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Shunted Josephson Junctions and Optimization
of Niobium Integrated Matching Circuits
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Abstract—Josephson junctions (JJs) with non-hysteretic I-V
characteristic and high critical parameters are required for
many applications; in particular, they are needed to create tun-
able THz range oscillators. We fabricated and studied shunted
superconductor-insulator-superconductor (SIS) Nb-AlO,-Nb tun-
nel junctions with an area of about 1,4m?, estimated their param-
eters, and compared them with theoretical models. To assess the
performance of shunted junctions in the terahertz range, their char-
acteristics were studied under the influence of a high-frequency
signal; the estimated value of the characteristic voltage for the
shunted junction at a high frequency is about 1 mV. To improve the
circuit parameters, a new type of the shunting based on application
of NIS junctions was proposed, which reduces the influence of
parasitic inductance, expands the frequency range of the generator,
and decreases the size of the structure. The JJs with a new type of
shunting have been fabricated and studied. The niobium integrated
circuits intended for matching the superconducting oscillator and
an SIS junction as a microwave detector were designed, fabricated,
and tested. Such structures are required for studying the spectral
characteristics and analyzing the operation of the oscillator. The
developed circuits have demonstrated efficient operation at fre-
quencies from 300 to 700 GHz; the experimental results are in good
agreement with the simulated characteristics. The results obtained
will be implemented for further development of the THz range
oscillators.

Index Terms—Josephson effect, superconducting integrated
circuits, superconducting devices, thin film circuits.
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Fig. 1. The technological process for fabrication of a JJ with NIS-shunting:
(a) Deposition of a four-layer structure Nb-AlOy/Al-Nb. (b) Formation of a
“large” junction by reacting ion etching and anodization of the upper layer of
aluminum outside the “large” junction. (c) Formation of a “small” SIS junction,
deposition of an insulator layer. (d) Deposition of the upper (counter) electrode;
topologies of shunted junctions presented on the same scale (counter electrode is
not shown). (¢) Shunting using a thin-film resistor and (f) proposed new version
of shunting by integrated NIS junction.

1. INTRODUCTION

O CREATE tunnel junctions with non-hysteretic
T current-voltage characteristics and high critical parameters
external shunts are required [1]-[5]. Traditionally, a shunt is
realized by thin metallic stripe and, therefore, has rather big
inductance, which constraints the operation of such devices at
high frequencies [3]. In addition, direct contact of the shunt to
the base electrode is required. As a result, the area occupied
by shunted junction considerably exceed area of the initial
superconductor-insulator-superconductor (SIS) junctions. As
a solution for all these problems, a new topology of shunt
formed by a normal metal-insulator-superconductor (NIS)
junction surrounding the SIS junction is suggested. The process
of fabricating a topology with NIS shunting is presented in
Fig. 1. At the first stage of the study, we evaluated parameters
of the traditionally shunted SIS junction and verified them by
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Fig. 2. The IVCs of the shunted junction at different temperatures, measured
with increasing current. The insert shows the part of the IVC for one temperatures
atincreasing and decreasing of the bias current; the arrows indicate the direction
of the current. Also, the method of determination the value of the critical current
(I.) and the return current (/) is shown.

theoretical models [6]-[8]; see Section II. These data were
compared with preliminary results for the Josephson junction
(JJ) with NIS shunting (Sections III and IV).

To compare properties of the junctions with different type of
shunting at high frequency, the shunted junctions were integrated
with flux-flow oscillator (FFO) fabricated on the same chip
[9], [10]. Frequency of the FFO can be tuned electronically
from 300 to 700 GHz by changing magnetic field produced by
integrated control line. Details of the design and experimental
test of the matching circuits between FFO and JJ are presented
in Sections V and VL

II. JUNCTIONS, SHUNTED BY THIN-FILM RESISTOR

A. Hysteresis Characteristics

To determine the main hysteresis characteristics, the IV curve
(IVC) measurements of shunted Nb-AlO,-Nb structures were
carried out in the temperature range of 4.2-10 K (Fig. 2). The IVC
feature observed at voltages near 1 mV could be explained by a
geometric resonance in the electrodes of the structure, created by
currents of Josephson generation. Position of these resonances
should be properly taken into account at designing generators,
based on arrays of shunted JJs. The presence of this feature on
the IVC indicates the existence of a powerful generation in the
structure at frequencies of the order of 500 GHz (a characteristic
voltage of the order of 1 mV), which can be delivered to a
microstrip line.

The values of the critical currents (/.) and the return currents
(1,;) were determined from the experimental data (see the insert
in Fig. 2). The dependences of their ratio on the parameter 3. =
21/®yl. R°C [3], [7], [11], [12] for four different samples are
presented in Fig. 3. The parameters of samples 1—4 are provided
in Table I. The experimental data obtained lie between the theo-
retical curves, calculated for the RSJN model (nonlinear resistive
model) with Ri/R,, = 2 and for the RSM model (resistively
shunted model) [7], [12]. The R; is the resistance of the junction
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Fig.3. Hysteresis parameter Ir/Ic vs the junction capacitance parameter ¢ for
the various samples of shunted Josephson junctions for different temperatures
(4.2-10K). The samples differ in the junction area (S in xm?2) and the degree of
shunting. A is the shunt dimension in pm (widthx length) of the resistor film.
The parameters of samples 1—4 are provided in Table 1.

TABLE I
PARAMETERS OF THE SHUNTED JUNCTIONS

Sample 1 Sample 2 Sample 3 Sample 4
S, um? —junction 1.4 1.4 2.8 2.8
area
A, shunt dimen-
sion in pm 4x36 4x44 4x20 4x24)
A, “squares” 9 11 5 4
Rtotal, Q 7.7 8.8 45 5.3
Ve, uv 440 485 536 692
B(T=4.2 K) 2 2.5 2.3 3.6

The parameters of the four shunted junctions, the characteristics of which are shown in
Fig. 3. The table presents the areas, the shunt dimension, as well as the total resistance
(normal junction resistance and shunt resistance), the characteristic voltage and the
parameter Sc.

at voltages V<2A/e (A is energy gap), and R,, is normal junction
resistance.

B. High-Frequency Characteristics.

To assess the performance of shunted junctions in sub-
terahertz range, their characteristics were studied under the
influence of a high-frequency signal generated by on-chip FFO,
operating in the frequency range 300-700 GHz. Measurements
were carried out using conventional matching circuits [9]. More
details concerning matching structures will be presented in
Sections V and VI. Under the influence of a high-frequency
signal on the junction, a series of vertical steps appears at
the voltages V,, = nhw/2e (h is Planck’s constant, and e is
the electron charge), called Shapiro steps. They appear due
to the synchronization of Josephson generation by an external
signal [7].

Fig. 4(a) shows the IVCs of the shunted junction at different
signal power at a frequency of 500 GHz; the power was varied
to obtain the dependences of the amplitude of the Ist and 2nd
Shapiro steps on the amplitude of the high-frequency signal
[71, [13] and to estimate the V. value from high-frequency
measurements. The amplitude of the step with the number n,
on condition that the frequency of the external periodic signal
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Fig.4. (a) Thel-V curves of junctions with thin-film resistor at different signal
power, provided by on-chip FFO at a frequency of 500 GHz. Double amplitude
of the critical current /.(b), the first /7 (c) and the second /2 (d) Shapiro steps in
mA vs the amplitude of the high-frequency signal 1, (arb. units) at a frequency
of 500 GHz. Experimental data are presented by points, the dependences for the
resistive junction model at low dumping are shown by solid lines.

f = w/27 is less than or equal to the characteristic frequency
we = 2eV/h, is given by the formula 7,,. = I. J,, (1./1.) [7],
[13]. The value J,, is the Bessel function of the first kind of order
n and [, is the amplitude of the external signal.

The amplitude of the first steps was measured for different
frequencies and for junctions with different areas, depending
on the generator power, which varied due to changes in the FFO
current at a constant voltage (frequency) [9]. The dependences of
the doubled /. and the amplitude of the first and second current
steps on the amplitude of the signal current /,, at a frequency
of 500 GHz are shown in Fig. 4(b), (c), (d). The value of the
1, in the first approximation is proportional to the square root
of value of the FFO superconducting current [10] at a voltage
of 1 mV.

Good agreement of the oscillations with the unmodified
Bessel function at a frequency of 500 GHz allows us to conclude
that the characteristic voltage of the shunted junction at high
frequencies V.® is about 1 mV. As predicted in [7], junctions
with a lower V. value perform worse at high frequencies; the
agreement of the oscillations with the Bessel functions was
observed when exposed at frequencies below 360 GHz.

III. ESTIMATION OF SHUNTED JUNCTION PARAMETERS

In order to determine the geometric characteristics of the
junctions and current density, which are necessary to get the
desired critical parameters, the calculations were carried out.
Fig. 4(a) refers to shunting with a thin-film resistor; it is needed
to determine what current density is required to create junctions
with fixed critical voltage and .. Calculations show that the
characteristics of such junctions begin to deteriorate at frequen-
cies above 500 GHz due to the influence of the inductance
[3] of the thin-film resistor. A new junction topology with
NIS-shunting has been proposed to improve the high-frequency
properties. To calculate the main parameters we estimated the
resistance of the NIS junction under the gap at voltages of

B=1 (a) (b)
600 [ ——B2 - 1200
..... =3 Pt -
E et
o 400 Ptad - = 800
g Lo - 5
A
’a'/
20 | 200
/
0 L A L 0
10 0 30 40
J, kA;cm"Z 15 2'Sr, pum 35
30 50
(c) i (d)
= = =RnS=7 40 -, = = =RnS=7
c 20 ) -
= RnS=20 30 b ™ RnS=20

[}
S
2

Fig. 5. (a) Calculated critical voltage depending on the current density for
different values of the parameter (. for junction with thin-film resistor. (b) Cal-
culated critical voltage depending on the outer radius of NIS shunt. Calculated
total resistance under the gap (c) and parameter 3. depending on the outer radius
of NIS 2shunt for different R,,S values in Qxpm?. Area of the SIS junction is
1.4 pm~.

about 1 mV by using the analytical expression of current-voltage
characteristic of the NIS junction [14]. It was obtained that the
resistance under the gap, which is a shunt for the new topology,
is 5 times greater than R,™S. Fig. 5(b), (c), (d) refer to new
NIS-shunting and present how calculated parameters depend on
the outer radius of this shunt.

Calculation shows, that by increasing the current density
(by decreasing R,,S), it is possible to create junctions without
hysteresis at V of about 1 mV and with high V.. For example,
for the critical current density 18 kA/cm? (R,,S = 7 Qxpum?),
radius of SIS junction 0.67 um (S = 1.4 ym?) and outer radius
of a NIS junction, » = 2 pum, V. will be approximately 500
pV, while S, calculated for measured at dc parameters, will be
about 2.5.

IV. JUNCTIONS WITH NIS-SHUNTING

Junctions with new type of NIS shunting were designed and
fabricated; preliminary measurements demonstrated that such
shunting topology works as it was expected. The figures below
demonstrate [VCs of such junctions for various FFO frequencies
(Fig. 6) and for different powers at the FFO frequency of 410
GHz. Fig. 7(a). For a new type of shunting, the dependences of
the amplitudes of the steps on the value of the high-frequency
signal were also obtained, Fig. 7(b), (c), (d). The experimentally
measured amplitudes of the first and second Shapiro steps are as
large as doubled /. value and considerably exceed the theoretical
estimations [7], [13]. It means that the amplitude of the Joseph-
son currents at high frequencies is actually larger than expected
from I, measured at dc IVC. The experimental results showed
that junctions with such shunting operate well at a frequency of
410 GHz; in order to increase the operating frequency, samples
with a higher current density will be fabricated in the future.
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Fig. 6. 1-V curves of the junctions with a new type of NIS-shunting without
the influence of a signal and under the influence of signals with frequencies
of 330, 400, and 460 GHz. Shapiro steps corresponding to the frequencies are
observed.
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Fig. 7. (a) The I-V curves of NIS-shunted junction at different signal power,
provided by on-chip FFO at a frequency of 410 GHz. Double amplitude of
the critical current /. (b), the first /7 (c) and the second /2 (d) Shapiro steps
vs the amplitude of the high-frequency signal /,, (arb. units) at a frequency of
410 GHz. Experimental data are presented by points; the dependences for the
resistive junction model at low dumping, bound to experiment at /,, = 0, are
shown by solid lines; the same dependences bound to experiment at /,, = 4
are presented by dash lines.

V. INTEGRATED COUPLING CIRCUITS

To study the high-frequency properties of SIS junctions,
an on-chip source of electromagnetic radiation and a line for
transmitting of this signal are necessary. The already proven
long JJ, so-called flux-flow oscillator (FFO), was used as a
sub-terahertz generator. It is important to ensure equally good
signal transmission in the entire frequency range at which the
junction is being studied; that is, the impedance matching coef-
ficient of the FFO and the SIS junctions is high enough for all
frequencies. The transmission of the radiated by the FFO signal
is carried out through a specially designed integrated matching
structure, the parameters of which affect the behavior of the
matching coefficient depending on the frequency. A photo of
one of these matching circuits is presented in Fig. 8. The geo-
metric dimensions of the elements, as well as the characteristics
of the materials used for their manufacture, determine the nature
of the signal transmission from the generator to the sample under
study.
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Fig. 8. Photo of the integrated circuit: 1 — Flux-Flow Oscillator; 2- three-stage
impedance transformer; 3 - DC block; 4 — two-stage impedance transformer; 5-
SIS junction detector with inductive section to compensate the capacitance of
the SIS junction in the operating frequency range; 6- radial sectors for high-
frequency grounding; and 7- output coplanar line.
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Fig.9. Thel-V curves of the SIS detector: no signal — autonomous IVC of the
Nb-AlOx—-Nb detector without high-frequency signal; curves 1, 2, 3 and 4 were
measured for the FFO operating at 400, 500, 620, and 700 GHz, correspondingly;
the critical current of detector is suppressed.

To determine the power that has reached the SIS junction,
its pump current is measured under the influence of a high-
frequency signal, see Fig. 9. The difference of the currents
between the pumped by RF signal and autonomous curves
measured at the operating point below the gap, gives the value
of the pump current /5, . It is possible to estimate the detected
power, knowing its dependence on the current [15] — usually it’s
about a few tenths of microwatts.

VI. CALCULATION MODELS AND THEIR APPLICATION

To optimize the parameters of the integrated circuit, two
mathematical models were developed to calculate the depen-
dence of the matching coefficient on the frequency for the
transmission line. In the first case, the impedance matching
coefficient between different parts of the circuit, from the source
to the detector (Impedance Matching), is calculated sequentially,
in the second method, the transmission matrices of the circuit
elements (ABCD matrices) are compiled [16], and the ratio of
the power incident at the SIS junction to the power radiated by
the generator - Transferred Power Ratio (TPR) is calculated [17].
At frequencies above 0.7 THz, where the energy of the radiation
quantum becomes comparable and may even exceed the value of
the superconducting niobium gap, the signal from the generator
is strongly absorbed in the superconducting electrodes of the
transmission line. To account for these losses, the TPR calcu-
lation includes a modified Mattis-Bardin theory [18], modified
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power ratio (TPR). Dependence of the pump current on the frequency for the
experimental circuit with parameters that were used for the calculation (right
axis).

by taking into account the strong coupling effects, which lead
to appearance of the intragap states for quasiparticle excitations
for the Nb used in the work (as well as for the NbN and NbTiN,
which will be used for fabrication of devices with operating
frequencies up to 1 THz). These results are shown by the TPR
curve with losses in Fig. 10, where three theoretical curves,
calculated for the identical set of parameters, are compared with
each other and with the experimental results for the circuit with
same parameters.

In fact, at the experiment we measure the pump current
Ioump caused by the FFO power delivered to the of the SIS
detector at different FFO frequencies. According to [15] Ipump
is proportional to a =eVrr /hf at moderate o (1 < v <2); here
Vrr is high frequency voltage induced by the FFO power; the
corresponding RF power is proportional to %, To compare
the experimental result with model calculations (presented in
dB) the value 10xLg(F pump) = 20%Lg(Ipymyp) is computed and
plotted in Fig. 10. It can be noted that the frequency peaks are in
good agreement both between the two calculations and between
both calculations and experiment. The TPR model enables us
to take into account losses in transmission lines, which become
significant at frequencies above the gap (700 GHz for Niobium)
and are relatively strong in case of electrodes made of normal
metal.

The experimentally observed pumping at low frequencies is
due to the generation of the FFO at harmonics of Josephson
frequency. It was demonstrated that the pumping observed at
voltages of about 0.4—0.7 mV (which corresponds to frequencies
of 200-350 GHz) is a “replica” of the pump at frequencies of
400-700 GHz compressed in half along the frequency axis. Even
lower along the frequency axis, one can see the pumping caused
by the generation of the third harmonic. Note that level of the
emitted by FFO power is affected by abrupt transition from Fiske
to flux-flow regime at 470 GHz for Nb-AlO-Nb junction which
corresponds to voltage V /3 [19].

VII. CONCLUSION

We fabricated SIS junctions shunted by a thin-film resistor,
measured their parameters and hysteresis characteristics; studied
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their behavior under the influence of a high-frequency signal
provided by on-chip FFO. The characteristic voltage of the
shunted junctions at high frequencies was measured to be about
1 mV. To minimize cell dimension and decrease inductance
of traditional shunts a new type of shunting based on appli-
cation of NIS junction was proposed and preliminary tested.
Advantages of the NIS shunted junctions can be realized for
high current density circuits. Two mathematical models of the
matching circuit were built; by using these models new versions
of the integrated circuits for the frequencies 250-700 GHz
were developed. The experimental results for developed circuits
agree well with calculations; new designs will be implemented
for further improvement and investigations of the THz range
oscillators.
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