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Abstract—This study is devoted to the investigation of tunneling superconductor—insulator—superconductor
(SIS) Josephson junctions with a new type of shunt based on an additional superconductor—insulator—nor-
mal metal (SIN) junction placed around the SIS junction. In the course of study, the parameters of such
shunted junctions are numerically calculated and their current—voltage characteristics (IVC) are simulated.
The designed structures are assembled in real samples and their parameters are studied; the IVC of junctions
with different degrees of shunting are measured, and the behavior of these junctions under the influence of
high-frequency signals in the subterahertz range is studied.
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1. INTRODUCTION

Shunted Josephson junctions are needed to create
generators and receivers of terahertz and subterahertz
radiation, superconducting quantum interferometers
(SQUIDs), and single-quantum digital devices.
Shunting provides a hysteresis-free current—voltage
characteristic (IVC) while maintaining a sufficiently
high characteristic voltage (and, accordingly, charac-
teristic frequency) [1]. Normally, thin-film resistors
are used as a shunt [2, 3], but this method has disad-
vantages (large size of the structure and high parasitic
inductance, which reduce the operating frequency of
devices) [4]. A new type of shunting was proposed to
eliminate these drawbacks, which consists in the cre-
ation of superconductor—insulator—superconductor
(SIS) tunnel junctions with integral shunting by means
of a superconductor—insulator—normal metal (SIN)
junction arranged around the main junction. The
junctions are manufactured with it in the same tech-
nological process (Fig. 1). The inner radius of the
SIN junction is determined by the radius of the
SIS junction, while the outer radius is selected taking
into account the required resistance. A more detailed
description of the manufacturing technology and the
first study results are given in [5].

The new method of shunting by means of a SIN
junction can substantially reduce the overall size of the
topology and, consequently, reduce the parasitic
inductance of the shunt, which has a positive effect on

its operation in the high-frequency range. There are
other ways of internal shunting, which also allow one
to reduce the size of the structure. There is a method
of shunting by creating junctions with a very high cur-
rent density [2], but with this method requires produc-
tion of small size junctions (junction areas less than
0.1 um?) with a very thin insulator layer (about several
atomic layers), and such a process is difficult to con-
trol. Another way is to fabricate a Josephson junction
with a layer of a conducting material, for example,
Nb, _,Ti,N/Ta,N/Nb, _ , Ti N [6]. The poor repro-
ducibility of the required parameters is a disadvantage
of this method of shunting. The conducted studies [7]
indicate that critical currents /., and normal resistances
R, vary greatly even for samples fabricated on the same
substrate because of violation of stoichiometry.

Thus, the proposed method of integral SIN shunt-
ing has a number of advantages in comparison with its
analogues. This study is devoted to studying the char-
acteristics of such junctions.

2. SIMULATION

To determine the geometric parameters of junc-
tions with a high characteristic voltage of V., = I.R
(I, is the critical current of the Josephson junction,
R is the total resistance of the shunt and the junction
at voltages below the energy gap) and non-hysteretic
IVC (in this case, McCumber’s parameter [, =



2 SHEVCHENKO et al.

(a) —
Nb
Si0, 3/K
. . Nb
SIS junction — = -
Shunt (NIS junction) Nb

Si substrate

Fig. 1. (a) Diagram for integrated shunting with use a SIN junction; (b) section of the circuit.
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Fig. 2. Calculation of the parameters of the junction with SIN shunting as functions of the outer radius of the shunt and for SIN
junction areas of 1.4 and 2.8 umz : (a) characteristic voltage V,, (b) hysteresis parameter B, and (c) total voltage R; otar Of the shunt
and junction below the energy gap for specific tunneling resistance R,g = 35 Q umz; (d) B and (e) total voltage Rjiota1 Of the shunt
and junction below the energy gap for specific tunneling resistance R, =7 Q umz.
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U, mV

Fig. 3. Numerical calculation of the quasiparticle branch
of the current—voltage characteristic of the Nb—Al/AlO,—

Nb junction shunted by the SIN junction for 7= 4.2 K.
The inset shows the IVC of the Al—-AlO,—Nb SIN junction

used for shunting. The radius of the SIN junction is r| =
0.95 um; the outer radius of the shunt is ) = 2 im; the spe-
cific tunneling resistance is R,,g = 30 Q um?; the calculated
parameters of junctions with the same sizes and R,,g are as
follows: ¥, = 1300 uV and B, = 30. The dotted line shows
the calculated value of the critical current in the straight
branch.

(2n/®y)I.R?C < 1 [1, 8], where @, is the quantum of
the magnetic flux, and C is the junction capacitance),
numerical calculations were performed (Fig. 2). The
radius of the SIN shunt varied from 1.5 to 4 um.

As can be seen from Fig. 2, shows that in order to
achieve a higher characteristic voltage at lower B, it is
required to fabricate junctions with a high current den-
sity (low specific tunneling resistance R,g).

Within numerical simulation, the current—voltage
characteristic (Fig. 3) of the junction with an inte-
grated SIN shunt was also calculated using the expres-
sion for the analytical IVCs of the SIN junction [9].
The developed numerical models make it possible to
determine what will be the parameters of the junctions
with a given current density and geometric dimensions
of the SIS junction and the shunt. In addition, the
parameters necessary to obtain junctions with the nec-
essary properties can also be determined.

3. EXPERIMENTAL

Designed junction samples were fabricated and
studied. Figure 4 shows the experimental IVCs of sam-
ples with integrated SIN shunting for various external
radii of the shunt. As can be seen from Fig. 4, the pro-
posed design of the shunt is really functioning.

The characteristics of shunted structures exposed
to an alternating current signal were also studied. A
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Fig. 4. Experimental IVCs of junctions with integrated
SIN shunting. The measurements were performed in the
mode of set voltage. The SIN junction area is § = 1.4 umz.
The outer radius of the shunt ranges from 1.5 to 3.5 um.
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Fig. 5. Current—voltage characteristics of junctions with
integral SIN shunting without signal stimulus and under
the influence of signals with frequencies of 330, 400, and
460 GHz. Shapiro steps are observed at voltages of V,, =

nhw/2e.

distributed Josephson junction, so called flux-flow
oscillator (FFO [10, 11] operating in the range of 300—
700 GHz was used as a generator; it was arranged on
the same substrate as the shunted structure did. Figure
5 shows the IVCs of the shunted junction without
exposure to the current signal and under the influence
of signals with frequencies of 330, 400, and 460 GHz
(at voltages V, = nfioy/2e, the corresponding Shapiro
steps due to synchronization of the Josephson genera-
tion by an external signal are observed), from which we
can conclude that the new type of shunting keeps
functioning at high frequencies as well.

Figure 6a shows the IVCs of the junction with an
integral SIN shunt at different strengths of a signal
with a frequency of 410 GHz. The current—voltage
characteristics were measured to obtain the depen-



4 SHEVCHENKO et al.

a b
0.4 @) 0.2 ®)
T o3l 7
n —2 [
- B X '-J:” E ° O
501¢F ° ngb ’
- o
© I | | | | P"?Aq L
0 1 2 0 1 2 3 4 5
Voltage, mV
0.2

Qé‘ho.lh—

I
O
- /3

0 1 2 3 4 5 0 1 2 3 4 5
1, arb. units 1, arb. units

Fig. 6. (a) Current—voltage characteristics of a junction
with SIN shunting under the influence of FFO signals of
different powers at a frequency of 410 GHz; (b) the double
amplitude of critical current /., the amplitudes of the (c)

first (/;) and (d) second (/,) Shapiro steps as functions of
the amplitude of high-frequency signal current / in rela-
tive units. The dots show experimental data; the solid lines

show dependences for the resistive model consistent with
the experiment at /, = 0; the same dependences consistent

with the experiment at /,, = 4 are shown by dotted lines.

dences for the double amplitude of the critical current
and the amplitudes of the 1st and 2nd Shapiro stages,
as well as to estimate the V value from high-frequency
measurements. The amplitude of the step with number
n under provision that frequency ® of the external
periodic signal is less than or equal to characteristic
transition frequency w, = 2eV,/# is expressed by for-

mula / f = 1.J,,/1,) [1], where J, is the Bessel func-
tion of the first kind of the nth order, and /, is the
amplitude of the external signal.

The amplitudes of the first steps were measured for
different frequencies as functions of the generator
power, which varied due to a change in the FFO cur-
rent at a constant voltage (frequency) [10]. Figu-
res 6b—6d show the dependences of the doubled criti-
cal current and the amplitude of the first two current
steps on amplitude [, of the current signal at a fre-
quency of 410 GHz, which is proportional, in the first
approximation, to the root of the FFO superconduct-
ing current at a voltage of 1 mV [11].

Solid lines and dotted lines show the dependences
constructed on the basis of the resistive model of tran-
sitions with low damping [1, 12], i.e., the Bessel func-
tions of the corresponding order. These dependences

make it possible to estimate characteristic voltage VCRF
of the shunted junction at high frequency [1]; the good
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Fig. 7. Current—voltage characteristics of the junction with
SIN shunting at various temperatures in the range from
4.2 to 8 K. The area of the junction is S = 1.4 umz; the
outer radius of the SIN junction is = 1.5 um.
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Fig. 8. (a) Dependences of critical current /. and return
current /. on gap voltage Vg, and (b) the temperature
dependenced of critical current /. and return current /.

(estimated from V). 7, =9.2 K.

agreement between the oscillations and the unmodi-
fied Bessel function at a frequency of 410 GHz sug-

gests that the VCRF value of is about 0.8 mV.
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The I-V characteristics of shunted junctions were
measured at various temperatures in the range from
4.2 to 8 K (Fig. 7). Based on the results of these mea-
surements, the dependences of critical current /, and
return current 7, as functions of the value of gap volt-
age V, were plotted (Fig. 8a). The temperature was
estimated from the V, value [13, 14]; the results are
given in Fig. 8b.

As can be seen from Fig. 8, the /./1, ratio tends to 1
with a decrease in the critical current and, accordingly,
parameter B, = (21/®,) I .R*C, as predicted in [1]; that
is, the IVC of the transition becomes non-hysteretic.
The results given in Fig. 8b correspond to the results of
calculations performed in [13] within the microscopic
superconductivity theory taking into account the
effect of the proximity of a bulk superconductor and a
thin film of normal metal for superconductor—normal
metal—insulator—normal metal—superconductor
(SNINS) structures.

4. CONCLUSIONS

The novel design of junctions with integral shunt-
ing by means of a SIN junction is developed. The
numerical simulation is performed, and the following
parameters of such junctions are calculated: the total
resistance of the shunt and the SIS junction, the char-
acteristic voltage, and the McCumber hysteresis
parameter. Junction samples are assembled, and their
IVCs and their behavior under the influence of a high-
frequency signal are studied. As can be concluded
from the study results, the proposed method of shunt-
ing is really effective, including the operation at high
frequencies. The characteristic voltage from high-fre-
quency measurements can be estimated by a value of
0.8 mV from below (frequency 400 GHz). Tempera-
ture dependences are also measured, which show how
the critical current of the junction and, accordingly,
the characteristic voltage behave as functions of the
energy gap (temperature).
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