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1. INTRODUCTION

At present, the solution of many problems in the
field of the development of promising analog and dig-
ital devices for superconducting electronics has been
stimulated by the use of multi-element Josephson
structures. A special place among these structures has
been occupied by coherently oscillating chains of
Josephson junctions, which have been used both in the
development of generators of the Josephson radiation
and in voltage standards [1—4]. The fundamental
importance of the latter application is associated with
the fact that there have not been known any other
physical effects which could compete in quantum
metrology with the Josephson effect in the accuracy of
the reproduction of voltage unit. The use of the
Josephson effect in quantum metrology is based on
the fact that, under the influence of an external elec-
tromagnetic field with a frequency £, the current—volt-
age characteristic of the Josephson junction exhibits
steps of the current at voltages

Vn an/K_', (1)

where K5 =2e/h=483.5979 GHz/mV is the Josephson
constant and # is an integer number. The quantized
voltage (1) induced at a Josephson junctions is usually
small. An increase in this voltage requires that a large
number of synchronously oscillating junctions should
be connected in series. The most important conditions
for the synchronization of arrays of Josephson junc-
tions are as follows: (i) small spread in the values of
their parameters and (ii) the presence of an electrody-
namic system that ensures the effective and uniform
coupling of the Josephson junctions with the external
electromagnetic radiation.

Modern technologies used for producing Joseph-
son junctions from niobium have made it possible to

synchronize chains of several tens of thousands of
junctions by means of an external signal. These micro-
circuits have served as the basis for national voltage
standards in many countries, including Russia [4, 5].
However, the necessity for cooling niobium microcir-
cuits down to the liquid-helium temperature and the
corresponding high maintenance costs, as well as the
limited number of firms [6, 7] producing these micro-
circuits, have restricted the use of the aforementioned
devices in regional centers of metrology and standard-
ization.

In this paper, we have considered the conditions for
the synchronization of arrays of shunted bicrystal
Josephson junctions operating at a temperature of
77 K by means of an external signal. The successful
solution of this problem will lead to the creation of new
voltage standards, which, in turn, will expand the
range of application of these devices in quantum
metrology and radio measurement technology.

2. MICROCIRCUIT OF BICRYSTAL
JOSEPHSON JUNCTIONS: TECHNOLOGY
AND REQUIREMENTS TO THE PARAMETERS
OF THE JUNCTIONS

As was noted above, the output voltage V of the
microcircuit can be increased by connecting Joseph-
son junctions in series and passing the total bias cur-
rent through them. The parameters of the Josephson
junctions and the conditions providing their operation
are chosen so that voltage (1) is applied to each junc-
tion and the total voltage has the form

V=NV, (2)

where N is the number of Josephson junctions. Condi-
tion (2) imposes stringent restrictions on the spread in
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Fig. 1. Schematic representation of the topology of a chain
of bicrystal Josephson junctions.

the values of the parameters of the Josephson junc-
tions and high requirements for the uniformity of their
irradiation with an external signal at a frequency f. As
was previously shown in [8, 9], the fulfillment of con-
dition (2) is possible when Josephson junctions oper-
ate on the first total current step (# = 1) in the cur-
rent—voltage characteristic if these Josephson junc-
tions have approximately the same resistances R and
the characteristic frequency f, = f, where f. = K;I.R
and /. is the critical current of the junction. The con-
clusions drawn in [8] for niobium Josephson junctions
were confirmed laterin the study of chains of high-tem-
perature superconductor Josephson junctions [10].

In the present state of the art, the only technology
based on the use of bicrystal Josephson junctions has
made it possible to reproducibly fabricate from them
arrays on the basis of high-temperature superconduc-
tors with the required parameters. The main stages of
this technology include the choice of a suitable bicrys-
tal substrate, the growth of an epitaxial high-tempera-
ture superconductor thin film circuit on this substrate,
and the circuit pattern formation using photolithogra-
phy and ion etching.

For the deposition, we used bicrystal yttria-stabi-
lized zirconia (YSZ) substrates (10 X 10 mm in size)
with the misorientation angle between the crystallo-
graphic axes 2 X 12°. On each of these substrates with
asize of 10 X 10 mm and a thickness of 0.5 mm, a 100-
to 300-nm-thick epitaxial high-temperature super-
conductor YBa,Cu;0; (YBCO) film was grown at a
temperature of 665°C and then was covered with a
gold thin layer. The deposition of the two-layer struc-
ture was carried out in [11]. The gold film was
deposited at a temperature of approximately 100°C in
one vacuum cycle with the YBCO films, which
ensured low resistivities of the junctions of the order of
108 Q cm? between the two layers.
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Fig. 2. Photograph of the structured high-temperature
superconductor film in the form of a meander. The dashed
line shows the bicrystal boundary.

The two-layer film structure was used for the cre-
ation of arrays of shunted bicrystal Josephson junc-
tions. Shunting was required to decrease the spread in
the values of the normal resistances of the junctions,
which, as already noted above, was necessary for the
implementation of condition (2). The microcircuit
was fabricated using standard photolithography and
argon ion etching. These procedures resulted in the
formation of an array of bicrystal Josephson junctions
in the form of a meander, which is schematically
shown in Fig. 1. A part of this array on an enlarged
scale is shown in Fig. 2. It can be seen from this figure
that Josephson junctions are formed at the intersec-
tion of the bicrystal boundary by the bridges. A sub-
strate region approximately 8 mm in length contained
up to 640 of such junctions.

Let us consider the effect produced by the induc-
tance of the shunt on the current—voltage characteris-
tics of bicrystal Josephson junctions in the framework
of the resistive model [12]. In this model, three cur-
rents flow through the bicrystal Josephson junction.
First, the superconducting Josephson current /, sin @,
where @ is the phase difference between the wave func-
tions. Second, the current through the normal resis-
tance of the junction Ry. Third, the current 7, through
the shunt consisting of a resistor with the resistance R
and an inductor with the inductance L,. The system of
differential equations describing the behavior of a
Josephson junction in this model was solved numeri-
cally for different values of the dimensionless induc-
tance B, = L/L., where L, = ®y/2nl, is the induc-
tance of the Josephson junction. Figure 3 shows the
calculated dependences of the normalized amplitude
of the first current step & = Al;/I, on the normalized
radiation frequency Q = f/f. for the optimum values of
the microwave power. The thick solid line in Fig. 3
corresponds to the well-known case following from
the resistive model for 3, = 0 [12]. With an increase in
the inductance B, (Fig. 3), the relative amplitude of
the current step is slightly higher than the correspond-
ing values of o for B, = 0 at low frequencies Q < 0.2.
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Fig. 3. Calculated dependences of the step height on the
frequency.

However, at higher frequencies € > 0.3, the relative
amplitude of the current step decreases as compared to
the classical case. The relative suppression of the first
current step 0 increases with an increase in the induc-
tance 3; and reaches 20% for B, = 3 and 35% for 3, = 6.

For the experimental verification of the results
obtained by the numerical method, we measured the
dependences of the height of the first current step d on
the frequency Q for different values of the inductance
B;. The inductance of the shunt was changed by vary-
ing the shunt width w in the range from 3 to 18 um and
the shunt length from 20 to 4 um. A change in the
inductance of the junction L. was also achieved by
varying the critical current in the range from 0.1 to
5 mA due to the decrease of the temperature in a
Dewar flask with liquid nitrogen in the range from 80
to 65 K. In contrast to the numerical simulation
(Fig. 3), in the experiment, we measured only the
maximum values of the amplitudes of the current
steps. Therefore, these results were compared with the
calculated dependence for B, = 0 [12]. The results of
the measurements are presented in Fig. 4 for the
experimental values of B, in the range from 0.5 to 6.0.
For small values of the normalized frequency Q < 0.2,
the step height & follows the dependence calculated for
B, = 0 (thick solid line) even for the high inductance
B, =6 (closed triangles). However, the deviation of the
step height & from the curve calculated for f, = 0
increases with an increase in the frequency, Q. For
small values of B, < 1.5 (open and closed squares), the
measured values of § are slightly less than the calcu-
lated values for B, = 0 in the range of frequencies Q
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Fig. 4. Experimental (points) and calculated (solid line)
dependences of the step height on the frequency.

from 0.3 to 2.5. According to the results of the calcula-
tions presented in Fig. 4, the step height decreases by
20% for B, = 3 (closed circles) and Q = 1.

The calculated dependences of the height of the
first current step on the power of the microwave radi-
ation are shown in Fig. 5. It can be seen from this fig-
ure that the maximum height of the current step
decreases with an increase in the inductance 3, from
& =1for B, = 0 (thick solid line) to 6 = 0.65 for B, = 6
(triangles). It is also important to note that the depen-
dence of the amplitude of the current step on the
power of the microwave radiation becomes more pro-
nounced. This leads to the enhancement of the
requirements for the uniform distribution of the
microwave current along the chain of series-con-
nected Josephson junctions, as well as the require-
ments for the uniformity of the distribution of the crit-
ical currents of Josephson junctions in the chain. For
example, if we take the spread in the values of the crit-
ical currents of Josephson junctions in the chain to be
equal to 8/ = 2 (see Fig. 5), the maximum value of the
amplitude of the total current step decreases from 6 =
0.8 for B, =0to & = 0.5 for B, = 6. It is interesting to
note that, with an increase in the inductance 3,, the
amplitude of the current step does not decrease to zero
depending on the power, as is typical for the case of
B, = 0. This specific feature was also observed experi-
mentally.

The results presented in Figs. 3—5 indicate that the
Josephson junctions are effectively shunted both by
the direct current (dc) and alternating current (ac)
2016
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Fig. 5. Dependences of the height of the current step on the
power of the microwave radiation.

only at low frequencies Q < 0.2. At these frequencies,
the impedance of the Josephson junction is predomi-
nantly determined by the active part of the resistance
R, > 2w/, and its behavior is well described by the
resistive model for 3, = 0. At high frequencies Q > 0.3,
the situation is complicated. The impedance of the
shunt becomes reactive and is determined by the
inductance of the shunt. In this case, the efficiency of
the ac shunting decreases with an increase in the
inductance B,, because the ac impedance of the shunt
becomes higher than the impedance of the Josephson
junction. It should be noted that a significant suppres-
sion of the current steps with an increase in the induc-
tance [, is characteristic of only the junctions with a
low capacitance, for example, high-temperature
superconductor Josephson junctions. In shunted
Josephson junctions with a high capacitance, a
decrease in the amplitude of the current steps is not
observed up to the large value of B, = 8 [13, 14].

The calculations performed in this study demon-
strated that a significant deviation from the resistive
model begins to occur for the inductance 3, = 1.5.
This condition restricts the maximum value of the
critical current by the value of /., = 0.75®,/%L,. In
order to evaluate the critical current /, ..., it is neces-
sary to determine the inductance of the shunt L,
which depends on its geometrical dimensions. The
width of the bridge should satisfy the well-known con-
dition w < 4);, where A; is the Josephson penetration
depth, in order to remain in the limit of the point junc-
tion. The minimum length of the bicrystal bridge is
predominantly determined by the accuracy of match-
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ing the bicrystal boundary with the middle of the
bridge in photolithography and is usually equal to
4 um. For the typical value of the surface inductance
L= 1pH, we obtain /,,,, = 0.7 mA. This restriction,
first, will make it difficult to use shunted Josephson
junctions in programmable standards of Volta, the
reliable operation of which requires the fulfillment of
the condition 7, > 1 mA. Second, it can be signifi-
cant if the influence of thermal noise on the slope of
the current steps at liquid-nitrogen temperatures is
taken into account. This restriction can be removed
when using unshunted bicrystal Josephson junctions.

3. MICROWAVE PROBE FOR IRRADIATION
OF ARRAYS OF BICRYSTAL JOSEPHSON
JUNCTIONS

The Josephson structure was placed in a measure-
ment probe immersed in a liquid nitrogen dewar. The
probe is based on a circular waveguide with the length
/=65 cm, which, in the chosen frequency range from
70 to 76 GHz, is oversized (Fig. 6a). On each end of
the waveguide, there is a transition to the WR12 stan-
dard waveguide. The end of the waveguide, which is
immersed in the dewar, is connected to a round horn.
After the round horn, a sample with Josephson junc-
tions is located so that its surface is oriented parallel to
the plane of the horn aperture. Behind the sample, a
metallic mirror can also be placed, which makes it
possible to improve the matching between the external
radiation and the Josephson structure. The probe
design allows one to change the relative position of the
round horn, the sample, and the mirror, as well as to
rotate the horn around the axis. The outside of the
probe is hermetically enclosed into a metallic housing
and also covered with a permalloy screen for protect-
ing the microcircuit from external magnetic fields.
Before the measurements, the housing of the probe is
filled with helium, which provides the effective cool-
ing of the microcircuit when the probe is immersed in
liquid nitrogen, and also protects the sample from
moisture during the heating.

The opposite end of the waveguide is connected to
a source of electromagnetic radiation. It is a solid-state
eight-fold multiplier, to which a signal is supplied from
a frequency synthesizer in the range from 8.5 to
9.5 GHz. The multiplier cavity has the form of a rect-
angular waveguide section with the end wall. The fun-
damental mode in the cavity is excited using a pin ori-
ented along the narrow wall of the waveguide (Fig. 6b,
inset). Thus, the multiplier cavity, the circular wave-
guide, the round horn, and the metallic mirror form a
microwave resonator. The resonator length depends
on the size of gaps separating the horn, the sample,
and the mirror and varies in the range from 73 to 77 cm
(Fig. 6b). This resonator plays an important role in the
process of matching of the Josephson junctions to the
external radiation. In order to determine the influence
of the frequency spectrum of the resonator, we inves-
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Fig. 6. (a) Exterior view and (b) schematic diagram of the
measurement probe: (/) multiplier, (2) waveguide junc-
tions, (3) circular waveguide, (4) round horn, (5) sample
on a textolite holder, and (6) mirror.

tigated the dependence of the amplitude of the critical
current on the frequency of the external signal in the
range from 73 to 75 GHz. Significant suppression of
the critical current was observed at several frequencies,
the interval between which was approximately equal to
Af=200 MHz. These oscillations are determined pre-
cisely by the aforementioned microwave resonator,
because the effective length ¢/2A f= 75 cm (where c is
the speed of light) coincides up to 2—3% with the dis-
tance between the end wall of the multiplier and the
matching mirror. The changes of the wave number in
the circular and rectangular waveguides for these esti-
mates were of no importance and, hence, were not
considered, because the transverse wave number of the
fundamental mode of the circular waveguide is signifi-
cantly smaller than the wave number in the medium,
and the length of the rectangular waveguide sections is
short compared to the total length of the resonator.
Usually, only at one of the frequencies, we observed
the current steps with the maximum amplitude. Based
on the above data, we can assume that, only at this fre-
quency, the mode corresponding to the uniform dis-
tribution of the electromagnetic field over the sample
surface is excited.

4. RESULTS OF THE INVESTIGATION
OF ARRAYS OF BICRYSTAL JOSEPHSON
JUNCTIONS

Using the results of the analysis performed in this
study, we developed a circuit consisting of 640 bicrys-
tal Josephson junctions. The circuit was fabricated on
the YSZ substrate. The thickness of the YBCO film
was equal to 150 nm, and the thickness of the gold film
was 30 nm. The topology of chains consisting of bic-
rystal Josephson junctions (Figs. 1 and 2) was designed
taking into account the optimization of the coupling of
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Fig. 7. Current—voltage characteristics of the microcircuit
section containing 81 Josephson junctions (/) before irra-
diation and (2) after irradiation with a signal at a frequency
f=74.24 GHz. The inset shows, on an enlarged scale, the
current step at a voltage of 12.428 mV.

the array of Josephson junctions with the external
electromagnetic field. For this purpose, the size of the
meander in the direction perpendicular to the electric
field vector was chosen to be equal to A./2 =
0.48 mm, where A is the effective wavelength in the
substrate with the dielectric constant € = 26. Thus,
each of the meander strips forms a half-wavelength
resonator at a frequency of the order 75 GHz with the
maximum current in the region of the Josephson junc-
tion [15].

The current—voltage characteristics of two micro-
circuit sections including 80 and 81 Josephson junc-
tions and operating at the boiling temperature of liquid
nitrogen are shown in Figs. 7 and 8, respectively. For
both samples, the average critical current was equal to
1.,= 0.9 mA, and the average resistance of the shunted
Josephson junctions was R = 0.14 Q. The characteris-
tic voltage of the junctions V, = I ,R = 126 1V was opti-
mum to obtain the total current steps upon irradiation
at a frequency close to 75 GHz.

In the current—voltage characteristics of the arrays
of 80 and 81 Josephson junctions subjected to an exter-
nal signal at a frequency f = 74.2 GHz, the total cur-
rent steps are observed at voltages of 12.275 and
12.428 mV, respectively. In the case of the microcircuit
sections connected in parallel, the differential voltage
at the output of the microcircuit is AV; 2 153 uV, which
can be used for the precise measurement of the step
steepness. The measurements with a resolution of
approximately 1 nV showed that, in the current—volt-
age characteristics of both sections, the amplitude of
the current steps is approximately equal to 100 pA. In
the case where these sections are connected in series,
the total quantum output voltage V; = 25 mV can be
Vol. 58
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Fig. 8. Current—voltage characteristics of the microcircuit
section containing 80 Josephson junctions (/) before irra-
diation and (2) after irradiation with a signal at a frequency
f=74.20 GHz. The inset shows, on an enlarged scale, the
current step at a voltage of 12.275 mV.

0.5
—e—80J
ol I\ —e—s1
: o FoB f="74.16 GHz
0.3F s
®
é.l I o ./ =}
3 o0af /\u ./ \
L d /
0.1 / ¢
L /
0 [ VI R T B R T
70 72 74 76 78 80 82 84

T, K

Fig. 10. Dependences of the amplitude of the current steps
on the temperature.

used in voltage standards for the calibration of resistive
dividers [16].

We also investigated the dependences of the ampli-
tude of the total current steps on the frequency (Fig. 9)
and temperature (Fig. 10). Figure 9 demonstrates a
strong frequency dependence of the height of the cur-
rent steps, which complicates the matching of the
chain of junctions with the external radiation. Simul-
taneously, the current steps with an amplitude of more
than 300 pA are observed in the frequency range of no
more than 100 MHz. On the other hand, the tempera-
ture dependence is weaker, and in the temperature
range of approximately 1 K, there are current steps
with a large amplitude.
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Fig. 9. Dependences of the amplitude of the current steps
on the radiation frequency.

0.6

' —e—381]
0.5} n“u/n/-\ —5—80J

I /
0.2f .
0.1F !

Fig. 11. Dependences of the amplitude of the current steps
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Figure 11 shows the dependences of the amplitude
of the current steps on the normalized radiation fre-
quency £, which confirms the conclusions previously
drawn in [8]. The maximum amplitude of the current
steps is observed at a frequency Q = 1-2. In order to
synchronize the Josephson junctions by means of the
external signal at frequencies €2 < 1, it needs to operate
with a smaller spread in the values of the critical cur-
rents and with a more uniform distribution over the
amplitude of the microwave current in the array as
compared to those achieved in our case. On the other
hand, at high frequencies Q, the amplitude of the cur-
rent steps decreases due to the lack of the microwave
power at the sample, because the amplitude of the
desired power increases proportionally with Q2 [9].
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5. CONCLUSIONS 05793, 15-42-02469, and 16-32-00686) and the Rus-

sian Science Foundation (project no. 15-12-10020).

In this study, we analyzed the requirements
imposed on Josephson junctions, which must be satis-
fied to synchronize large arrays of the junctions.
Despite the inevitable spread in the values of critical
currents 8/, and normal resistances dR, the synchroni-
zation is possible for the normalized characteristic fre-
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