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ABSTRACT: We have studied mesoscopic Josephson junctions formed by highly n-doped
InAs nanowires and superconducting Ti/Pb source and drain leads. The current−voltage
properties of the system are investigated by varying temperature and external out-of-plane
magnetic ﬁeld. Superconductivity in the Pb electrodes persists up to ∼7 K and with magnetic
ﬁeld values up to 0.4 T. Josephson coupling at zero backgate voltage is observed up to 4.5 K
and the critical current is measured to be as high as 615 nA. The supercurrent suppression as
a function of the magnetic ﬁeld reveals a diﬀraction pattern that is explained by a strong
magnetic ﬂux focusing provided by the superconducting electrodes forming the junction.
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in He-liquid-based systems where the base temperature will be
typically higher than the TC of Al. Proximity DC SQUIDs based
on InAs NWs and vanadium (V) superconducting electrodes
(TC ≃ 4.6 K) have been realized and show that V/InAs-NW/V
Josephson junctions can operate at temperatures up to 2.5
K.16,17 Other studies explore Josephson junctions with Nb
contacts (TC ≃ 9.3 K) showing a supercurrent up to 4 K with
InAs NWs18 while by using NWs such as InN a supercurrent
was observed up to temperatures of 3.5 K.7
In this work, we report an exhaustive study of the response of
InAs NW Josephson junctions with Pb (TC ≃ 7.2 K)
superconducting leads as a function of the temperature and
in the presence of an external perpendicular magnetic ﬁeld. To
our knowledge Pb has not been used previously in InAs or any
NW Josephson junctions, though a dilute PbIn compound and
Pb have proved to be a suitable candidates for Josephson
junctions using graphene as a weak link.19,20 The high critical
temperature of Pb combined with the ease of evaporation
makes it a promising and solid alternative to superconducting
Nb as a contact electrode material.
As well as the choice of materials, the dimensions and
geometry aﬀect the performance of mesoscopic Josephson
junctions. In principle, for junctions with the ratio W/L (W is
the width and L the length of the junction) smaller than unity
the critical supercurrent is expected to decrease monotonically
as a function of the external perpendicular magnetic ﬁeld,21
instead of showing a Fraunhofer diﬀraction pattern typical of

he coupling of superconducting electrodes by a weak link
can result in the formation of a Josephson junction, where
a dissipationless supercurrent is induced due to the proximity
eﬀect, that is, the penetration of superconducting correlations
in the nonsuperconducting link resulting from Andreev
reﬂection.1−3 Josephson junctions and coherent quantum
transport have been attracting interest in recent years due to
the development of modern nanofabrication techniques, which
enable the fabrication of nanoscale hybrid superconducting
devices in a broad range of design and materials. Josephson
junctions realized with semiconductor nanowires (NWs)4−10
have shown a high potential in diﬀerent types of nanoscale
devices demonstrating, for example, tunable supercurrents,5,6
the supercurrent reversal,8 and the suppression of supercurrent
by hot electron injection.10 NWs have also been used for
superconducting quantum interference devices (SQUIDs)8 and
tunable Cooper pair splitters.11 Beneﬁts of using NWs include
the tunable charge density by means of a gate voltage that in
turn tunes the supercurrent.5 Yet, small dimensions of NWs
also make them a promising choice for studying fundamental
phenomena such as the quantum interference3 and Majorana
Fermions.12−15
The vast majority of the studies of NW-based Josephson
junctions rely on Al superconducting electrodes limiting the
operation to maximum 1.2 K, which corresponds to the critical
temperature TC of the Al-based leads. The use of superconductors with higher TC is required to extend the device
operation capabilities to higher temperatures. This also results a
higher critical magnetic ﬁeld BC that sets an upper limit to their
operation at external magnetic ﬁelds. This will enable the use of
these hybrid junctions not only in dilution refrigerators but also
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Figure 1. (a) Electron micrograph of a typical distribution of InAs nanowires after their growth. The image was taken at a 45° angle. (b) Falsecolored electron micrograph of our typical InAs nanowire-based Josephson junction of length L and width W. The nanowire appears in pale pink
whereas the Ti/Pb leads in blue. (c) A sketch of the ﬁnal setup is displayed with the typical four-wires conﬁguration, where the Josephson junction is
current biased and the voltage drop is measured with a room-temperature voltage preampliﬁer.

wide junctions.7,18,22 Although our system has dimensions of a
narrow junction with the width smaller than the coherence
length,23 we observe a magnetic diﬀraction pattern that can be
explained in terms of a strong magnetic focusing provided by
the superconducting electrodes forming the junction.24
The Sample Fabrication. InAs NWs used in this work
have been grown by Au-assisted chemical beam epitaxy
(CBE)25,26 on InAs (111)B substrates. Trimethylindium
(TMIn) and tertiarybutylarsine (TBAs), which was cracked at
1000 °C, were employed as metal organic (MO) precursors for
InAs growth and ditertiarybutyl selenide (DtBSe) as a selenium
source for n-type doping. Prior to NW growth, a thin Au ﬁlm
was deposited on the InAs wafer and the wafer was then
annealed at 520 °C under TBAs ﬂow in order to remove the
surface oxide from the InAs substrate and generate the Au
nanoparticles by thermal dewetting. The InAs segment was
grown for 90 min at a temperature of (420 ± 5) °C with MO
line pressures of 0.3 and 0.7 Torr for TMIn and TBAs,
respectively. For n-type doping, the DtBSe line pressure was set
to 0.4 Torr to achieve high carrier density, which is estimated to
be ns ∼ 3 × 1018 cm−3 and electron mobility μ ∼ 2000 cm2/(V
s) based on previous experiments done with similar NWs.27
Figure 1a shows a micrograph image of the as-grown NWs
obtained with a ﬁeld emission scanning electron microscope
(SEM) operating at 5 kV with the sample tilted 45°. The NW
diameters are in the 50−80 nm range and have a typical length
of approximately 800 nm. The NWs show some lateral
overgrowth with irregular faceting that is typical for highly
Se-doped InAs NWs.27,28 The presence of DtBSe during the
growth both increases the zincblende fraction28 and reduces the
adatom surface diﬀusion leading to lateral growth and new facet
formation.27
Coarse Ti/Au pads and ﬁne alignment markers were
evaporated on an n-Si/SiO2 substrate prior to the mechanical
transfer of the NWs. Two subsequent steps of SEM imaging
and self-aligned electron beam lithography (EBL) were
performed in order to deﬁne Josephson junctions with Ti/Pb
leads and InAs NW as the weak link. Before the last
metallization, the sample was chemically etched with an
ammonium polysulﬁde (NH4)2Sx solution in order to remove
the native oxide layer of the NWs, to reduce surface scattering
processes and to ensure good ohmic contacts.29 The metal
deposition of the Ti/Pb (10/80 nm) leads was performed with
deposition rate of 4 Å/s at room temperature by electron beam
evaporation under ultrahigh vacuum conditions. The highly

volatile nature of Pb makes it easy to evaporate but it is also
more diﬃcult to control on the surface since it forms islands of
Pb rather than wetting the surface. A 10 nm thick Ti layer is
used as a wetting layer whereas the Pb represents the
superconducting lead of the Josephson junction. Figure 1b
shows a typical ﬁnal device with Ti/Pb leads with an
interelectrode spacing of L ∼ 100 nm. It can be seen how
instead of sharp and well-deﬁned Pb interfaces, which are
typical for the high energy EBL, the Pb electrodes have a
rounded shape. This is because Pb tends to retract on top of
the Ti wetting layer and also from the NW in a droplet-like
fashion. Parts of Ti wetting layer can in fact be seen
surrounding the electrodes in Figure 1b. The issue of retraction
could be overcome only thanks to the carefully selected
deposition rate and layer thickness. The results obtained in this
study clearly demonstrate that the deposition of Pb can be done
with a normal room-temperature sample holder and that Pb
presents a suitable candidate for hybrid superconducting
devices with nanowires as a weak link.
Experimental Results and Discussion. The hybrid NWbased Josephson junctions were characterized in a ﬁltered
dilution refrigerator down to 10 mK. Even if four superconducting electrodes are present in the device, only a single
neighboring pair was used during the transport measurements.
The structure was biased by a current I, whereas the voltage
drop across the NW has been registered via a roomtemperature-diﬀerential-preampliﬁer (see Figure 1c). A full
characterization of the electrical response of the Josephson
junction as a function of the temperature and out-of-plane
external magnetic ﬁeld (B) was performed.
Figure 2a shows the typical current voltage (I−V) characteristics of our Ti/Pb/InAs NW Josephson junction measured at
diﬀerent temperatures. A sizable supercurrent of 615 nA has
been observed at the base temperature (10 mK) yielding a
supercurrent density of ∼31.3 kA/cm2. Without any external
applied magnetic ﬁeld, the supercurrent persists up to 4.5 K.
Such high value of operational temperature can be attributed to
the use of Pb as superconducting source and drain electrodes as
well as to the limited length of the junction. Compared to
previously reported InAs and InSb NW Josephson junctions
with Al and Nb contacts, the measured maximum supercurrent
of our device is about twice as large.10,18,30 Only in recent
works with very short (∼30 nm) Al/InAs-NW Josephson
junctions a higher supercurrent of ∼800 nA has been measured
with highly transparent contacts22,31 and in InN-NW/Nb
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mK to 6 K. From the dV/dI characteristics shown in Figure 3a
we can determine the superconducting energy gap of the

Figure 2. (a) Back and forth current versus voltage characteristics (I−
Vs) for Pb/InAs NW/Pb junction with 100 nm electrode spacing
measured at diﬀerent temperatures indicated in the color bar. The
curves are horizontally oﬀset by 1 mV for clarity. At T < 1.5 K,
quasiparticle heating dominates the transition from superconducting to
normal state resulting in a strong hysteretic behavior that depends on
the direction of the bias, as indicated by arrows. (b) Switching ICs and
retrapping currents ICr extracted from the I−Vs as a function of the
temperature with the sphere radius indicating the estimated error. As it
can be seen, ICs decays exponentially at temperatures higher than 250
mK. The data is ﬁtted with the proposed model described by eq 1
(dash-dot line) with parameters L = 350 nm, D = 0.02 m2/s, Rb = 82
Ω, and RNW = 411 Ω. The inset shows the evolution of the ICs and ICr
in normal-log scale.

Josephson junctions even an order of magnitude larger
supercurrent has been observed.7 At temperatures below 1.5
K a remarkable hysteretic behavior between the switching ICs
and retrapping ICr currents is evident as seen in Figure 2a. Such
hysteresis stems from quasiparticle heating when the junction
switches from the normal to the superconducting state,32 and
has been previously reported in a number of hybrid Josephson
junctions with various geometries of the weak-link.18,33,34
The expected exponential decay of ICs at high temperatures
and the saturation at T → 0 is presented in Figure 2b.35 To ﬁt
the experimental data for Ic at high temperatures we use the
expression for a SNS junction (where N is a normal metal and
S is a superconductor) obtained by solving the linearized
Usadel equation36
IC =

Figure 3. (a) Diﬀerential resistance dV/dI calculated numerically from
I−Vs measured at zero magnetic ﬁeld and diﬀerent temperatures.
Features related to multiple Andreev reﬂection and the superconducting gap of Pb are indicated with dashed lines. The curves
are vertically shifted by 50 Ω for clarity. (b) Contour plots of the
diﬀerential resistance dV/dI as a function of voltage and perpendicular
magnetic ﬁeld at diﬀerent temperatures.

electrodes to be Δ0 ∼ 1.37 meV. The value is based on features
corresponding to n = 1 and n = 2 (labeled in Figure 3a) of
multiple Andreev reﬂections, Vn = 2Δ0/ne, where e is the
elementary charge and n an integer. The junction total normalstate resistance RN is also estimated from the dV/dI
characteristics yielding a value RN ∼ 575 Ω at 15 mK and
resulting an ICRN product as high as ∼350 μeV. Considering
the sizable supercurrent in our junction and the low contact
resistance from the simulation, we estimate the quality of the
interfaces to be very good.
On the basis of ﬁeld eﬀect-measurements performed on
almost identically grown NWs,27 we have estimated the
electron mean free path to be le = νFm*μ/e ≈ 60 nm, where
the Fermi velocity for the NW is νF = ℏ(3π2nS)1/3/m*, the
eﬀective electron mass for InAs NW is m* = 0.023me, and me is
the electron mass. The diﬀusion coeﬃcient of the NW
calculated based on a previous room-temperature experiment
is D = leνF/3 ≈ 0.046 m2/s,22 which is twice the value extracted
from the earlier ﬁt. The diﬀerence might be because the values
of mobility and carrier concentration were obtained for another
batch of nanowires and were extracted from measurement of
transistor devices with long junctions.27 In our device the

π kB
(κωL)Δ2
T∑
eRNW ω (ω 2 + Δ2 )[α sinh(κωL) + β cosh(κωL)]
(1)

where the sum is over the Matsubara frequencies ω = πkBT(2n
+ 1), n = 0, ± 1, ± 2,..., kB is the Boltzmann constant, κω =
(2|ω|/(ℏD))1/2, D is the wire diﬀusion coeﬃcient, ℏ is the
reduced Planck constant, RNW is the resistance of the wire of
length L, α = 1 + r2(κωL)2, β = 2r(κωL), and r = Rb/RNW with
Rb being the resistance of the S/N contact. A ﬁt of eq 1 is
presented in Figure 2b and it corresponds to values L = 350
nm, D = 0.02 m2/s, Rb = 82 Ω, and RNW = 411 Ω. The ﬁt
indicates that the eﬀective length of the junction (∼350 nm) is
much larger than the interelectrode spacing. The geometry of
the device supports this observation, since the electrodes cover
a considerable section of the NW.
The numerical diﬀerential resistance dV/dI was calculated
from the I−Vs measured as a function of perpendicular-to-theplane magnetic ﬁeld at several temperatures ranging from 15
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polycrystalline materials.38 Figure 4b shows the hysteretic
nature of the maximum critical current at low temperature (10
mK) with respect to the magnetic ﬁeld sweep direction. The
observed switching behavior at 10 mK is attributed to possible
trapping of some ﬁxed number of ﬂuxons (Abrikosov vortices)
in the leads, which results a telegraphic noise as the junction
switches back and forth between two states.39 The hysteretic
behavior we attribute to pinning of these states, as predicted to
occur in the presence of impurities.40
A remarkable feature of the magnetic ﬁeld suppression of the
supercurrent is the presence of a shoulder starting at a magnetic
ﬁeld value B1 = 0.13 T and ending at B2 = 0.28 T, as indicated
in Figure 4a. In the following, we will show that the observed
behavior is consistent with a Fraunhofer-like diﬀraction pattern
occurring in the Josephson junction. Typically in the case of a
narrow junction the formation of vortices is not favorable and
the ﬁeld acts as a pair-breaking mechanism therefore
suppressing the critical current monotonously.21,23 In our
device, the junction width, that is, the diameter of the NW is 50
nm, which corresponds to ∼0.3ξ0 and in terms of magnetic
length (ξB = (Φ0/B1)1/2 = 120 nm), it is ∼0.4ξB. Such values
point toward a narrow junction21,23 for which we would expect
a monotonic decay of the supercurrent. By contrast, the shape
shown in Figure 4a resembles the well-kown Fraunhofer
diﬀraction pattern typical of wide junctions.
The calculated magnetic ﬂuxes Φ = BA with our junction
area A = LW, interelectrode spacing L = 100 nm, NW width W
= 50 nm, at points B1 and B2 lie at Φ1 = 0.7 × 10−15 Wb =
0.3Φ0 and Φ2 = 1.4 × 10−15 Wb = 0.7Φ0, where Φ0 = h/2e =
2.07 × 10−15 Wb is the ﬂux quantum. Clearly the ﬂuxes Φ1 and
Φ2 do not ﬁt the Fraunhofer diﬀraction pattern minima that are
expected to occur at Φ0 and 2Φ0. In order to explain the
features of measured IC(B) curves, we have to take into account
the existence of ﬂux focusing in the junction because
superconducting leads repel the external magnetic ﬁeld. In
order to accommodate the magnetic ﬂux focusing into the
diﬀraction pattern, we have to include in the Fraunhofer pattern

portion of the NW which has been chemically etched to allow
the subsequent contact with the superconducting leads is
comparable to the junction length. Therefore, we expect to
have a substantial portion of the Josephson junction
characterized by a larger disorder and enhanced scattering
that would explain the smaller value of D obtained from eq 1.
We estimate the junction Thouless energy to be Eth = ℏD/L2 ≈
3.0 meV with the junction length L = 100 nm. The above
obtained values seem to indicate that our device is a diﬀusive
junction with an intermediate length, since ξ0 > L > le and Δ0 <
ETh, where the coherence length is ξ0 = (ℏD/Δ0)1/2 ≈ 150 nm.
However, if we consider the values obtained from the ﬁt of eq 1
we get Δ0 > Eth ≈ 1.0 meV and ξ0 ≈ 100 nm that in turn point
to the long junction regime if we consider that the eﬀective
junction length is ∼350 nm, that is, ≃ 3.5ξ0. This conclusion is
supported as well by the observed strong exponential damping
of the critical current IC as a function of temperature displayed
in Figure 2b.
The full evolution of the dV/dI as a function of the voltage
and the magnetic ﬁeld for temperatures from 15 mK to 2 K is
presented in Figure 3b. In the contour plots, a symmetric decay
of the supercurrent (indicated by the blue regions) as a
function of the magnetic ﬁeld is clearly visible even for the
higher temperatures at which the supercurrent starts to
decrease. The supercurrent suppression itself has an interesting
shape and several features that attract a more detailed
inspection.
The evolution of the maximum critical current IC as a
function of the perpendicular-to-the-plane external magnetic
ﬁeld is displayed in Figure 4a for diﬀerent temperatures. The

IC
=
IC0

sin πC Φ
Φ0
πC Φ
Φ0

(2)

a magnetic focusing factor C = BEff/BExt, where BEff is the
eﬀective magnetic ﬁeld at the center of the junction and BExt is
the external applied magnetic ﬁeld perpendicular to the sample
surface. The parameter C represents the magnetic focusing
factor and when >1 it scales the Fraunhofer pattern to smaller
Φ/Φ0 values.
To estimate the magnitude of magnetic ﬂux focusing eﬀect,
that is, the value of C, we have used two approaches, and
Fraunhofer patterns corresponding to both methods are shown
along with the measured data in Figure 5a. First, using the
COMSOL program with Matlab livelink, we have simulated our
device as an array of rectangular electrodes (Figure 5b) in a
cubic space (one side 4 μm) much larger than the Josephson
junction in order to minimize spurious eﬀects due to the ﬁnite
size of the simulation. On the electrode surfaces, we used
magnetic insulation, that is, full Meissner eﬀect as a boundary
condition. The cube surfaces in lateral directions were also set
as magnetic insulating. The surfaces in vertical direction (the
direction of out-of-plane ﬁeld) had a boundary condition of
constant magnetic potential to create a static and uniform
magnetic ﬁeld. The simulation reveals an eﬀective magnetic

Figure 4. (a) The critical current IC as a function of perpendicular
magnetic ﬁeld B for diﬀerent temperatures from 10 mK to 4 K. Each
point represents one I−V measurement where the magnetic ﬁeld and
temperature have been kept constant. The beginning and the end
points of the shoulder structure B1 = 0.13 T and B2 = 0.28 T are
indicated by arrows. (b) A blow up of the 10 mK IC as a function of
magnetic ﬁeld shows the hysteretic behavior depending of the
direction of the magnetic ﬁeld sweep.

magnetic ﬁeld is varied from −0.3 to 0.3 T while temperature is
spanned from 10 mK to 4 K. As it can be observed, for
temperatures as high as 2 K the supercurrent survives up to B ∼
0.28 T, a value much higher than the critical magnetic ﬁeld of
pure Pb bulk superconductor (∼0.08 T).37 The critical
magnetic ﬁeld, in fact, can be enhanced drastically for thin
evaporated layers due to the formation of grain boundaries in
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junctions where the width is smaller than the magnetic length,
we observe a marked diﬀraction pattern of the critical current as
a function of the magnetic ﬁeld that can be explained by a
strong magnetic ﬂux focusing provided by the Pb electrodes.
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