kink at voltagesV>250 mV, is also
possible. Here, a large fraction of the device is resistive. I
in this large voltage region indicated by the circle in Fig.
where the best mixing is observed at microwave frequenc
as discussed next. This is also the region in which Nb HE
are typically biased.

B. Intermediate frequency bandwidth

The23 dB IF bandwidth is measured by sweeping the
signal frequency,f rf , while keeping the local oscillator fre
quency fixed and observing the amplitude of the IF sign
The IF power is fit to the form given in Eq.~1!. The rf source
is swept both above and below the LO frequency to ens
that resonances do not effect the bandwidth measurem
The coupling to the mixer at each rf frequency is estima
by measuring the power necessary to suppress the cri
current of the microbridge to half its maximum value, wi
PLO50. A much smaller rf power than that required to su
press the critical current is used in the bandwidth meas

FIG. 5. Current–voltage curves of device G atT50.22 K.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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ment, and is adjusted at each frequency to deliver equa
power to the mixer. This method was preferred to sweep
the LO source since the conversion efficiency varies w
bias voltage changes;10 mV. In our setup, the LO power
can be adjusted in 1 dB increments, and it is difficult
ensure identical bias points for different LO frequencie
Both techniques did, however, yield similar results. The me
sured IF bandwidth (f IF,23 dB) is bias dependent. When the
bias voltages is increased by;50 mV or more from the
optimum conversion point, the mixer conversion efficienc
decreases strongly and the IF bandwidth increases by alm
a factor of 1.5. The highest conversion efficiency occurs
voltages just above the unstable negative-resistance regio
the current–voltage characteristic~see Fig. 5!. We measured
the IF bandwidth of several Al HEB mixers when biased fo
optimum conversion efficiency, for example, atV;220 mV
on the pumped current–voltage curve in Fig. 5. The therm
response time,t th , is derived from Eq.~2! and the measured
IF bandwidths; this is plotted as a function of the calculat
diffusion time in Fig. 6. The diffusion constant is determine
using measurements of the upper critical magnetic field26

We observe in Fig. 6 that the IF bandwidth is proportional
D/L2, and is therefore well described by the diffusion
cooling model. The measured IF bandwidth is approximate
50% larger than predicted from the film resistivity and th
Wiedemann–Franz relation. We note that the electro
phonon inelastic time is about two orders of magnitud
larger than the measured thermal relaxation, and th
electron–phonon interaction does not contribute significan
to the cooling of hot electrons in the Al HEBs measure
here. Short devices (L,0.3 mm! made from low resistivity
films should, in principle, have IF bandwidths.10 GHz, but

FIG. 6. Measured IF bandwidth vs diffusion-cooling prediction. The da
correspond to devices H, F, E, and C in order of increasing IF bandwid
The dottedb510 line is an estimate of the maximum IF bandwidth of
sensitive,TC51 K HEB with normal contacts. Devices with a calculated I
bandwidth equal to or greater than that indicated by the solid blackb5bc

line do not exhibit a superconducting transition.
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do not exhibit a superconducting transition in the micr
bridge when the contacts are in the normal state.

C. Mixer noise and conversion efficiency versus bias
voltage

The conversion efficiency and mixer noise are shown
device E as a function of bias voltage in Fig. 7~b!. The cor-
responding pumped current–voltage characteristic is plo
in Fig. 7~a!. Data for areas of unstable operation are n
shown. The optimum bias point for this device is at a low
voltage than that indicated for device G in Fig. 5 becau
both the critical current andTC of device E are smaller. The
double-sideband mixer noise temperature is inferred from
measured output noise temperature and single-sideband
version efficiencyh from TM5Tout/2h. The noise associate
with the IF cables and cryogenic amplifier is subtracted fr
the output noise values shown in Fig. 7~b! and in Table I. By
varying the bath temperature with the device in the norm
state, it is possible to determine this IF chain noise and
overall IF gain. The best mixer noise temperature obtaine
;4 K for device E which has a 50 ohm normal resistan

h.

FIG. 7. The top figure~a! is the pumped current–voltage characteristic f
device E. The bottom figure~b! is the corresponding mixer noise, outpu
noise, and conversion efficiency vs bias voltage.
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that is well matched to our IF system. The data forTM are
for devices in an applied magnetic field. The difference
mixer noise between device E and device D is due to the
that for device D the optimum magnetic field may not ha
been applied. We studied mixer performance with and w
out a magnetic field for devices 1.0mm in length. Devices
shorter than this displayed clear signs of Josephson mi
when the contacts were in the superconducting state. In
regime, peaks in the output noise are spacedhn/2e apart in
voltage and steps are seen in the pumped current–vo
characteristic. When biasing on these steps the conver
efficiency is near unity, the IF bandwidth is very large, a
the output noise.100 K. For the 1mm devices in which
Josephson effects are not observed, without a magnetic
the output noise is;20 K when operating at near optimum
conversion efficiency. As the contacts are put in the norm
state, the output noise decreases abruptly as a functio
magnetic field and then levels off. If an applied magne
field is too strong, superconductivity in the bridge is su
pressed so much that the conversion efficiency is redu
more drastically than the output noise, which causesTM to
increase according toTM5Tout/2h. For example,28 dB
conversion efficiency is also observed for device D but si
a large enough magnetic field is not applied, the output no
is .10 K. The correlation between the state of the conta
superconducting versus normal, and the device output n
is currently being studied. Devices E and D are indeed v
similar in operation but with some observable differenc
arising from a more careful optimization procedure for t
measurements on device E. In summary, device E shows
highest conversion efficiency and lowest mixer input noi
For devices D and E, where the mixer performance is go
the best results are obtained only within a narrow region
bias voltages,;5–10 mV. The narrowness of this regio
makes these devices susceptible to output saturation effe
output noise voltages generated at the IF are a fewmV or
more, as discussed in Sec. III E.

D. Local oscillator power

The LO power used in the mixing experiments can
optimized for lowest noise performance or largest convers
efficiency. For a given power level, the mixer properties
measured as a function of bias voltage. The lowest nois
largest conversion attained is noted and then the LO pow
incrementally changed. Typically the best noise performa
is obtained by applying a LO power slightly greater~;1 dB!
than that required for optimum conversion. In this sligh
‘‘overpumped’’ case, the output noise decreases by a few
from the optimum conversion case while the conversion
ficiency decreases only slightly from its maximum value.
Fig. 8, we present the mixer noise and conversion efficie
as a function of LO power. An LO power within a few dB o
the optimum value gives reasonably good performance.
magnitude and temperature dependence of the optimum
power are shown in Fig. 9. For this set of measurements,
bath temperature is varied fromT50.25 to 1.6 K. At each
data point shown, the conversion efficiency versus bias v
age is measured for several different LO powers. The
Downloaded 26 Nov 2002 to 130.132.20.123. Redistribution subject to A
ct

-

g
is

ge
on

ld

al
of

c
-
ed

e
e

s,
se
ry
s

he
.

d,
f

s if

e
n
e
or
is
e

K
f-

y

e
O

he

lt-

power corresponding to the maximum conversion efficien
is reported in Fig. 9. These agree well with the predicti
given in Eq.~4!, shown as the dotted curve. At low temper
tures, the optimum LO power for device F with normal sta
contacts is;0.4 nW, as delivered to the mixer block, This
also approximately the power used in all the other mixi
experiments described here.

E. Output saturation

Although good conversion efficiency, as large as28 dB,
is observed in the microwave measurements, the same re
have not yet been obtained in the 618 GHz measuremen41

The best conversion efficiency obtained there is;220 dB.
Also, the best conversion is measured in the ‘‘lower’’ volta
part of the current–voltage characteristic when mixing at 6
GHz. A possible explanation for this difference is outp
saturation of the device. Mixer saturation can occur both

FIG. 8. Conversion efficiency and mixer noise as a function of LO pow
for device F.

FIG. 9. LO power for optimum conversion efficiency vs bath temperat
for Device F. The dashed line is the prediction from Eq.~4!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the input and at the output. We discuss output saturation fi
as we believe that in the 618 GHz experiments it is the m
mode of saturation. In our microwave data presented in F
5–9, we believe that saturation effects do not occur, as
have taken care to have very low backgrounds. In any mi
background thermal noise that couples to the mixer is do
converted in frequency and creates a noise voltage at th
The relevant input noise bandwidth for this is twice the d
vice IF bandwidth. If this noise voltage is large, it can cau
an averaging or smearing of the dc current–voltage cha
teristic, and hence poor conversion efficiency. In the 30 G
measurements, Fig. 7, we see that shifting the bias vol
from the optimum operating point by 10mV causes the con
version efficiency to decrease by several dB. Consider a
example a 50V device with an IF bandwidth of 4 GHz
conversion efficiency of210 dB, and incident backgroun
radiation temperature of 100 K; this is an rf power ofkTB
511 pW. A peak-to-peak voltage of;20 mV is thus gener-
ated at the IF. In our microwave experiments, the ba
ground noise is negligible due to the use of cryogenic atte
ators. In the sub-mm wave experiments, quasiopt
coupling is used and thermal noise from the roo
temperature environment and warm optical losses is incid
on the device. Both are much larger than at 30 GHz, poss
resulting in output saturation. To measure the effect of th
mal background noise on mixer performance at 30 GHz,
combined the output of a noise source with the monoch
matic rf signal. In Fig. 10, the conversion efficiency is show
as a function of noise power incident on the mixer block. T
frequency of the incident noise is 26.5–36 GHz. The dev
used for the noise measurements has an IF bandwidth
GHz and the LO frequency is 30 GHz. Thus, most of t
incident noise is at a frequency that is down converted by
mixer. We can see a significant reduction in mixer conv
sion efficiency for noise powers only one tenth ofPLO ,
much smaller than the LO power. In contrast, when no
outside of the frequency band of down conversion is app
to the mixer, we see a significant degradation of convers
efficiency only when the applied noise power is 20% of t

FIG. 10. Conversion efficiency vs incident input noise power for device
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LO power. This is input saturation of the device, and is e
pected when the noise power is comparable to the LO pow
Initial experiments at 618 GHz have been conducted
which cold quasioptical attenuators are used to reduce
background radiation. No significant improvement in conv
sion efficiency has so far been observed. Further work
necessary and will be discussed in a subsequ
publication.42

IV. CONCLUSIONS

In microwave mixing experiments, Al HEB mixers dem
onstrate enhanced performance over higherTC devices, as
predicted. The output noise temperature of Al devices is c
siderably lower than that of Nb and NbN mixers. Conversi
efficiency up to28 dB is observed in the 30 GHz measur
ments, yielding very low inferred mixer noise temperatur
The LO power required for optimum mixing is;0.5 nW. It
should thus be possible to couple these mixers with s
state LO sources with output power of,1 mW. The mea-
sured IF bandwidth of the Al HEB mixers is well describe
by diffusion cooling and is proportional toD/L2.

Along with the improvements summarized herein, w
observed performance limitations associated with using
TC HEBs. In the Al HEBs studied, the voltage range ov
which near-optimum performance is observed is narro
DV23 dB,h;10 mV. As such, these devices are susceptible
output saturation. If down converted thermal background
diation generates tens of microvolts of noise at the IF, th
the mixer performance is significantly degraded. In addit
to output saturation, we observed a minimum length for
microbridges to be superconducting. Microbridges sho
than 6–7j did not undergo a superconducting transiti
down to 0.22 K when contacted with fully normal pads. R
quiring the microbridge to be longer thanL56 – 7j sets an
upper bound on the IF23 dB conversion bandwidth which
depends only the superconducting energy gap. For Al,
estimate that IF bandwidth is limited to;8 GHz for high
sensitivity mixers, which is adequate for practical receiv
applications.

Al HEB mixers are thus very sensitive but saturate e
ily. They could potentially be used in fully cryogenic setu
where thermal loading has been minimized and the high
sensitivity is desired.
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