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The design, fabrication, and the characterization of a 0.5-V Josephson junction array device are presented for the
quantum voltage standards in the National Institute of Metrology (NIM) of China. The device consists of four junction
arrays, each of which has 1200 3-stacked Nb/NbxSi1−x/Nb junctions and an on-chip superconducting microwave circuit
which is mainly a power divider enabling each Josephson array being loaded with an equal amount of microwave power. A
direct current (dc) quantum voltage of about 0.5 V with a ∼ 1-mA current margin of the 1st quantum voltage step is obtained.
To further prove the quality of NIM device, a comparison between the NIM device with the National Institute of Standards
and Technology (NIST) programmable Josephson voltage standard (PJVS) system device is conducted. The difference of
the reproduced 0.5-V quantum voltage between the two devices is about 0.55 nV, which indicates good agreement between
the two devices. With the homemade device, we have realized a precise and applicable 0.5-V applicable-level quantum
voltage.

Keywords: Josephson voltage standards, Josephson junction, superconducting-normal metal–superconducting
(SNS) junction, quantum device
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1. Introduction

Since the 1990s, the high-stable non-hysteresis Joseph-
son junction (JJ) has been widely used in quantum voltage
standards because of its accurate and stable Shapiro voltage
step. The integrated Josephson junction array device is the
core element of direct current (dc) and alternating current
(ac) quantum voltage standards. Josephson voltage standard
devices of 1 V and 10 V have been developed in National
Institute of Standards and Technology (NIST), Physikalisch-
Technische Bundesanstalt (PTB), and National Metrology In-
stitute of Japan (NMIJ). In NIST, 10-V devices have been real-
ized using about 2.6×105 Nb/NbxSi1−x/Nb superconducting-
normal-superconducting (SNS) Josephson junctions, and the
current margin for the 1st voltage step can reach 2 mA with
18 GHz∼20 GHz microwave irradiation.[1–4] In 2010, to-
gether with NIST, PTB realized an output of 10-V quantum
voltage with voltage step width of more than 1.5 mA us-
ing 69632 SNS junctions operating at 70 GHz.[5–7] Using
about 2.5 × 105 NbN/TiN/NbN Josephson junctions, NMIJ
also achieved 10-V voltage output with about 0.8-mA current
margin. The device yield is about 36%.[8,9] Josephson arbi-
trary waveform synthesizer (JAWS), which is also known as
ac Josephson voltage standard, has caused widespread concern
because of its advantages in synthesizing signal with higher

frequency in broadband widths. Recently, two 1-V JAWS
chips are combined on a cryocooler to generate a 2-V sys-
tem, and a 1.6-mA operating current margin is observed in
NIST.[10]

For many years, the National Institute of Metrology
(NIM) of China has been developing large-scale integrated
Josephson junction array devices that are the basis for the
quantum voltage standard.[11–13] The primary challenge has
been to increase the output voltage, which depends on im-
provements and innovations on circuit design and fabrication
process control. In this paper, we present the design, fabri-
cation, and the characterization of a 0.5-V Josephson junc-
tion array device for the quantum voltage standard. A ta-
pered transmission line is designed, which is focused on the
consideration of dissipative characteristics of Josephson junc-
tions. A whole fabrication process control is conducted and
several key steps are improved to improve the performance of
our devices. High-quality Nb film deposition technology is
explored and the optimal conditions of film sputtering can be
found in our previously published paper.[14] In addition, multi-
stacked Josephson junctions vertical etching technology, crys-
tal plane fracture in microstructure, and phase shifter config-
urations in power divider circuits are also researched and im-
proved. Using about 14400 Nb/NbxSi1−x/Nb junctions, 0.516-
V applicable-level quantum voltage with a 1.1-mA current
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margin of the 1st quantum voltage step has been achieved. To
further prove the quality of NIM device, we compare the NIM
device with NIST programmable Josephson voltage standard
(PJVS) device, and a good consistency is obtained. The dif-
ference of the reproduced 0.5-V quantum voltage between the
two devices is about 0.55 nV, which indicates that the NIM de-
vice can be applied to accurately reproduce the quantum volt-
age.

The rest of this paper is structured as follows. The de-
sign and fabrication processes are described in Section 2. The
dc and ac I–V characteristics are presented in Section 3. The
comparison of output voltages between NIM 0.5-V device and
NIST 10-V PJVS device is expressed in Section 4. Finally, the
conclusion of this work is given in Section 5.

2. Design and fabrication
2.1. Josephson voltage standard (JVS) circuits

A schematic diagram of basic circuit for 0.5-V JVS de-
vice is shown in Fig. 1. The device consists of four junction
arrays and on-chip superconductor microwave circuits. Each
junction array contains 1200 3-stacked Josephson junctions,
and the four arrays are connected in series to obtain a total
of 14400 JJs. The area of junction is 10 µm×6 µm. The
microwave circuit mainly consists of Wilkinson microwave
power dividers,[3,15] filters, transmission lines, etc. In our de-
vice, broadband two-stage lumped Wilkinson power dividers
have been applied to split 1-way input microwave power into
four ways. The microwave power is conducted using coplanar
waveguide (CPW) transmission lines, with embedded Joseph-
son junctions.

For SNS Josephson junction, microwave power loss may
occur under microwave irradiation during working process.
Thus, in a large-scale series integrated Josephson array, less
microwave power will be received by the end of junction com-
pared to the beginning of array, which will affect the consis-
tency of the Josephson response of junctions in series. Mean-
while, self-emitting power will also be found in Josephson
junctions in previous studies.[16,17]

A tapered transmission line makes a compensation on the
attenuation effects of junctions, and the constant microwave
current is the compensation target to keep the amplitude of
microwave currents received by each junction to be constant.
This compensation target is realized in circuit design by con-
tinuously adjusting characteristic impedance of transmission
line with a comprehensive consideration of beginning charac-
teristic impedances, stable resistance of junction, Josephson
junction number n, and a correction factor considering self-
emission effect of Josephson junction and mismatch in mi-
crowave circuit, and so on. Empirical data from our previous
measurements and these parameters ranges also take into ac-

count the influences of differences caused by fabrication pro-
cess.

A tapered transmission line with continuously decreasing
characteristic impedance from 50 Ω to 40 Ω is used so that
each junction receives nearly the same amount of microwave
power. Low-pass filters with planar spiral inductor and par-
alleled resistance are used to apply dc signal and block mi-
crowave power. High frequency structure simulator (HFSS)
simulations show that the return loss of the power divider is
below 0.16 dB at 15 GHz∼ 22 GHz, and almost equal mi-
crowave power division is obtained with each array getting
a division of 4.9 ± 0.4 dB of the total microwave power at
15 GHz∼ 22 GHz.

The coils at the end of each sub-arrays are designed as
dc bias and low pass filters that can be realized by resister
shunted spiral coil inductors, which can prevent resonances on
a broadband signal ranges.

The multi-stage 2-way broadband Wilkinson power di-
vider is designed to realize a π-model equivalent lumped-
element that is suitable for on-chip fabrication and decrease
physical dimension compared with distributed-elements. The
designs are all simulated with Ansoft HFSS and advanced de-
sign system.
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Fig. 1. Schematic diagram of a 0.5-V JVS device. (a) Circuit of the 0.5-V
JVS device. (b) The image of the 0.5-V device under an optical microscope
(1 cm×1 cm).
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2.2. Fabrication process

The optical image of the fabricated device is shown in
Fig. 1(b). The typical JVS device fabrication process in NIM is
as follows. First, the stacked Nb/NbxSi1−x/Nb sandwich layers
are deposited with a magnetron sputtering system with a base
pressure of about 2× 10−8 Torr (1 Torr≈ 1.33322× 102 Pa).
The substrate is a silicon wafer with a thin dioxide layer on
it. The NbxSi1−x barrier layer is deposited using a co-sputter
scheme. Photolithography and reactive ion etching methods
are used to define junction and electrode areas. Then, a SiO2

insulating layer is deposited by plasma enhanced chemical va-
por deposition. Vias are defined and etched. Next, Nb wiring
layer is sputtered to form the on-chip superconducting mi-
crowave circuit. Finally, a PdAu resistance layer is deposited
by electron beam evaporation. Detailed fabrication process
can be found in our previously published paper.[11,13]

Another noteworthy point is that film stress will be accu-
mulated during multi-layer fabrication, which may lead to a
low current capacity of the devices. Crystal fractures in the
Nb wiring layers are found in devices with poor current ca-
pacity, and we adjust the film stress of sandwich layer into
compressive to improve stress accumulation effect, which can
effectively improve the current capacity.

3. Measurement
The package of 0.5-V JVS device consists of a printed

circuit board (PCB), a flexible printed circuit (FPC) intercon-
nected board, and the device. The device sits on a copper
pedestal which is a good heat sink and can rapidly dissipate
the heat induced by the device to the 4.2-K helium liquid.
The CPW transmission line on PCB is simulated and opti-

mized by Ansoft HFSS and advanced design system (ADS).
All connecting fingers and transmission lines on the PCB are
gold-plated to enhance solderability and at the same time keep
the capability of transmitting high frequency signals with low
loss. We use sub-miniature version A (SMA) socket as coax-
cryopackage connector. The packaged device is mounted at
the end of cryo-probe and measured in a 100-L liquid helium
Dewar at 4.2 K. A programmable multi-channel current source
with high precision and low noise is used to bias junction ar-
rays and an Aglient 33420A digital nano-voltmeter is used to
measure the output voltage.

We first measure the dc I–V curve of the array. The
critical current Ic = 7.56 mA and characteristic voltage Vc =

IcRn = 43.86 µV. The ac I–V characteristics are then obtained
under 17.46 GHz and 2-dBm microwave irradiation, as shown
in Fig. 2. Figure 2(a) shows the ac I–V curves of the total ar-
rays and figure 2(c) shows that of each array. We can see that
the characteristics of the four sub-arrays are almost identical,
which indicates that the designed on-chip superconducting cir-
cuits work well. Figure 2(b) shows the enlarged 1st quantum
voltage step. The width of the step is 1.1 mA. Clearly, the step
is very flat and satisfies the requirement of the quantum volt-
age standard. To increase the signal to noise ratio, we take the
measurement for 10 times with the same microwave frequency
and power to do the average. The averaged values of the 1st
voltage steps of each sub-array are shown in the enlarged im-
age in Fig. 2(d). The quantum voltage from chain 1, 3, and 4
is about 0.129976 V, while that from chain 2 is 0.129759 V,
due to the presence of two shorted triple-stacked junctions (6
JJs) in chain 2. Thus, the total quantum voltage obtained at
17.46 GHz is about 0.519686 V (14394 JJs).
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Fig. 2. (a) The ac I–V curves of the total array (14394 JJs) at 17.46 GHz. (b) The enlarged 1st quantum voltage step of panel (a). (c) The ac
I–V curves of each of the four sub-arrays. (d) The enlarged 1st quantum voltage step of panel (c).

068501-3



Chin. Phys. B Vol. 28, No. 6 (2019) 068501

Further experiments show that a 0.583-V voltage can be
achieved at 19.6 GHz, but the step width is reduced to about
0.8 mA. One reason to explain this is that thermal effects may
be caused at high frequency and microwave power in large-
scale integrated junction arrays. Further design will improve
the heat dissipation performance both in device circuits and
packages.

To fully examine the characteristics of the device, we
check the ac I–V characteristics for each sub-array, not only
on a fixed microwave frequency but also on a frequency range
from 15 GHz to 20 GHz. Figure 3 shows the width of the
1st quantum voltage step as a function of microwave fre-
quency. The microwave power is maintained at 20 dBm (with-
out microwave power amplifier) during the measurement. It is
clearly shown that oscillations exist which might be due to the
oscillation of the bias circuit. The oscillation patterns of the
four sub-arrays are very similar.
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Fig. 3. The 1st step current range as a function of frequency from
15 GHz to 20 GHz for the four sub-arrays.

4. Voltage comparison between NIM 0.5-V de-
vice and NIST 10-V PJVS

To further verify the quality of the 0.5-V JVS device, we
compare the NIM device with NIST PJVS device. The com-
parison method used is the so-called direct comparison where
the two devices are biased at the same voltage, the outputs are
connected in series opposition, and the two output voltages are
compared directly. A schematic diagram of the comparison
method is given in Fig. 4. The detailed procedure is described
as follows. The NIM 0.5-V device and NIST 10-V PJVS are
first biased at 0.465529813 V, which are marked as VNIM 0.5 V

and VNIST 10 V. For NIM device, 12894 JJs are connected in se-
ries to generate 0.465529813-V quantum voltage with 17.46-
GHz microwave radiation. Then, a digital zero gauge is used
to measure the differences between the two quantum voltage
outputs.

A total of 20 measurements between the two systems are
conducted and the results are shown in Fig. 5. The average
value of 20 measurements and the corresponding uncertainty

value are

∆V =VNIM 0.5 V −VNIST 10 V = 0.55 nV, u = 1.6 nV. (1)

The difference of the reproduced quantum voltage be-
tween the two devices is 0.55 nV, which indicates good agree-
ment between the two devices. The combined standard uncer-
tainty u, which includes both type-A and type-B uncertainty
(system error), is 1.6 nV. Therefore, the NIM 0.5-V JVS device
is capable of reproducing the applicable-level 0.5-V quantum
voltage accurately.

rubidium

clock

microwave
source 1

microwave
source 2

NIM 0.5 V
device

PJVS 10 V
device

digital
zero gauge DV

current source

current source

Fig. 4. Schematic diagram of voltage comparison method between
VNIM 0.5 V and VNIST 10 V.
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Fig. 5. Measurement results of 20 comparisons between VNIM 0.5 V and
VNIST 10 V. The difference of the reproduced quantum voltage between
the two devices is 0.55 nV, with a 1.6-nV uncertainty.

5. Conclusion
In this paper, we present the design, fabrication, and char-

acterization of NIM 0.5-V JVS device which is based on the
Nb/NbxSi1−x/Nb SNS junction technology. A quantum volt-
age of 0.519686 V with a 1.1-mA current margin is produced
with a 3-stacked Josephson junction array under 17.46-GHz
microwave radiation. To further prove the quality of NIM de-
vice, we compare the NIM device with the NIST PJVS. The
difference of the reproduced 0.5-V quantum voltage between
the two devices is 0.55 nV, which indicates good agreement
between them. These results also verify the validity of our on-
chip superconducting microwave circuit design, which can be
applied to higher voltage devices in the future.
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