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Performance of Arrays of S1S Junctions in
Heterodyne Mixers

DENIS-GERARD CRETE, WILLIAM R. MCGRATH, PAUL L. RICHARDS, AND

FRANCES L. LLOYD

,4bstract—We have made a systematic experimental study of the perfor-

mance of millimeter-wave quasiparticle heterodyne mixers which use arrays

of S1S tunnel junctions. Sets of arrays with N =1, 5, 10, 25, and 50

junctions in series were fabricated by photolithography. All of the arrays in

a given set were made on a single sificon wafer so that their response time

parameter OSR ~ C would be the same. Junction areas were scaled so that

the total impedance was the same for each array in a set. Sets of arrays

from four wafers with vahres of U~RNC ranging from 2.6 to 13 were

evaluated in mixers at 33 and 36 GHz. These measurements showed that

the signal power required to saturate the mixers varies as N2 and that the

conversion efficiency is uearly independent of N for all values of Q~R ~ C.

The mixer noise temperature is independent of N for large values of

+S R N c. Therefore, the dynamic range of an S1S quasiparticle mixer can
increase in proportion to N2. For small vahres of as R N C, however, the

mixer uoise irmreases systematically with N. This correlation suggests that

the junction capacitance affects the coupling between junctions that can

contribute to the noise.

I. INTRODUCTION

1

~ HE S1S QUASIPARTICLE tunnel junction has been

demonstrated to be the most sensitive mixing element

for millimeter-wave receivers [1], [2]. Quantum effects [3],

[4], such as conversion efficiency (gain) greater than unity,

as well as noise temperatures close to the quantum limit,

have been observed [1], [4]. Local-oscillator power require-

ments are as small as 10 – 8 W, which is convenient for

some applications but leads to a low saturation threshold

for these mixers [5], [6]. For RF bandwidths in excess of 20

percent, saturation can occur on room-temperature noise

[5], [6].

During the early development of the Josephson-effect

parametric amplifier [7], it was recognized that the use of

arrays of Josephson junctions in series could increase both

the saturation level of the device and the pump power

required. The applicability of this idea to S1S quasipartick

mixers was immediately recognized [8], [9]. The practical
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benefits of using series arrays are sufficiently important

that a substantial number of experiments using arrays have

been reported [2], [6], [9]–[11]. It has not been clear,

however, whether the use of arrays has caused any sacrifice

in mixer gain or noise. In this paper, we report a sys-

tematic experimental investigation of mixing with arrays of

N junctions in series, where N =1, 5, 10, 25, and 50. Two

preliminary reports of some of these measurements have

been presented [12], [13].

The product of the signal frequency c~~, the junction

normal state resistance R ~, and the junction capacitance

C is an important operational parameter for quasiparticle

mixers. It depends on the thickness of the tunneling barrier

but not on the junction area. Thus, the value of the

u~R NC product is the same for each set of arrays fabri-

cated on a single silicon wafer. The sets of arrays described

here had as many as five different values of N. In order to

minimize differences in RF coupling to these arrays, the

junction areas were scaled in proportion to N. Therefore,

the total resistance and capacitance of each array in a set is

only weakly dependent on N. The junction areas in a given

array were kept as uniform as possible in order to operate

each junction with the same dc bias. The overall array

lengths were kept short to help ensure that the instanta-

neous RF current is the same for all junctions.

An equivalent circuit transformation can be used to

understand how signals are processed in an S1S array

mixer [11]. The individual junctions are modeled by three

parallel conducting paths, which correspond to the nonlin-

ear resistance and reactance of the quasiparticle current

and also the displacement current through the geometrical

junction capacitance. The junctions are joined in series

with some series lead inductance, as shown in Fig. l(a). If

the junctions of the array are identical and the phase of the

current is constant along the array, then the instantaneous

currents are the same in each current path of each junc-

tion. Iq this idealized case, the circuit of Fig. l(a) can be

transformed to that of a single effective junction with the

total impedance of each conducting path equal to N times

that of a single junction of the array, plus a total series

lead inductance, as shown in Fig. l(b).

Quantum mixer theory applied to this model can be

used to compare the performance of mixers based on

arrays whose junction areas are scaled in proportion to N.

If the embedding impedances are held constant, except as
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Fig. 1. Equivalent circuits used to compute dependence of mixer per-

formance on the number N of junctions in the array. (a) Equivalent
circuits for individual S1S mixers showing parallel conduction paths for

nonlinear resistive and reactive quasiparticle currents and liney dis-

placement currents. (b) Effective yrnction model used to compute gain
and saturation level of array mixers. (c) Llneanzed equivalent noise
current generators used to compute noise in array mixers by superposi-
tion.

TABLE I

IDEAL DEPENDENCE OF JUNCTION AND AmuY MIXER PARAMETERS

ON N FOR CASE IN WHICH JUNCTION AREA IS SCALED AS N

Each Junction Entire Array

V., V,F,VLO 1 N

10, IIF, ILO N
Ro, RIF, RLO

N?, 1
Capacitance N 1

Mixer gain 1 1

LO power N N2

Saturation power N N2

Noise power 1 1

Dynamic range N N2

required to tune out the lead inductance, the signal power

at which saturation occurs and the local-oscillator (LO)

power required scale as N 2. The mixer gain is independent

of N. Although the Josephson current is usually neglected

in the analysis of S1S mixers, the transformation to an

effective junction can be carried out even when it is

included. Table I summarizes the expected dependence of

important mixer parameters on N for this idealized model

and also includes a prediction for noise power that will be

discussed below.

A number of advantages can be obtained by using

arrays of junctions in series as mixers, especially if the

mixer noise does not increase with N. The saturation level

and the dynamic range can be selected to match the

requirements of the experimental application. This can be

especially important for those signal-processing applica-

tions [14], [15] that use high-level signals. Problems associ-

ated with the small junctions required for operation at very

high frequencies can be alleviated by the use of arrays of

larger junctions. Fabrication requirements are relaxed,

sensitivity to burnout is reduced, and Josephson phenom-

ena can be more easily suppressed with a magnetic field

[10].

In Section II of this paper, we discuss a simple mathe-

matical model for arrays of N junctions in series; this

model predicts that the noise can be independent of N.

The design and fabrication of the arrays are described in

Section 111. The measurement techniques used to evaluate

mixer performance are summarized in Section IV. The

experimental results are presented in Section V.

II. NOISE CALCULATIONS

If the noise in separate junctions is uncorrelated, the

noise in array mixers can be calculated by applying

Tucker’s theory to the effective junction model described

above [16]. To illustrate the expected noise performance,

however, we review an analytical model related to discus-

sions found in the literature [5], [11] which gives equivalent

results. The Tucker theory for mixer noise in the IF output

band is applied to each junction, and the total noise power

dissipated in the load is computed by superposition, as-

suming that the noise in different junctions is uncorrelated.

This procedure cannot be used to compute the gain or the

saturation level for the array mixer, because the RF em-

bedding impedances for the individual mixers in the array

are not known [11]. The effective junction approach de-

scribed above requires only the embedding impedance of

the array and therefore avoids this difficulty.

We represent noise in the ith pumped and biased junc-

tion by an IF noise current generator 1, in parallel with a

resistance R, and a reactance jX,. A series array of such

model junctions is assumed to drive a load impedance Z~

as is shown in Fig. l(c). The current in the load due to the

i th model junction is

()Zi
IL, = I,

ZL + ZN
(1)

where Z~ = ZZl and Z, = (l/Rl + l/jXl ) – 1. If these noise

generators are not correlated, the noise power dissipated in

the load due to all N junctions is

If all junctions in the array are identical, Z,= ZN/N and

Z,(I~) = N(l~). ‘Then

PL=RLm ‘N 2.
N ZL + ZN

(3)

The impedance ratio in (3) is independent of N for the

arrays scaled as in Table I. To determine the dependence

of ( lZ2) on N, we must properly consider correlated noise
sources at the IF, signal, and image frequencies in each

junction. If we neglect zero-point noise, we can use the

expression for the noise current in bandwidth B at the IF

output derived by Tucker [17]:

(4)
m,m’

The normalized impedance matrix elements X ~m, de-

pend only on impedance ratios and therefore are indepen-

dent of N. The correlation matrix H scales as N, there-

fore, from (3) the coupled noise power PL is independent

of N. Since the gain is independent of N, the input noise

tem~erature of the mixer is m-edicted to be independent of
L ,-

.r--
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Fig, 2. Optical photographs of series arrays of N =1, 5, 10, and 50 S1S tunnel junctions produced by a photoresist liftoff

process on a Si substrate. The first layer, of a Pb-In–Au alloy, is called the base electrode. It is patterned to form smooth
light triangles at the left of each picture and also at the right for N = 10. In addition, the base electrode forms a series of
smooth light rectangles for Ns 1. The large dark rectangles are a layer of SiO on top of the base electrode. Windows, or

holes, in the SiO define the areas of the tunnel junctions, which vary from 6.3 pmz for N = 1 to 324 pm2 for N = 50. These

windows appear as the smallest squares in each picture. The tunnel currents flow perpendicular to the plane of the paper

through the windows and through tunneling barriers that are made by sputter oxidation of the base electrode. The third
layer, of a Pb–Bi alloy, is called the counter electrode. It shows as granular triangles at the right for N = 1 and N = 5 and

also as a series of small rectangles which connect alternate pairs of junctions for N >1. The general direction of current flow
is horizontal. The current flow in the junctions is alternately into and out of the page.

N. Arguments have been advanced that zero-point noise in

array mixers should also be independent of N [5], [11].

III. FABRICATION OF THE ARRAYS

All of the arrays tested were fabricated at NBS Boulder

using a 200-nm Pb–In–Au base electrode on a Si sub-

strate, RF plasma oxidation, and a 430-nm Pb–Bi counter

electrode [18]. Junction areas were defined by a window in

a 300-nm-thick SiO layer located between the electrodes.

The first mixer measurements [12] began with mask set A,

which produced arrays of 1, 10, and 50 junctions on one

wafer. The junction area, scaled in proportion to N, was

225 pm2 for N = 50. Later measurements used mask set B,

which produced arrays of 1, 5, 10, 25, and 50 junctions

with a junction area equal to 324 pm2 for N = 50. An

optical photograph of four arrays produced using mask B

is shown in Fig. 2.

We observed that the noise temperature of S1S array

mixerrs depends critically on the parameter u~R NC. Values

of this parameter were deduced from the Josephson critical
current density using specific capacitance data for 13-per-

cent In published by Magerlein [19]. Junction areas were

determined on the N = 50 arrays in order to minimize edge

effects. The areas measured from scadning electron micro-

graphs agreed with the nominal mask areas to the accuracy

of the measurement. The Josephson critical current was

computed, using the relation lC = = 0.7A1 [20], from the

current rise A 1 which occurs near the gap voltage 2NA /e

for unpumped junctions. Since the 1–V curve is not per-

fectly sharp, the procedure used to determine the magni-

tude of the current rise is somewhat arbitrary. We have

chosen to fit one straight line to the 1– V cuive at the

inflection point near the center of the current rise, where

the curvature changes sign, and another above the gap

voltage. The value of dc current at which these lines

intersect was taken to be the current rise. A small correc-

tion was made to AI due to subgap leakage current.

Since the 1– V curves were similar for all wafers, relative

values of LO~RNC determined by this technique should be

accurate to i 20 percent. Absolute values, however, may

contain additional errors which have a similar effect on the

data for all wafers. Mixer data were obtained on four

wafers: wafer 1 used mask set A and had u~R NC = 2.6;
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wafers 2 through 4 used mask set B and had u~R~C = 2.8,

3.2, and 13, respectively.

IV. MEASUREMENT METHOD

Accurate measurements of mixer noise and gain were

required to properly evaluate array performance. The

methods used for the early measurements on junctions

from mask set A have been reported elsewhere [4]. Arrays

from mask set B were measured using a more accurate

method [13], which will be described briefly here. The

mixer block is a full-height waveguide used in the TEIO

mode with an adjustable backshort and a screw tuner

located 3Ag/4 in front of the array. Scaled model ,experi-

ments [21] showed that this mixer block can provide a very

wide range of RF source impedances to the array in an RF

bandwidth of -100 MHz. The backshort and screw tuner

were adjusted in each experiment to maximize the IF

output power resulting from a monochromatic signal at the

mixer input. The optimum RF source impedance was

generally more capacitive for the longer arrays to com-

pensate for the inductance of the arrays. We believe that

optimum coupling was obtained for all mixers tested.

The LO power and monochromatic signal power were

coupled to the mixer input through a cold cross-guide

coupler, which also served to reduce room-temperature

noise. A coupling ratio of 30 dB was used for arrays with

N =1, 5, and 10. Only 20 dB could be used for arrays with

N =25 and 50 which required more LO power. A specially

designed variable-temperature RF load [22] that operated

from 1.3 to -50 K was attached to the straight-through

port of the cross-guide to supply a calibrated RF signal

power PI.

The IF output of the mixer passed through a conven-

tional RF choke filter and a transformer designed to

provide a resistive 50-0 IF” load. A cooled coaxial switch

was used to compare the output power P. from, this

transformer with the output power P2 of a specially de-

signed variable-temperature IF load [22]. Following the

switch, the IF train included a bidirectional coupler for IF

reflection measurements, two cooled isolators, and a cooled

L-band IF amplifier. The noise temperature of the IF

system was T1~=14 K.

Measurements were made by selecting an RF load tem-

perature to give a value of PI. The temperature of the IF

load was then varied until the IF load power P, equaled

the mixer output power Po. The linear relationship be-

tween values of PI and Pz obtained in this way gives the

mixer gain and noise temperature [13]. Because of the low

temperatures used, it was necessary to use the Planck

relation,

huB
‘= ~hw/kT_l (5)

to relate radiated power in a bandwidth B to the load

temperature T. Reflection measurements were then used to

evaluate the IF mismatch, and corrections were made to

obtain values of available gain. Using this system, it is

possible to measure mixer noise temperatures with an

accuracy better than + 2 K and mixer gain to + 8 percent.

N

Fig. 3. Power at mixer input that causes 5-percent gain compression for
arrays with qs. R ~ C =13 versus the number N of junctions in series.
Open circles give measured powers; triangles give powers after cor-
recting for small gain variations. These data show the expected N2

dependence. The errors in these measurements are estimated to be
comparable to the height of the symbols.
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Fig. 4. Available mixer gain G as a function of the number N of

junctions in the array. Each curve is labeled with the corresponding
value of as R ~ C. Typical estimated errors in G are ~ 0.07, +0.02,

f 0.006, and f 0.01 for a~RNC = 2.6, 2.8, 3.2, and 13, respectively.

These measurements are effectively single sideband since

the IF of 1.5 GHz was many times the RF coupling

bandwidth. The image sideband was strongly mismatched.

V. EXPERIMENTAL RESULTS

Measurements of mixer saturation were made on arrays

from wafers 1, 3, and 4. The circles in Fig. 3 show the

monochromatic input power in the upper sideband at 36

GHz required to cause 5-percent gain compression plotted

versus N for wafer 4 with u~RNC = 13. It has been sug-

gested [5] that saturation occurs at the mixer’s IF output

port first; thus, the input saturation power is inversely

proportional to mixer gain. The triangles in Fig. 3 repre-

sent the data after corrections were made for the small

gain variations (see Fig. 4). the slope of these points in the

log–log plot is 1.9+0.2, which is in excellent agreement

with the expected theoretical dependence on N 2.

Arrays of each length were tested from all four wafers.

A magnetic field was required to suppress Josephson insta-

bilities, which occurred at low bias voltages in the arrays

with large N. Measurements of the gain of optimized

mixers, as shown in Fig. 4, were made using the variable-

temperature loads and then checked using monochromatic

signals. The results were consistent to better than 20

percent because of the strong image rejection. Some of the

data points of Fig. 4 are the average of several measure-

ments of the available mixer gain. Occasional arrays showed

poor performance and the data were not included. Up to
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Fig. 5. Single sideband mixer input noise temperature TM (SSB) as a

function of the number N of junctions in the array. Each curve is

labeled with the corresponding value of a~RNC. The separation of the

curves for large N is much larger than the estimated errors. For clarity,

the error estimates are shown only for the points for the largest values

of N.

N = 25, the gain is essentially constant, as is expected from

theory for all values of ti,@ NC. The gain is siwificantly

lower for N = 50. We speculate that the phase of the RF

currents may not be constant for these arrays whose length

is half the waveguide height.

Measured values of single sideband mixer noise temper-

ature TM are plotted in Fig. 5 for arrays from all four

wafers. There is a trend to increasing values of TM for

large values of N. This trend is most pronounced for

arrays with small values of UsRNC. For wafer 4, with

o~RNC =13, TM is essentially independent of N for N G
25. Since TM is computed by measuring the noise tempera-

ture TD of the mixer output and then dividing by the

measured G, the increase in TM for N = 50 is correlated

with the low value of G for that array.

Additional insight into the dependence on N of the

noise in arrays can be obtained by plotting the mixer

output noise temperature TD as a function of N, as is

shown in Fig. 6. The systematic increase of TD with

increasing N and decreasing UsRNC, which was partly

masked by gain variations in Fig. 5, then becomes very

clear.

It is possible to speculate about the source of the extra

noise seen in arrays with small UsRNC’. Since the embed-

ding impedance at the signal frequency required for match-

ing varies systematically with array length, it is likely that

embedding impedances at the harmonic and image fre-

quencies also vary. Scaled model’ measurements [21]

showed, however, that the harmonic impedances are so

sensitive to the positions of the backshort and screw tuner

that these effects are more likely to appear as run-to-run
variations in mixer performance than as ~ systematic in-

crease of mixer noise with array length. Also, calculations

based on quantum mixer theory suggest that the mixer

noise should not be sensitive to the image impedance for

the range of values given by scaled modeling for these

experiments.

If the embedding impedances are not responsible for the

extra noise, then other mechanisms must be considered.

TD

(K)

I 5 10 25 50
N

Fig. 6. Mixer output noise temperature T~ as a function of the number

N of junctions in the array. Each curve is labeled by the corresponding
value of u~R ~ C. The good fit of the data to straight lines indicates that

TD varies as Np. Values of P for a~RNC = 2.6,2.8,3.2, and 13 are 0.5,

0.1, 0.1, and 0.0, respectively. Estimated errors are shown for those

points where they exceed the height of the symbol used to designate the
point.

The assumption made in Section II that noise in separate

junctions is uncorrelated has little real justification. Effects

which can cause correlations, such as injection of nonequi-

librium quasiparticles or phase locking of ac Josephson

currents [23], are well known and have been studied exten-

sively. It is not known, however, to what extent these or

other correlations actually contribute to noise in S1S quasi-

particle mixers.

VI. SUMMARY

We have made a systematic study of array mixer perfor-

mance. In general, mixer gain was independent of N,

except for the longest arrays, for all values of tisl? NC

tested. The mixer noise was found to increase systemati-

cally with increasing N and decreasing tisR NC. This corre-

lation suggests that the response time parameter OSRNC is

important in determining the noise in arrays. Only arrays
with usll NC =13 showed no significant dependence of

noise on N. The saturation power was found to increase as

N2. Thus, the use of arrays with large values of’ ~sRNC

can increase the dynamic range of S1S quasiparticle het-

erodyne receivers by factors as large as 103.
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