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Stimulated Power Generation in ES-SIS
Junction Arrays

Juha Hassel, Panu Helisto, Leif Gronberg, Heikki Sepp4, Jaani Nissild, and Antti Kemppinen

Abstract—We present experimental results on new pro-
grammable Josephson voltage standards based on frequency
dependently damped superconductor—insulator—-superconductor
(SIS) junctions. We introduce a design able to generate two inde-
pendent floating voltages up to 1.5 V using a microwave frequency
of 70 GHz. The array is developed for dc and ac voltage and
impedance metrology. The design is optimized in terms of speed,
power consumption, and stability. Stimulated power generation is
shown to affect the performance of long SIS arrays. The collective
dynamics of Josephson junctions is analyzed and a boundary
condition for the design of long arrays is derived.

Index Terms—Josephson array, Josephson voltage, Josephson
voltage standards.

1. INTRODUCTION

OSEPHSON voltage standards (JVSs) have established
J their role as the primary realization of the unit of voltage.
Under microwave irradiation they produce a quantized voltage
U = nf/Kj, where n is an integer and K; = 2e/h is the
Josephson constant. Conventional arrays are based on a series
of undamped superconductor—insulator—superconductor (SIS)
junctions (see [1] for a recent review). More recently, so called
programmable voltage standards have gained interest. They
are based on damped Josephson junctions (JJs), the benefit
of which is better stability against external fluctuations and
the higher speed. Different concepts for damping have been
introduced including intrinsically damped junctions (supercon-
ductor-normal conductor—superconductor (SNS) [2], or super-
conductor-normal conductor—insulator—-normal conductor—su-
perconductor (SINIS) [3], [4]), and externally-shunted SIS
(es-SIS) junctions [5], [6].

In this paper, we concentrate on arrays based on externally
damped SIS junctions with frequency-dependent damping. It
has already been shown experimentally that with this tech-
nology, a dc voltage of 1 V can be generated with metrological
accuracy. These arrays are promising candidates for tracing the
rms value of an ac voltage back to the Josephson voltage [7],
[8]. We present experimental results on a new optimized array,
which is able to generate two independent floating voltages.
In addition to voltage metrology, the array could be used to
compare two complex impedances [9]. The array produces flat
voltage steps up to 1.44 V.
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We study also the possibility to increase the output voltage up
to 10 V. This would enable replacing existing undamped dc ref-
erences with programmable arrays. However, we found that the
first version of our 10-V array does not produce sufficiently flat
steps. We identify the reason to be the inhomogeneous power
distribution due to the stimulated power generated by the junc-
tions. We derive a design criterion to avoid the effect, and show
that it will be possible to fabricate a 10-V array using the es-SIS
technology.

II. DESIGN AND EXPERIMENTS

The aim is to maximize both the stability of the array against
external fluctuations and the speed of the array [6] assuming
the standard 70-GHz microwave frequency and the VTT Nb tri-
layer process. These are quantified by the step width AT}, and
the time constant Trc describing the minimum time needed to
switch between different quantized voltage states. At the same
time, the microwave power P;,, should be minimized.

The general layout of the 2 x 1.5 V chip is presented in
[9]. In brief, both subarrays consist of 3315 JJs arranged in a
microstripline configuration. The array is designed to produce
1.44 V at step n = 3. The microwave power is divided into
eight branches per subarray, each with its own microwave input.
One branch has 418 or 403 junctions. Junctions are 80 x 30 ym
(width x length) in size, which leads to a critical current /. of
720 pA (with critical current density of 3 x 10° A/rn2) and a
junction capacitance C of 110 pF. The shunt resistance R and
inductance L are 0.14 €2 and 3.5 pH, respectively. The dielectric
thickness of the microstriplines is 350 nm leading to a transmis-
sion line impedance of about 0.6 (2. Theoretical figures of merit
are Trc =~ 100 ns and P;,, ~ 3.4 mW excluding the effect of
the mismatch from the waveguide to the array. These figures
should enable ac generation at 1 kHz with an error of the order
of 0.1 £V/V [6] and operation with a standard Gunn diode.

The 10-V chip consists of 23 529 JJs divided into 16 branches
with 1472 or 1449 junctions in each. It is designed to produce a
voltage of 10.23 V at step n = 3. Other design parameters (dif-
fering from the 2 x 1.5 V design) are junction size 80 X 17 um,
I. = 400 pA, C = 60 pF, R ~ 0.2 Q, L =~ 4.9 pH. The
theoretical risetime and input power are Tgc ~ 2.5 us and
P, = 1.6 mW. Increasing the output voltage tends to slow
down the array making it unpractical for ac calibrations [6].
However, a 10-V programmable array is attractive as a stable
and fast programmable dc reference.

The fabrication process is the standard trilayer process used
for the fabrication of superconducting quantum interference
devices (SQUIDs) and JVSs. Junction electrodes and super-
conductors in the microstriplines are formed by sputtered Nb
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Fig. 1. Steps n = 2 and n = 3 of a 1.5-V es-SIS subarray. Deviation AU
from the quantized value Uy is shown.

patterned by reactive ion etching. The insulating material is
SiO2 grown by plasma enhanced chemical vapor deposition
and patterned by wet etching. The JJs are Nb/Al/AlO, /Nb
trilayer junctions bounded by anodizing the Nb around the
junction area. The shunt resistors and microwave terminations
are fabricated from sputtered molybdenum patterned by wet
etching. For a more detailed description see [6].

The step flatness was verified with a high-precision digital
voltmeter with a resolution of about 200 nV. The dc wiring was
filtered at the room temperature end to avoid interference from
the environment and the bias source.

Current-voltage characteristics for one of the sub-arrays of
the 2 x 1.5 V design are shown in Fig. 1. The result for step
n = 2, giving an output of about 0.97 V, is shown in Fig. 1(a).
The step is flat within a current range of Al ~ 180 pA using
the criterion of the maximum deviation of 1 V. This is about
two times larger than the value obtained for 1-V steps with our
earlier nonoptimized arrays [5]. A similar plot for n = 3 and an
output of about 1.44 V shows that A3 =~ 30 pA. The decrease
in the step amplitude with increasing n is mostly explained by
the scattering of the shunt resistances. The experimental results
for Al and AT; are justified, if AR = (Rmax — Rmin)/2R <
10% [5] for this sample, whose minimum critical current was
measured to be about 600 pA. Here, R,,.x and R,,;, are the
maximum and minimum shunt resistances on the array. The
quality of step n = 1 was, however, considerably worse than
that of n = 2. Even the measurement of a single branch of the
same array with the whole array biased, gave Al; ~ 130 uA,
i.e., about 30% smaller than A 5. This is unexplained by the pa-
rameter scattering.

A result with a 10-V array is shown in Fig. 2. The step struc-
ture is clearly visible, but the step amplitude is strongly reduced
from the theoretical value. Furthermore, flat steps at a metrolog-
ical level are not obtained with this array or other similar arrays.
The poorer quality of constant voltage steps can, to some ex-
tent, be explained by the increasing parameter scattering due to
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Fig. 2. IV characteristics of a 10-V array. The inset shows a magnification of
stepn = 1 withV = 3.4 V.

a larger number of junctions. However, for the amplitude of the
first step to be completely suppressed, AR should be over 30%.
Furthermore, the remaining resistance at the optimal point of op-
eration shows that a significant fraction (10%—20%) of junctions
are biased off-step. This implies that a corresponding fraction of
the shunts should be outside the tolerance. This is not plausible,
since a characterization of our resistor process [9] as well as the
experience with 1.5-V arrays indicate otherwise.

III. POWER SELF-GENERATION

In this section, we develop a model that explains the reduced
quality of the constant voltage steps of the 10-V array and the
stepn = 1 of the 2 x 1.5 V array. The stability analysis of the
arrays has so far assumed that single junction dynamics deter-
mines the stability and that the passive transmission line prop-
erties of the microstripline determine the homogeneity of the
microwave power along the junction chain.

Arrays of Josephson junctions are known to act as microwave
sources [10]. In overdamped arrays, the radiated power is known
to compensate at least partly for the transmission line attenua-
tion [3]. For undamped or frequency dependently damped SIS
arrays, the coupling from the junction to the transmission line
is smaller, so the effect has been neglected so far. However, we
find that for long arrays the effect can become significant even
in this case.

We start by studying a single junction embedded in a trans-
mission line as in Fig. 3. The microwave current /; cos wt cou-
ples through the junction predominantly capacitively, since the
capacitive reactance of C' is typically much less than the in-
ductive reactances of L or the Josephson inductance @ /271,
where @ is the flux quantum. Therefore, the voltage across
the junction is V() = (I1/wC)sin(wt) + (U), where (U)
is the average voltage. The quantum phase difference is ¢ =
(27’[’/(1)0) f VTdt, i.e.

d(Io, I, t) = —iq cos(wt) + i—“w)t — ¢ 1)
0

where 'Nil = 2rli/ ®ow?C is a dimensionless microwave am-
plitude and ¢. is a constant of integration. The dependence on
bias parameters I (the dc component) and [; is included in 2,
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Fig. 3. Model used in the power self-generation calculation. For clarity, only
one junction embedded in the transmission line Z, is shown. The junction is
represented as an equivalent circuit and the simplification to the voltage source
model is also shown. The external microwave is represented by source Vs and
the transmission line is assumed matched from both ends.

and ¢.. The tunneling current is obtained as Iy = I.. sin ¢. As-
suming that the junction is biased on a constant voltage step,
ie., (U) = n®yf, we get

Is(Io, I, 1) = 1. i Ton(i1) [cos ((m—i—n)wt— %—gbc)}

2
where .J,,, is the mth Bessel function of the first kind. The dc
bias current is Iy = (I3) + (U)/R, where (I;) is the average
tunneling current. In (2), the dc component is obtained from the
term with m = —n. This enables us to solve the constant of
integration

b = % — arccos <(—1)n <6IICO> J;1(71)> 3)

where 61p = Iop—n® f /R, i.e., the deviation of the bias current
from the center of the step.

We consider next the power radiated by the junction into the
transmission line at the microwave frequency. We note that since
typically Zo > 1/wC, the junction acts as a voltage source
with amplitude V,(lo, 1) = I31(lo, I1)/jwC embedded into
the transmission line. Here, I3 is the first harmonic of the tunnel
current, i.e., terms with m + n = =£1 in (2) converted into the
frequency plane. The absolute value | [ | and phase 6 of I, are
plotted in Fig. 4(a) and (b) as function of the bias point for step
n = 1.

We neglect here the effect of higher harmonics for simplicity.
This is justified, since their coupling to the transmission line is
weaker due to the 1/wC-dependence. We further assume that
the transmission line is terminated at both ends, from which it
follows that V; is divided across the transmission line as Vi =
Ve /2 and Vo = —V, /2 (see Fig. 3). Therefore, the propagating
waves from a junction to the right and to the left are

Iy (Io, T
I(z) = % exp (—jB(xz =1)) if x> 1 4)
I(z) = Mexp(—jﬁ(l —z))ifz<l (5

2ijZ0

where [ is the position of the junction and 3 = 27/ is the wave
number for wavelength A of the microwave signal.

We sum finally the contribution of all junctions at positions
I; to the microwave current I} exp(—jf«) at position z in the
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Fig. 4. (a) and (b): Amplitude |I;1| and phase § for the first harmonic of step
n = 1 of the tunnel current as a function of normalized microwave current
for an underdamped junction. The dc bias point 61,/ . is varied from —0.5
to 0.5 with step 0.1 as indicated in the legends. The regime where the junction
attenuates the signal is shown grey. The signal is amplified elsewhere. (c) and
(d): Corresponding plots for the overdamped case.

transmission line. The resulting total current distribution in the
line is then

Iy1 (1o, I (1;))

I(z) = I () exp(—j8z) + exp(—jSx) Z 25007

l;<x

In U h00) ooy

x exp(jfili) + exp(jfn) Y=o

l;i>x

Solving this for I; is not quite straightforward. However,
since we are mainly interested in the onset of the power
self-generation, we assume that ;(l;) = I exp(—j3l;). This
is valid if the self-generated signal is much smaller than the
signal from the source. The self-generated signal has, thus, the
same position dependence. We may write Iyi(lo,I1(l;)) =
I31(1o, 1,(0)) exp(—36L;)= I31(1o, I7) exp(—375L;). It follows
Iy (1o, IY)
2ijZ0

x (N () exp(—jfz) + exp(jfr) exp(—%ﬂh)) ™

l;i>x

Ii(z) = I exp(—jBz) +

where N (z) is the index of the junction at position z. The self-
generated current has two terms. The first term, a right-propa-
gating wave, increases linearly toward the end of the array. The
second term, a left-propagating wave, approximately averages
to zero for long arrays. The asymmetry stems from the fact that
the right-propagating wave propagates to the same direction as
the signal from the generator and, thus, the junction currents add
constructively. The main source of current inhomogeneity is the
first term. B

Everywhere else except at point 7; ~ 1.85 and 61y/I. = 0,
the generated signal is finite. The zero-generation point cor-
responds to the middle of the step, with the step amplitude
maximized. Due to transmission line attenuation and parameter
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scatter it is, however, impossible to bias all junctions at this
point. Therefore, the self-generation always either amplifies
or attenuates the signal. The signal is amplified, if the phase
of Iy1/j is between —7 /2 and 7 /2 (see (7)). The signal is
attenuated otherwise. In Fig. 4(b) the gray-shaded area shows
the range of bias parameters, where the signal is amplified. We
see that the signal is amplified if the junction is biased above
the middle of the step, and attenuated otherwise. The behavior
is qualitatively similar for steps with n > 1.

A similar estimation can also be performed for the over-
damped arrays by replacing the capacitive reactance 1/jwC' by
R in the derivation. The resulting amplitude |/;;| is the same
as in the undamped or externally damped case except that i; is
replaced with 41 op = 27 RI; /®ow [see Fig. 4(c)]. The phases
behave now differently [Fig. 4(d)]. The gray-shaded areas
in Figs. 4(c) and 4(d) show again the area where the power
self-generation amplifies the microwave signal. In this case,
the amplification occurs if the microwave current amplitude
is below the value maximizing the step width, whereas the
microwave signal is attenuated if the amplitude is larger than
this optimal value. Therefore, the junctions tend to compensate
for the variation of the microwave signal along the transmission
line. It compensates also for the attenuation, provided that the
effect is strong enough. This has been detected experimentally
[3] although not theoretically explained.

The stimulated power tends to cause an inhomogeneous
microwave power distribution in case of frequency dependently
damped SIS junctions. Therefore, its effect should be mini-
mized. We derive an estimate of its magnitude. We see (Fig. 4),
that Iy (lo,I;) ~ I.. On the other hand, we know that to
maximize the step width, the microwave amplitude should be

1 =27m(1+n)® f2C [6]. The maximum self-generated signal
is MIy (1o, I)/2wC Zy [see (7)], where M is the number of
junctions in an array branch. The ratio of the stimulated mi-
crowave current to the incident microwave current is described
by the gain parameter

B MI.
h 871'2(1)0(1 + n)f:”CZZO

n x 8.686 dB, 8)
which is given in dB for convenience. In the limit of small 7,
this directly describes the change in microwave power from the
first JJ to the last one.

To compare with our experiments, we note that for our 10-V
design, n = 23, 16, and 11 dB for steps n = 1, 2, and 3, respec-
tively. On the other hand, for the 2 x 1.5-V design n = 3.0, 2.0,
and 1.6 dB for corresponding steps. As a worst case, these add
to the attenuation of the shunt resistors and the dielectric. This
is estimated to be about 3 dB for both designs, which should be
tolerated without a serious degradation of the step quality. Al-
though the simplified calculation based on the linearization is
not quantitatively valid for the large generated signals obtained
here, one can anticipate problems if 7 is very large. Thus, the
reduced step quality of the 10-V array can be explained by the
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gain factor. Also the suppression of step n = 1 for the 2 x
1.5-V array can possibly be explained by the same effect. It is
also noteworthy that with our earlier designs [5] with < 1 dB,
the step amplitudes always decreased with increasing n.

To avoid the inhomogeneity, a safe criterion estimated from
the discussion above for the present es-SIS array designis n <
2 dB. To design a 10-V array, we should drop n by a factor
of 10 as compared to the current design. This can be done, for
example, by doubling 7, dropping I. and M into one half (the
latter by dividing the signal into more branches). This would
decrease the expected step width by one half and increase the
required power by a factor of four. This would still be tolerable
for stable operation with a realistic bias setup.

IV. CONCLUSION

We have demonstrated the operation of an optimized 2 x 1.5
V Josephson voltage standard based on es-SIS junctions. Fur-
thermore, we studied increasing the output voltage up to 10 V.
A limitation was found to be the self-generated power, which
in case of es-SIS arrays causes an inhomogeneous microwave
power distribution. The effect was analyzed and a design crite-
rion to avoid it was derived.
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