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DAYEM-MARTIN (SIS TUNNEL JUNCTION) MIXERS FOR LOW NOISE HETERODYNE RECEIVERS

T. G. Phillips and D. P. Woody
Ca]1f0rn1a Institute of Technology, Pasadena, CA 91125

and
G. J. Dolan and R. E. Miller
Bell Labs, Murray Hill, N. J. 07974
) and
R. A. Linke

Bell Labs, Crawford Hill,

Superconducting thin film tunnel junctions of

small area (.11 umz) have properties which make them
suitable for high frequency (2100 GHz) heterodyne re-
ceivers. Both pair and single quasiparticle tunneling
is present in these devices, but it is found that the
mixing due to the pair effect is apparently excessively
noisy, whereas the single guasiparticle effect has a
low noise character which gives hope for near quantum
Timited performance. The physical effect involved is
photon assisted quasiparticle tunneling and was first

observed by Dayem and Martin.' We have made laboratory
tests at 115 and 230 GHz which gave single side band
(SSB) mixer noise temperatures of 60 and 300 K respec-
tively. Also we have fabricated a 90-140 GHz receiver
for the Caltech Owens Valley Radio Observatory which
has an overall receiver noise temperature of about

300 K (SSB).

Introduction

Millimeter and Submillimeter Astronomical Lines

The region of the electromagnetic spectrum from a
few GHz to a few thousand GHz contains many interest-
ing narrow line transitions of both atoms and mole-
cules. Many species of atoms (e.g. H,C,0) and mole-
cules (e.g. HZ’ C0) exist in the c]ouds of gas within

our galaxy, and studies of these species provide under-
standing of both the physics and chemistry of this
interstellar gas which, of course, provides the materi-
al for forming stars. Typical temperatures for the
dense interstellar clouds range from 5 to 100 K so

that energy levels can be populated for both fine
structure transitions of atoms and rotational transi-
tions of molecules.

Densities in the interstellar medium are Tow by

laboratory standards, usually in the ‘range 103 106

cm3 for molecular clouds. So pressure broadening
effects are negligible and Tinewidths are determined
by Doppler effects caused, for instance, by turbulence
over large regions of the clouds. Linewidths, there-

fore, are small and spectral resolution of 10 6
better may be required.

‘Heterodyne Receivers

To achieve high spectral resolution it is usual
in the radio, millimeter and submillimeter-wave bands
to employ heterodyne receivers in which a Tocal oscil-
lator wave is coherently mixed with the signal. The.
mixer element is usually a diode type device providing
non Tinear response. The device must be capable of
carrying currents at the signal frequency. The dif-
ference frequency between the signal and the local
oscillator is available as an intermediate frequency
(IF) over a somewhat restricted range (usually . less
than a GHz) depending on the capability of the Tow
noise IF amplifier. Such a receiver is characterized
by a noise temperature (TR) which is contributed to by

the noise generated in the mixer, which is equal to or
greater than the quantum noise due to fluctuations in
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the local oscillator power, plus the noise of the IF
amplification chain which appears as effectively multi-
plied by the power conversion loss factor (L) of the

mi xer.

To = Ty * LTpp (1)

For the purposes of this paper all numbers are quoted
for single side band operation (SSB), which is the
usual spectroscopic mode. Noise temperature measure-
ments are usually made with white noise, fixed temper-
ature, loads applied to the front end of the receiver,
which affect both side bands equally. For small values
of the IF it is often the case that the double side
band values are one half the SSB values, since both
side bands convert power equally. In principle power
Toss to the converted side band can be avoided (1mage
suppression) by differential matching if the IF is
Targe enough, or by use of a two element front end. At
high frequencies these techniques are not usually
practicable.

Spectroscopy is performed by dividing the IF band
into channels of width Av and rectifying and 1ntegra—
ting the noise in each channel separately. A1l mixer
receivers operating in the Rayleigh-Jeans Timit
(hv<k TR) provide a signal to noise ratio given by the

Dicke radiometer equation:

SN = =S JEVEE (2)

where TS is the equivalent black body temperature of the

signal and t is the integration time. Clearly it is
very important to reduce TR to a minimum.

A11 radiometric devices are governed by equation
(2), however not all are classical diode mixers. Quan-
tum mixers, discussed below, and bolometer mixers, not
discussed in this article, have properties which make
them suitable for certain purposes. Figure 1 shows a
graph for measured mixer noise temperatures (TM, SSB),

equation (1), for various devices at frequencies up to
~ 800 GHz.

The lowest noise temperatures at high frequencies
are found for InSb bolometer mixers. These are bulk,
single crystal devices, which do not suffer from em-
bedding network difficulties (i.e. they have easily
computed resistive and reactive impedance components in
a waveguide mount), however they have very Timited IF
bandwidths due to the intrinsic electronic relaxation
time of the material.

Superconducting Mixers

The Towest noise temperatures in the 10 - 100 GHz
range are found for superconducting mixer devices.
This is primarily because the small value of the super-
conducting gap ( ~TmV rather than ~1V for a semicon-
ductor) produces only a small current flow at typical
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Fig. 1. SSB mixer noise temperatures for several dif-

ferent types of millimeter and submillimeter het-
erodyne receivers. Data for 300 k Schottky mixers
are from references [2-57.  Data for 15 k
Schottky mixers are from references [6-8]. Data
. for super Schottky mixers are from references

[9 and 10]. Data for InSb bolometer mixers are
from reference [117]. Data for Josephson junction
mixers are from references [12-147. Data for
SIS quasiparticle mixing are from [15~177.

impedances of ~ 100 2, so reducing shot noise in the
device. Also, the onset of current at the gap bias
often takes place in a voltage range <hv/e so that
quantum effects are important. In principle all de-
vices could have quantum noise limited performance,
but in practice it is difficult to reduce unwanted
currents (not associated with Tocal oscillator induced
effects) to zero. A further advantage of superconduc-
ting mixer devices is that they may show conversion
gain rather than loss, so eliminating receiver noise
due to IF amplifier noise.

From equation (1) it is clear that one .only has
two aspects ‘of the device to optimize, the mixer noise
and the conversion efficiency. However, some types of
device, which at first seemed promising, have been
eliminated due to difficulties in one of these areas.
An example is the Josephson effect mixer which has
persistently exhibited an excess noise phenomenon.
This will be clearly seen in the data below.
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By contrast we find 18, as do others ]9, that the mix-
ing effect associated with single quasiparticle tunnel-
ing exhibits noise which is largely Tocal oscillator
photon noise, with some extra contribution from shot
noise -due to certain unwanted currents. These 'Dayem-
Martin' effect devices are likely to prove most effec-
tive for radioastronomy.

At high frequencies ( > 100 GHz) the conversion
efficiency is reduced from the theoretical value by
parasitic impedances in the microwave c¢ircuit. The
traditional technique for mounting diodes in a wave-
guide involves contacting the diode with a wire spring
or 'whisker', running along the waveguide electric
field direction. This is avoided in thin film super-
conducting mixers since the whole device is formed
lithographically on a substrate which can contain the
contact leads and IF choke structure (see Figure 2).
The device designer then has control over the micro-
wave circuit, which should allow the reduction of con-
version losses due to parasitics.

Fig, 2. Substrate containing an SIS junction with dc
and IF connection and RF choke structure mounted
across a 1/4 height WR-8 waveguide.

Finally, of great importance in the development
of. superconducting mixer devices, there now exists a
quantum mechanical theory due to Tucker which pre-
dicts the performance of Dayem-Martin mixers. This
theory allows comparison with experiment over a range
of conditions; e.g. the mixing may be examined for
various values of -bias such that single or multiple
photon effects come into play. This flexibility
should allow the device designer to separate out the
parasitic effects from those intrinsic to the device.

Quasiparticle Tunneﬁing Mixer Devices

‘Types of Devices

At the present there appear to be three types of
device which exhibit quasiparticle current mixing.
The first to be investigated was the Super-Schottky

Diode 2!, Basically this only differs from the
Schottky diode by replacement of the normal metal
electrode by a superconductor and by the increase of
semiconductor dopants to give a narrower depletion
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layer suitable for use as a tunneling barrier. As a
microwave device it suffers from the problems of
whisker contacts. :

A second type is the SIN structure. Here the
tunnel junction is a thin film structure with one nor-
mal and one superconducting electrode. An early at-
tempt to utilize these devices as microwave detec-

tors22 was unsuccessful, in part due to metallurgical
difficulties. However, for reasons that will appear
below, at frequencies > 300 GHz it may be that these
devices will be required.

The third, and currently most popular structure,
is the SIS device. Initial uses of these at 115 GHz18

and 36 GHzT9 showed efficient mixing, low noise tem-
peratures and confirmed that quasiparticle currents
were involved. Subsequently it has become clear that
the photon assisted tunneling observed by Dayem and

Martin] and explained by Tien and Gordon23is the
dominant feature of the device. This effect is mani-
fest as steps in the I-V characteristic when local
oscillator power is applied, spaced AV = hv/e from
the gap structure. It is easily seen in the SIS
system because there are two sharp density of states
structures convolved, compared with just one for the
SIN or Super Schottky devices. SIS devices also show
Josephson steps, of course, spaced AV = hv/2e from
zero bias.

Both SIS and SIN structures can be formed as
arrays of devices and at Teast two investigations have

been reportedn]6’18

Constructijon of Devices

In our investigation junctions fabricated by the

methods of Do]an18 have been employed. Electron beam
lithography is used to generate masks from which photo-
resist bridge structures are made. An example of such
a bridge structure is shown in figure 3. Figure 4

Fig. 3. Scanning electron microscope picture of a
suspended photoresist bridge structure used to
fabricate small area junctions

Fig. 4. (a) An SIS junction made using the photore-
sist structure shown in Fig. 3. (b) An SIS
junction whose area is near the Tower limit
achievable by this technique. {c) A series
array of 20 SIS junctions.



shows examples of evaporated structures made with
this technique. By evaporating past the bridge at
different angles, overlapping structures are formed.

Both very small area junctions {~-1u m2) and arrays of
Jjunctions can be made in this way.

Tunneling and Mixing Characteristics

1. Results at 115 GHz.

I-V characteristics for an SIS device, with Pb +
4% in electrodes, are shown in figure 5a. The photon
assisted tunneling steps become clearly visible with
increasing local oscillator (LO) power. Two steps are
observable above and below the gap bias voltage, but
below about 1.5 mV bias the characteristics are con-
fused by the presence of Josephson currents.
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Fig. 5. (a) Current vs. voltage characteristics for
as SIS junction with different 115 GHz LO power
levels applied. (b) IF output power with hot and
cold load signals applied. (c) SSB mixer noise
temperature. (d) SSB mixer conversion loss.

Mixing response is indicated in figure 5b. For an

LO power of about 10'8 watts the sensitivity is roughly
optimum as can be seen from the curves of 5a. When

the waveguide is coupled to an LO source of that power
and also to a black body Toad (by a means described

in the receiver description below) the down converted
power coupled to the IF is a function of bias voltage,
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as displayed in 5b. Knowing the IF amplifier noise
temperature and two black body load temperatures
allows a measurement, at each bias point, of the mixer
temperature and conversion loss, using a somewhat more
sophisticated version of equation (1). These guanti-
ties are plotted in figures 5c and d, and are SSB
values. For this particular junction the peak respon-
sivity, minimum noise temperature and optimum conver-
sion Toss all occur on the single photon assisted tun-
neling step below the gap. Some of our junctions have
shown slightly improved performance on the second step.
The best values for TM and L found at 115 GHz have

been about 60 K and 7 dB respectively.

It is noticeable in figures 5b,c and d that the
noise increases dramatically and the system perfor-
mance worsens in the region at low bias where the
Josephson currents are dominant. This effect is more-
detrimental at higher frequencies.

2. Results at 230 GHz

Measurements at 230 GHz were carried out on the
same type of Junction as used at 115 GHz. The wave-
guide arrangement was somewhat simplified because of
the greater construction difficulties at such frequen-
cies. In fact a circular fundamental waveguide mode
was used, rather than the rectangular reduced (1/4)
height system employed at 115 GHz. Figure 6a shows
the I-V characteristics with and without LO power,
the only significant change being the doubling of the
Dayem-Martin step width. The region below 1.5 mV, for
which the Josephson currents are dominant in these
junctions, now protrudes almost into the region of the-
first step. Figure 6b shows the dramatic increase in
IF noise at that voltage. We have attempted to deal
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Fig. 6. {a) Current vs. voltage characteristics for a
junction with and without 230 GHz LO power ap-
plied. (b) IF output power with hot and cold
load signals applied. The effect of applying a
magnetic field is shown by the dashed lines.
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with the problem by applying a magnetic field to the
junction. This has the effect of reducing the voltage
range in which the junction shows hysteresis. The
dashed curve of 6a shows negligible hysteresis compar- HOT AND COLD LOADS
ed with the curve for no magnetic field. As anticipa-

ted, 6b shows a reduced range for the excess noise.

However, in these particular experiments the field on o ’
the junction is not sufficiently homogeneous and has I% DIELECTRIC e LENS
smeared the gap (6a), resulting in reduced mixing BEAMSPLITTER 7
sensitivity (6b). It can be remarked here that a e
series array of junctions may allow a way out of this , | L.O
problem. A disadvantage for arrays at high frequency .
is that the series inductance between junctions must ,
be kept small, which accounts for the complicated -
structure of figure 4c. A complete solution to the [~ T
Josephson current problem would be to use SIN devices, | 77777
of course.

F
Our best single side band performance to date EEDHORN

for SIS devices at 230 GHz is TM < 300 K. As yet,

we have not accurately measured the conversion loss at M IXER GaAs FET
this higher frequency. BLOCK AMPLIFIER tO-15 GHz iF.

90-140 GHz Astronomical Receiver

BACKSHORT D.C. BIAS

A receiver to mount at the focus of a 10 m tele-
scope at Caltech's Owens Valley Radio Observatory,
using an SIS mixer element, is now nearing completion.
A simplified block diagram of the receiver is shown in
figure 7. This figure also demonstrates the method
of measurement of the receiver and mixer performance
parameters. The parts within the box are in vacuum,
bolted to the cold plate of a 1iquid helium cryostat.
Some measurements have been made at 4.2 k, but the

best results are generally found at lower temperatures. Fig. 7. Schematic diagram of 115 GHz receiver.

Fig. 8. Picture of 115 GHz receiver to be used for astronomical observations. The principal elements are;
A, LO feedhorn; B, 1% dielectric beamsplitter; C, mixer feedhorn; D, mixer block; E, backshort tuner;
F, 30 db directional coupler for coupling test signals into the IF line; G, 1.4 GHz cooled GaAs FET IF
amplifier; H, IF output port.



The dielectric beam splitter allows the signal to pass

freely and couples in only ~1% of the LO power. This
is possible because of the low LO power requirement
for the SIS mixer. Figure 8 is a photograph of the
receiver dewar with radiation shields removed. ’

A prototype version of this receiver, built at
Bell Labs, was used in June 1979 to- determine its
suitability for astronomical operation. No major
problems were encountered. The table below indicates
performance figures for the prototype and current re-
ceiver. The current receiver has a system temperature
of 300 K at 115 GHz, which is comparable with or better
than contemporary cooled Schottky diode receivers. The
table also indicates what would result if the best
measured individual component figures could be achieved
in the final configuration. This is a matter of selec-
tion and correct matching. Finally, the theory column

shows the expectations from the theory of Tucker.20

Table 1

SIS DAYEM-MARTIN RECEIVER AT 115GHz

ACHIEVED ON NOW IN “BEST
TELESCOPE LAB . ACHIEVED . ..oy
JUNE 1979 (C.I.T)) (C.I.T
(B.T.L) B.T.L)
Tk 60 K 15K K <10 K
Lese 8 db 8.5db 6 db GAIN
i, ssB 95 K 1BOK 60 K <15 K
Trec,ss8 400 K 300 K (105 K) <30K
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