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Study of Nb/Nb𝑥Si1−𝑥/Nb Josephson junction arrays∗
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Owing to the adjustable characteristics and superior etching properties of co-sputtered NbxSi1−x film, we are trying
to fabricate Nb/NbxSi1−x/Nb Josephson junction arrays for voltage standard. It is important to find the suitable NbxSi1−x
barrier for the junctions. Josephson junctions with different barrier content are fabricated. Current–voltage characteristics
are measured and analyzed. It is demonstrated in this paper that critical current can be adjusted by using different barrier
content and thickness. Shapiro steps of five hundred junctions in series are observed.
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1. Introduction
The non-hysteretic type Josephson junction arrays con-

sisting of hundreds of thousand junctions are the basis of al-
ternating current (AC) Josephson voltage standard.[1,2] With
non-hysteretic current–voltage (I–V ) curve and large criti-
cal current, the superconductor–normal metal-superconductor
(SNS) junction devices are capable of realizing stable volt-
age steps and good noise immunity. Nb and NbN are the
most mature and commonly used superconductor materials for
the SNS junction devices, while PdAu,[3] MoSi2,[4] TiNx,[5]

and NbxSi1−x
[6] are usually chosen as the barrier materi-

als. The advantages of the Nb/NbxSi1−x/Nb Josephson junc-
tion include: 1) the junction parameters, namely electrical
resistivity and critical current density, can be easily tuned
by changing the composition and thickness of NbxSi1−x bar-
rier; 2) both NbxSi1−x and Nb layer can be etched simul-
taneously by using one etching recipe, which is very con-
venient for the junction fabrication.[7] National Institute of
Standards and Technology (NIST) has already demonstrated
wafer-scale uniform and reproducible 10-V programmable
Josephson voltage standard chips which can operate at about
18 GHz with using NbxSi1−x as barrier material.[6] 20-V
Josephson junction arrays with NbxSi1−x barrier working at
70 GHz have been successfully fabricated by Physikalisch-
Technische Bundesanstalt(PTB).[8] 1-V Josephson arbitrary
waveform synthesizer was also demonstrated by NIST[9] and
PTB[10] separately.

Recently we just started to fabricate Nb/NbxSi1−x/Nb
Josephson junctions.[11] The content of NbxSi1−x barrier can
be easily adjusted by using different Nb and Si sputtering pow-
ers separately. Josephson junctions with different properties

have been fabricated and tested. Shapiro steps for junction
arrays are also observed. The fabrication procedure and mea-
surement results will be discussed in this paper.

2. Design and fabrication
According to the resistively–capacitively shunted junc-

tion (RSCJ) model, the damping properties of Josephson
junction are determined by the McCumber parameter βc =

2πIcR2C/Φ0, where C is the capacitance of the junction ge-
ometry, R is the linear damping resistance, Φ0 is the quantum
flux, and Ic is the junction critical current. When βc < 1, the
junction is overdamped and the current–voltage (I–V ) curve of
the junction is non-hysteretic, that is, the junction voltage is a
single-valued function of the junction current.[12] By adjusting
the NbxSi1−x content of Nb/NbxSi1−x/Nb Josephson junction,
Ic and R can be tuned and the junction can be non-hysteretic.
If a junction is driven at frequency f , then its I–V curve will
develop regions of constant voltage at the value nh f/2e, where
n is an integer, e is the elementary charge, and h is the Planck
constant. If I–V curve of the junction is non-hysteretic, then
the voltage steps can be exactly selected by using bias current.
The junction arrays used in programmable voltage standard of-
ten work at dozens of gigahertz corresponding to a voltage step
of dozens of micro-volt for one junction. So integrating more
junctions in an array and increasing the working frequency are
conducive to voltage standard which is 1 V or 10 V.[3,6]

In order to study Josephson junctions with different ar-
eas, junction arrays containing square junctions with different
sizes are designed on the chip. For the microwave transmission
line, junction arrays containing 500 junctions are arranged in a
straight line within the co-planar waveguide (CPW). The CPW
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transmission line has tapered impedance such that each junc-
tion in the transmission line can receive nearly uniform mi-
crowave current. The impedance of the 8 mm length CPW
is started at 50 Ω and ended at 44 Ω. There are also photo-
lithography test patterns and endpoint areas for etching de-
signed on the chip.

Nb/NbxSi1−x/Nb sandwich layers were deposited on 2-
inch (1 inch = 2.54 cm) oxidized silicon (100) substrates by
direct current (DC) magnetron sputtering at a base pressure
of 1× 10−8 Torr (1 Torr = 1.33322× 102 Pa). The substrate
holder was rotated during the deposition in order to improve
the uniformity of the films. There were three 3-inch targets in
the chamber, i.e., one silicon target and two Nb targets. The
Nb films were deposited with a sputtering power of 500 W in
5.1-mTorr Ar atmosphere, corresponding to a deposition rate
of 0.75 nm/s. This power could not let the target become too
hot and the deposition rate was also moderate. Nb film with
a very small compressive stress of about 100 MPa and crit-
ical temperature of 9.1 K was obtained. The NbxSi1−x film
was co-sputtered by using Nb and Si targets, with Si sputter-
ing power fixed at 248 W and Nb sputtering power changed
from 80 W to 50 W. By measuring the Si deposition rate and
Nb deposition rate separately, the co-sputtering deposition rate
is known. Through controlling the sputtering time, the barrier
thickness could be known. The deposition rate for the Nb tar-
get at 50 W was about 0.033 nm/s, corresponding to a change
of 0.003 nm per 5 W. It was a very small change compared
with the Si deposition rate of 0.15 nm/s at 248 W. So a com-
mon rate of 0.18 nm/s for calculating the barrier thickness was
used. During deposition of the tri-layer films, the substrate
was backside cooled by flowing water. The temperature of the
wafer was about 40 ◦C after the tri-layer deposition.

After deposition of the sandwich layers, Nb/NbxSi1−x/Nb
Josephson junction devices were fabricated by sequentially us-
ing standard photo lithography with a resolution of 1 µm, reac-
tive ion etching (RIE), plasma enhanced chemical vapour de-
position (PECVD) and lift-off process. The junction area was
defined by using an inductively-coupled-plasma (ICP) deep
reactive-ion etching (RIE) with a mixture of etch (SF6) and
passivation gases (C4F8) to have steep edges. The etching
powers were 300 W and 25 W for ICP and RIE respectively
and the gas pressure was 9 mTorr. The lower electrodes of
the devices were patterned and followed by RIE (50 W) cou-
pled ICP (150 W) etching process with mixture gas of CF4

and O2 to have a low etching rate for SiO2 under the Nb elec-
trodes. After that SiO2 insulating layer of about 400-nm thick-
ness was deposited by using the PECVD system. Vias in SiO2

layer were made by etching through RIE (30 W) coupled ICP
(115 W) process using mixture gas of CHF3 and O2. An in-situ
cleaning process by DC-biased rf etching was implemented
before depositing the 300-nm-thick Nb upper wiring electrode

which enables a good contact between the upper Nb layer and
the wiring electrodes. The cleaning process was done by us-
ing rf sputtering in 7-mTorr Ar atmosphere. The rf power was
100 W and DC bias voltage was about 300 V, which lead to
an etching rate of about 1 nm/min and 6-nm etching depth
for 6 min. The resistance layer for microwave absorption was
240-nm NbSi film which was co-sputtered by using DC power
of 400 W applied to Nb target and 50 W applied to Si target
in 4-mTorr Ar atmosphere. After that, a normal lift off pro-
cess was done in acetone by using ultrasonic power. Figure 1
shows a part of a Nb/NbxSi1−x/Nb Josephson junction array.

(a)

(b)

Fig. 1. (a) One thousand 49-µm2 Nb/NbxSi1−x/Nb Josephson junctions
in series for DC measurement, and (b) part of the junction array with co-
planar wave guide for observing Shapiro steps.

3. Measurement
The Josephson array chip was mounted on the red cop-

per stage at the end of a cryoprobe that makes the transition
between a liquid-helium Dewar and the room-temperature en-
vironment. Thirteen pairs of constantan alloy wires were con-
nected to the array. Two pairs were used for measuring temper-
ature. One pair supplied bias current, and another pair mon-
itored the array voltage with an oscilloscope. So DC current
voltage properties of 5 samples could be measured at the same
time. The sample was connected to a printed circuit board on
the copper stage by using ultrasonic bonding technology. An
arbitrary wave generator and oscilloscope were used to ob-
serve the current–voltage (I–V ) characteristics of the samples.
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The sample was connected to a resistance in series. By us-
ing the arbitrary wave generator to output a sine wave voltage
signal to scan the sample and the resistance, the two voltages
could be observed by the oscilloscope in X–Y mode. The crit-
ical current was calculated by using the voltage across the re-
sistance divided by the resistance value.

Figure 2 shows DC I–V curves of Josephson junction ar-
rays. Sample a is a junction array containing 100 junctions,
the barrier thickness is 30 nm, Nb sputtering power for the
barrier is 80 W, the junction area is 64 µm2, the critical cur-
rent is about 66.7 mA as shown in Table 1. If the critical cur-
rent is larger than 10 mA, then each junction will need very
large microwave power to activate Shapiro steps. So the crit-
ical current for sample a is too huge. Nb content is reduced
in the following experiment and the junction number in one
array is increased from sample a to sample d. Sample b is a
junction array containing 200 junctions, the barrier thickness
is 30 nm. For Samples c and d, junction number in each array
is increased to one thousand. The barrier thickness of sam-

ple c is 35 nm and it is 30 nm for sample d. It is obvious
that the critical current density is tuned down by reducing the
Nb sputtering power for the barrier layer. For these junctions,
the Josephson penetration depth λJ =

√
h̄/[2eµ0Jc(2λ +d)]

is increased from 1.12 µm to 1.55 µm, which are calculated
from the critical current density and barrier thickness. So for
samples d and c the sizes of square junctions are comparable
to 4λJ which should have relatively uniform critical current
density as demonstrated by Kautz.[12] For other samples, the
junction sizes are larger than 4λJ , so they should belong to
large junctions and the critical current densities are not uni-
form. Also, λJ values for these large junction samples are just
relative average values.

Figure 3 shows AC I–V curve of junctions in series mea-
sured at 6.2 K. The junctions are fabricated on the same chip
as the chip on which the junctions of sample c are fabricated
as demonstrated in Fig. 2. The design of the microwave trans-
mission line is described in the above Section. The measure-
ment is similar to the DC measurement as described above,
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Fig. 2. DC I–V curves of junctions in series measured at 4.2 K. The horizontal and vertical divisions, respectively, are 2 mV and 55.6 mA (a), 5 mV and
35.7 mA (b), 20 mV and 9.2 mA (c), 20 mV and 14 mA (d) as denoted in the picture.

Table 1. Properties for Josephson junctions at 4.2 K.

Sample number Deposition Power/W Ic/mA Jc/(kA/cm2) λJ /µm Barrier thickness/nm Junction area/µm2 Junction resistance/mΩ

a 80 66.7 104.2 1.12 30 64 1.1

b 70 46.4 94.7 1.18 30 49 2.1

c 60 13.3 53.2 1.55 35 25 5.4

d 50 14.7 58.8 1.49 30 25 2.9
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Fig. 3. AC I–V curve of junctions in series measured at 6.2 K. The hor-
izontal and vertical divisions are 5 mV and 5 mA respectively. The mi-
crowave frequency is 6.31 GHz corresponding to a 13-µV voltage step for
each junction.

only an extra microwave signal is applied to the sample. The
power of the microwave applied to the sample is 13 dBm from
the microwave source. The microwave frequency is 6.31 GHz
corresponding to a 13-µV voltage step for each junction. For
five hundred junctions in series, a 6.52-mV Shapiro step is ob-
served.

Compared with other research results, the critical current
is still too large.[7] The zero step is not suppressed enough
by the microwave. This may be due to the large critical cur-
rent which needs large microwave power to drive. Also the
transmission of microwave needs to be optimized, for exam-
ple, by the flip-chip on flex method instead of the bonding
technology.[13]

4. Conclusions
Nb/NbxSi1−x/Nb Josephson junction arrays with different

areas are fabricated. The DC and AC I–V characteristic curves
are measured and analyzed. Shapiro steps of 500 junctions in

series are observed. For junctions with different barriers, crit-
ical current density is tuned. The results conform with the
results from the tuning method. The junction parameters are
optimized by adjusting the NbxSi1−x barrier content to fabri-
cate junctions that are suitable for working in a range between
15 GHz and 20 GHz and integrate more junctions in an array
in order to output higher voltage in the future.
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