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We report on the fabrication and measurements of planar mesoscopic Josephson junctions formed
by InAs nanowires coupled to superconducting Nb terminals. The use of Si-doped InAs-nanowires
with different bulk carrier concentrations allowed to tune the properties of the junctions. We have
studied the junction characteristics as a function of temperature, gate voltage, and magnetic field.
For junctions with high doping concentrations in the nanowire, Josephson supercurrent values up to
100nA are found. Owing to the use of Nb as superconductor, the Josephson coupling persists at
temperatures up to 4K. In all junctions, the critical current monotonously decreased with the
magnetic field, which can be explained by a recently developed theoretical model for the proximity
effect in ultra-small Josephson junctions. For the low-doped Josephson junctions, a control of
the critical current by varying the gate voltage has been demonstrated. We have studied
conductance fluctuations in nanowires coupled to superconducting and normal metal terminals.
The conductance fluctuation amplitude is found to be about 6 times larger in superconducting
contacted nanowires. The enhancement of the conductance fluctuations is attributed to phase-
coherent Andreev reflection as well as to the large number of phase-coherent channels due to the

large superconducting gap of the Nb electrodes. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4745024]

. INTRODUCTION

Coherent transport in mesoscopic semiconductor-based
Josephson junctions has been attracting a lot of interest from
fundamental and applied physics point of view. Modern
nanofabrication techniques provide a possibility to fabricate
planar multi-terminal Josephson structures relevant for the
realization of different types of hybrid superconductor/
semiconductor nanoscale devices.'” Josephson field effect
transistors,” superconducting quantum point contacts,* and
injection current controlled Josephson junctions® were
realized with high-mobility 2-dimensional electron gases in
semiconductor heterostructures. Recently, the Josephson
effect was also observed in nanoscale devices formed by
semiconductor nanowires coupled to superconducting termi-
nals."*'! Very recently, semiconductor nanowires had also
been used for experiments dedicated to confirm the existence
of Majorana fermions.'*™**

Up to now, most of experimental studies of
semiconductor-based Josephson junctions at nanoscale have
been focused on structures with an InAs-nanowire as a semi-
conductor weak link. Experiments show that a charge accu-
mulation layer is formed at the surface of the InAs,'> which
provides a sufficiently low resistive contact to superconduct-
ing electrodes. It was found that highly transparent contacts
are formed at the interfaces between the InAs nanowire and
Al superconducting electrodes. At temperatures below 1K,
the high transparency of the contacts gives rise to proximity-
induced superconductivity. A large number of experiments
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have been carried out on Al/InAs-nanowire junctions, dem-
onstrating tunable Josephson supercurrents,®’ supercurrent
reversal,” Kondo enhanced Andreev tunneling,'® and sup-
pression of supercurrent by hot-electron injection.'® Further-
more, gate-controlled superconducting quantum interference
devices (SQUIDs) (Refs. 1 and 8) and tunable Cooper pair
splitters'” have been realized.

The use of Al as a superconductor in nanowire-based
Josephson junctions limits the operation temperature of the
nanofabricated devices below T ~ 1.2 K. To extend the oper-
ation of the Josephson devices at higher temperatures, it has
been suggested to use superconductors which have higher
temperatures of superconducting transition. Recently, Spat-
nis et al.'® have realized proximity DC SQUIDs based on
InAs nanowires and vanadium superconducting electrodes
(T, = 4.6K). It is shown that V/InAs-nanowire/V Josephson
junctions can operate at temperatures up to 2.5 K. Further-
more, for InN-nanowire-based junctions with Nb electrodes
(T, = 9.3K), a Josephson supercurrent was observed up to
temperatures of 3.5 K.’

In some aspects, small-size planar superconductor/
normal conductor/superconductor (SNS) Josephson junctions
differ significantly from their large-size counterparts, i.e.,
the magnetic field dependence of the critical current /. is
expected to decrease monotonously with increasing magnetic
field B in contrast to the Fraunhofer-type /. vs. B dependence
for larger junctions.'*° Indeed, a monotonous decrease of /,
was recently observed in Nb/Au/Nb and Al/Au/Al junctions

© 2012 American Institute of Physics
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FIG. 1. (a) Scanning electron micrograph of
the as grown nanowires with doping factor

(c)

500. (b) Scanning electron micrograph of
sample L2. (c) Schematic illustration of the
junction layout.

as well as in Nb/InN-nanowire/Nb junctions.”?' Furthermore,
in junctions with a semiconductor nanowire in between two
superconducting electrodes mesoscopic effects, i.e., conduct-
ance fluctuations and fluctuations of the critical current have
been observed when the gate voltage is varied.®**** The gate
voltage dependent conductance fluctuations measured at finite
bias voltage were shown to follow almost precisely the fluctu-
ations of the supercurrent.®** It was also found that the con-
ductance fluctuation amplitude measured at bias voltages
lower than 2A/e significantly exceeds the amplitude of the
normal-state universal conductance fluctuations.”**

In our study, we investigated the Josephson effect in
Nb/InAs-nanowire/Nb hybrid structures. By using InAs-
nanowires with two different bulk carrier concentrations, we
were able to vary the properties of the nanoscale weak link
Josephson junction to a large extent, i.e., in the junctions with
the highly doped InAs nanowires a relatively large Josephson
supercurrent is observed, whereas for junctions with low
doped nanowires /. is reduced but here a gate control of the
superconducting switching currents is possible. We devoted
special attention to effects which originate from the small
size of the junctions, in particular, the magnetic field depend-
ence of the critical current as well as the gate voltage depend-
ent conductance and supercurrent fluctuations. The field
dependence of the critical current and the fluctuation phe-
nomena are compared to recent theoretical models.

Il. EXPERIMENTAL

The n-type doped InAs nanowires were grown by selec-
tive area metal organic vapor phase epitaxy (MOVPE) with-
out using catalyst material. In order to tune the Si doping
level, the ratio of disilane (SiHg) partial pressure and group
II precursor has been adjusted as p(SiHg)/p(TMIn)
= 7.5 x 107>, which is defined as doping factor 1. In this
study, we have used nanowires with two different doping
concentrations. The resistivity for the lower (doping factor
100, carrier concentration n3; ~ 1 x 10" cm~3) and higher
doped (doping factor 500, n3; ~ 7 x 10'® cm~3) nanowires
was 0.019 and 0.0018 Qcm, respectively. The field-effect

mobility of the nanowire with the lower doping concentra-
tion is about 970 cm?/Vs. Owing to insufficient gate control,
no mobility value could be determined for the wire with
higher doping concentration. In Fig. 1(a), a scanning elec-
tron micrograph of the as-grown nanowires is shown.
Detailed information concerning the growth, characteriza-
tion, and transport parameters of the nanowires can be found
elsewhere.?>?° The samples are labeled as “L1, L2” and
“H1, H2” for junctions based on a nanowire with lower (dop-
ing factor 100) or higher (doping factor 500) doping concen-
tration, respectively.

In order to contact the nanowires with Nb electrodes,
they were transferred from the growth substrate to an
n*t-Si/Si0, substrate with predefined electron beam
markers. The Nb electrodes were defined by electron beam
lithography and lift-off. Before Nb deposition, the samples
were exposed to an oxygen plasma to remove electron beam
resist residues on the contact area. Furthermore, in order to
obtain a high contact transparency, Ar' ion milling was
employed to remove the native oxide on the nanowire sur-
face. The 100 nm thick Nb layer was deposited by sputtering.
The highly doped n-type substrate was used for back-gating
of the nanowires. A scanning electron micrograph of a typi-
cal junction (sample L2) is shown in Fig. 1(b), while a sche-
matics of the junction layout can be found in Fig. 1(c). The
contact separations L of the four different samples are given
in Table I. The transport measurements were performed at
temperatures down to 0.3 K in a He-3 cryostat equipped with
a superconducting solenoid with a magnetic field up to 7 T.
The DC and differential current-voltage characteristics were
measured using a four-terminal current-driven measurement
scheme. Current and voltage leads were filtered by RC filters
thermally anchored at ~2K. The differential resistance
dV/dl was measured with a lock-in amplifier by superimpos-
ing a small AC signal of 5nA to the junction bias current.

lll. RESULTS AND DISCUSSION

In Fig. 2(a), the current-voltage (/V) characteristics at
various temperatures between 0.4 and 4.8 K are shown for a
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TABLE I. Sample parameters: The contact separation, L, and the diameter
of nanowires, d, have been determined from scanning electron micrograph;
1, is the critical current and Ry is the normal state resistance of the samples.

Device L (nm) d (nm) Ry (kQ) 1. (nA)
Sample H1 140 110 0.75 100
Sample H2 160 100 0.90 70
Sample L1 70 80 3.8 2.8
Sample L2 85 75 2.5 12

sample with a highly doped nanowire (sample H1). At tem-
peratures T < 4K and small bias, a clear Josephson super-
current is observed in the junction. As the bias current
exceeds a certain value Iy, the Josephson junction switches
from the superconducting to the normal state. The switching
current [, measured at 0.4K for the sample H1 is about
100 nA. With increasing the temperature Iy, is reduced. At
T > 4.5K, the supercurrent is suppressed completely. Our
measurements show that at temperatures below 2K the
IV-characteristics are hysteretic. With increasing the temper-
ature the hysteresis is gradually suppressed. The retrapping
current /,, defined by the switching from the normal state
back into the superconducting state, has a value of 84nA at
0.4K and remains almost constant when the temperature is
increased to 2 K. As can be inferred from the /V-characteristics

a) 100
100 Samp'eii/ Sample: H1
Z 0 -
50+> o
-100 T=0.4K
— -200-100 0 100 200
>1 ol I (nA)
>
sl ——0.4K
—2.2K
——4.0K
—4.8K
-100 ' : :
-200 -100 0 100 200
b) 0l A50 Sample: L2> Sample: L1
S 0 T=0.5K
>
N 20+ 5 T=0.4K
> -40 20 0 20 40
= I (nA)
> — 20V
] — 5V
20 —ov
+10V
40 +15V
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FIG. 2. (a) IV-characteristics of a highly doped device (sample H1) at vari-
ous temperatures. The inset shows the /V-characteristics of the second highly
doped device (sample H2) at 0.4 K. (b) Gate voltage dependent /V-character-
istics of the junction with the low doped nanowire (sample L1) at 0.5 K, the
inset shows the /V-characteristics of the second device with a low-doped
nanowire (sample L2) at zero gate voltage. The arrows in (a) and (b) indicate
the sweep direction.
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shown in Fig. 2(a) (inset), the switching current [, of the sec-
ond sample with the highly doped nanowire (sample H2) has a
somewhat smaller value of 70nA compared to the first
sample.

It should be noted that the switching current Iy, is
strongly affected by the external on-chip RC circuit inte-
grated with the Josephson junction?>*”*® and depends on the
quality factor Q of the devices. Following the approach
given in Refs. 23 and 27, we have estimated the quality fac-
tor O of the samples H1, H2 taking into account the electro-
magnetic environment. Estimations show that Q < 1, thus,
the junctions H1, H2 are in the overdamped limit and the
measurable supercurrent /;,, approaches the thermodynamic
critical current /.. The observed hysteresis in the IV charac-
teristics in our planar mesoscopic SNS Josephson junctions
can be explained by the increase of the electron temperature
in the weak link once the junction switches to the resistive
state.”

Due to the lower electron concentration, gate control
was achieved for the samples with the lower doped nano-
wires. For sample L1, this is shown in Fig. 2(b), where the
IV-characteristics at 0.5 K are plotted for back-gate voltages
between —20 V and +15V. At zero gate voltage, the meas-
ured /. is about 2.8 nA, which is considerably smaller than
the I, of the junctions with the highly doped nanowires. We
attribute the lower /. to the larger resistivity of the lower
doped nanowires. As can be seen in Fig. 2(b), by applying a
back-gate voltage of +15V the switching current can be
increased by about a factor of 2. The larger value of the
switching current is due to the fact that by applying a posi-
tive gate voltage the electron concentration in the nanowires
is increased so that the resistivity is decreased. In contrast,
by applying a negative gate voltage the electron concentra-
tion in the nanowire is reduced. As a consequence, I. is
reduced [cf. Fig. 2(b)], and at a gate voltage of —20 V, the
supercurrent is suppressed completely. As can be seen in
Fig. 2(b), a small voltage drop appears for currents below /.
which can be attribute thermal smearing. A Josephson super-
current was also observed for the second sample with a low
doped nanowire (sample L2) [cf. Fig. 2(b) (inset)]. Here, I,
is found to be 12nA at 0.4 K and thus larger than the value
for sample L1. As discussed in detail below, for sample L2 a
gate control of /. was obtained as well.

In Fig. 3, the differential resistance dV/dI vs bias voltage
of the sample L2 is shown. The measurement temperature
was 0.3 K. The peaks in dV/dI at finite bias voltages can be
associated with the subharmonic energy gap structure caused
by multiple Andreev reflections, with peak positions given
by V, =2A/en (n=1,2,...).>°>% From the fit of the peak
positions, we have determined the superconducting energy
gap A in the Nb leads A = 1.2 meV and found that the
observed peaks correspond to n=1, 2, and 4. The contact
transparency in the device L2 can be estimated using the
IV-characteristic for V > 2A/e.”'" We have found that the
fit to the /V-curve at the normal state in the range V > 2.5 mV
extrapolates to a finite excess current /., = 195 nA as shown
in the inset of Fig. 3. Using the superconducting energy gap
A = 1.2meV and the normal state resistance of the junction
R, =2.47kQ, we obtain el,R,/A=0.4. We analyzed the
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FIG. 3. Differential resistance dV/dl versus bias voltage for sample L2 at
0.3K. The subgap features are indicated by arrows. The inset shows a high
bias range /V-characteristic of the device (solid line) and the linear fit of the
IV-curve at V > 2A (dashed line) to show the excess current value /..

data within the framework of the standard Blonder-Tinkham-
Klapwijk (BTK) theory.”® The obtained value el R,/A =
0.4 is converted to the BTK barrier strength parameter
7 ~0.85. " which corresponds to a contact transparency
T, ~ 0.6. Subgap features as found here have been observed
before in other superconductor-semiconductor  junc-
tions.”?** From the electron-phonon coupling strength®>°
2A0/kgT, = 3.9 and assuming Ag = 1.2 meV for the super-
conducting gap at T=0, we obtain a critical temperature
T.=7.2K for the Nb electrodes, which fits well to the
measured value of 7.

Owing to the large critical field of Nb, a Josephson
supercurrent is maintained up to relatively large magnetic
fields. This is illustrated in Fig. 4 (inset), where the color-
scaled voltage drop measured for sample H2 is given as a
function of magnetic field and bias current. The measure-
ment temperature was 0.4 K. The magnetic field was applied
perpendicular to the substrate. The resulting values of /, nor-
malized to the zero-field critical current /.y are plotted as a

1.0

0.8 S

0.6
_S
\U

04+

0.2+
@ Experiment *

Theory S
00 1 ”' VN VN VN o
0.0 0.1 0.2 0.3

B(T)

FIG. 4. Normalized critical current /./I,o versus magnetic field B (<) for
sample H2. The solid line represents the calculation according to the theoret-
ical model.'®?° The inset shows the color-scaled voltage drop as a function
of magnetic field and bias current. The contour lines correspond to constant
voltage values separated by 2.5 u'V.
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function of B in Fig. 4. A monotonous decrease of the meas-
ured critical current /., with magnetic field B is found. A
complete suppression of /. occurred at about 0.2 T. Earlier, a
similar behavior of the critical current with magnetic field
was observed in planar Nb/Au/Nb and Al/Au/Al Josephson
junctions®' and in InN nanowire-based Josephson junctions.’
The monotonous decrease of I, with increasing B can be
explained within the framework of a recently developed the-
oretical model for the proximity effect in diffusive narrow-
width Josephson junctions.'®?® There, it is shown that for
junctions with a width comparable to or smaller than the
magnetic length &g = /®@/B, with @, the magnetic flux
quantum, the magnetic field acts as a pair-breaking factor
that suppresses monotonously the proximity-induced super-
conductivity in the wire and the critical current.

For sample H2, the characteristic magnetic field By
defined by the flux quantum through the cross section of the
normal wire, By = ®y/Ld, is as large as 0.13 T, resulting in
&p = 126 nm. The value of &z is thus comparable to the
junction width, so that the theoretical model for the limit of
narrow-width Josephson junctions can be applied.'”*° We
calculated the expected dependence of I, on B using the
Thouless energy defined by Ey;, = iD/L? as a fitting param-
eter.!20-%7 Here, D is the diffusion constant and L is the
length of the junction. As can be seen in Fig. 4, a good agree-
ment between experiment and theory is obtained. The best fit
has been achieved for EfT’,i = 0.2meV. This value is smaller
than Er;, = 0.47meV, determined from transport measure-
ments in the normal state. We interpret the lower value of
EfT’,tl as compared to the Thouless energy obtained from the
transport data by the presence of interface barriers in the
junctions.

In Fig. 5(a), the differential resistance dV/dl of sample
L2 is plotted in color scale as a function of bias current and
back-gate voltage. The measurements were taken at 0.4 K. It
can be seen that on average the supercurrent range (black
region) is reduced if a more negative gate voltage is applied.
This is due to the corresponding decrease of the electron con-
centration in the nanowire. Since the current was biased
from negative to positive values, the switching is nonsym-
metric with respect to zero current, with the transition at neg-
ative and positive bias currents corresponding to the return
current /, and the critical current /., respectively. A closer
look on Fig. 5(a) reveals that I, fluctuates as a function of
back-gate voltage. The corresponding values of /. are plotted
in Fig. 5(b). The average amplitude of the critical current
fluctuations, i.e., the root-mean-square (rms) of fluctuations
over the applied gate voltage range, is found to be
rms(0l.) ~ 0.9 nA. The critical current fluctuations 6/, were
calculated by subtracting a linear increasing background
current.

Mesoscopic fluctuations of the critical current have been
theoretically studied mainly in two different regimes. For the
short junction limit, it is found that the fluctuations are uni-
versal and that the fluctuation amplitude depends only on the
superconducting gap, A: I, ~ eA/7.***" The limit of long
Josephson junctions, where the Thouless energy Er;, is much
smaller than the superconducting gap in the leads has been
investigated by Alt’shuler and Spivak.*' In this model, the
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FIG. 5. (a) Differential resistance (dV/dl) plotted as a function of bias cur-
rent and gate voltage. (b) Fluctuations of the conductance Gg and the critical
current /. as a function of gate voltage. The inset graph shows two subse-
quent measurements of a normal contacted nanowire.

energy scale for mesoscopic fluctuations in the critical cur-
rent, /., is set by the Thouless energy. Since in our case
Ern < A, we compared the experimental values of rms(d/,)
with the model of Alt’shuler and Spivak which is appropriate
for this particular regime.*' Within this model, the amplitude
of supercurrent fluctuations at T=0 is given by rms(d/,)
= 0.60 ¢E7;,/hi. By taking a Thouless energy 0.05 meV, as
was estimated from the magnetic field dependence of /. for
the sample L2, we obtain an expected fluctuation amplitude
of rms(d/.) ~ 7.3nA. In the more recent model of Houzet
and Skvortsov,** the proximity effect and the resulting
formation of a minigap in the normal conductor is included
in the analysis of the critical current fluctuations. For the
long junction limit, they obtained rms(d/.) = 1.49 Erye/h.
According to this model, we find an even higher expected
fluctuation amplitude of approximately 18 nA. For both mod-
els, the expected values of rms(d/.) are considerably larger
than the corresponding experimentally obtained values. The
most probable reason of the lower measured value of rms(/,)
is the presence of a non-ideal superconductor/normal con-
ductor i11terface,6’24 i.e., an interface barrier or different
Fermi velocities in both materials.*> Both contributions lead
to a decrease of /. and can be expected to result in an accord-
ing decrease of rms(/,).

In Fig. 5(b), the normalized differential conductance Gy
is plotted in units of e/ as a function of back-gate voltage.
The conductance values have been taken at a bias voltage
0.1 mV, which is well below 2A /e, so that multiple Andreev
reflections partially contribute to the total conductance.
However, we did not attempt to drive the junction into a
higher bias state above 2A/e or measure the fluctuations at

J. Appl. Phys. 112, 034316 (2012)

temperatures above T, such that any superconducting prop-
erties are suppressed. The reason is that under these condi-
tions the quasi-equilibrium phase coherent transport regime
is left. As can be seen in Fig. 5(b), the fluctuation pattern of
Gy follows almost perfectly the pattern of the previously dis-
cussed fluctuations in /.. A similar agreement between the
fluctuation patterns of /. and Gg has been observed before on
Al/InAs-nanowire and on Nb/2-dimensional electron gas
Josephson junctions.®**

The fluctuations in Gy originate from the phase-coherent
transport through a conductor with small dimensions where
only a limited number of scattering centers are involved.** ¢
For our junction, we find a fluctuation amplitude of
ms(6Gs) = 1.18 ¢ /h, with 6Gs calculated by subtracting
the linearly increasing background conductance. In order to
compare rms(dGy) obtained for a sample with superconduct-
ing electrodes with the corresponding value of rms(0Gy) of
a normal conducting reference sample, we have contacted a
nanowire from the same growth run with normal Au/Ti elec-
trodes. Here, the contact separation was 130 nm. As shown
in Fig. 5(b) (inset), at a temperature of 0.4 K reproducible
conductance fluctuations are measured as a function of mag-
netic field. However, the average conductance fluctuation
amplitude of rms(Gy) = 0.2 ¢?/h is significantly lower than
the value found for the sample with superconducting electro-
des. We attribute the enhanced conductance fluctuation
observed for the sample with superconducting electrodes to
the additional contribution of phase-coherent Andreev reflec-
tion. A similar behavior has been found in other proximity
Josephson junctions as well.*?***4748 In Al-based Joseph-
son junctions, an enhancement of the average fluctuation am-
plitude between 1.4 and 1.6 has been reported,®’ whereas in
our Nb contacted junctions, we found an enhancement by a
factor of about 6. The larger enhancement compared to the
values reported for Al-based junctions can be qualitatively
explained by the larger superconducting energy gap of Nb
compared to Al, resulting in a larger number of phase-
coherent Andreev channels.

Finally, we would like to address the possibility of
Majorana fermions that can be created by using a structure
based on a superconducting electrode and a semiconductor
nanowire.*”° In fact, nanowires based on InAs comprise the
necessary strong spin-orbit coupling® and a large g-factor.”!
Furthermore, by using Nb as a superconducting electrode a
sufficiently large gap can be induced in the nanowire.'?
Majorana fermions can be observed only at moderate mag-
netic fields, therefore, superconducting Nb electrodes offer
an advantage due to its high critical magnetic field. Thus,
InAs nanowires combined with Nb electrodes can be
regarded as a suitable system for the creation of Majorana
fermions.

IV. SUMMARY AND CONCLUSION

In summary, we have successfully fabricated and char-
acterized Nb/InAs-nanowire/Nb Josephson junctions. By
taking advantage of Nb as a superconductor, we could dem-
onstrate that the junctions comprising a highly doped InAs
nanowire show a clear Josephson supercurrent up to
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relatively high temperatures of 4 K. For the junctions with
the lower doped nanowire, gate control of the Josephson
supercurrent was achieved. The measurements of /. as a
function of magnetic field show that a Josephson supercur-
rent can be maintained up to a field of 0.2 T. The observed
monotonous decrease of /. with increasing magnetic field is
explained by the magnetic pair breaking effect in narrow-
width Josephson junctions.'®?® In the junctions with the
lower doped nanowires, the Josephson supercurrent /. as
well as the conductance Gg fluctuates when the gate voltage
is varied. The measured average amplitude of supercurrent
fluctuations was smaller than the theoretically expected
value. The large difference between both values is attributed
to the presence of a barrier at the Nb/nanowire interface. The
average conductance fluctuation amplitude for the Nb/InAs-
nanowire samples was considerably larger than the corre-
sponding value for a reference sample with normal conducting
Au/Ti contacts. We attribute this enhancement to the contribu-
tion of phase-coherent Andreev reflection.
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