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We report on a fabrication method and electron-transport measurements for submicron Josephson

junctions formed by Cu nanowires coupling to superconducting planar Nb electrodes. The Cu nano-

wires with a resistivity of qCu ’ 1 lX cm at low temperatures consisting of single-crystalline seg-

ments have been obtained by templated electrodeposition using anodic aluminum oxide as a porous

matrix. The current-voltage characteristics of the devices have been studied as a function of tempera-

ture and magnetic field. For all junctions, the critical current monotonically decreases with a magnetic

field. The measured temperature and magnetic field dependencies are consistent with the model for

one-dimensional diffusive superconductor/normal metal/superconductor (SNS) Josephson junctions

within the quasiclassical theory of superconductivity. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4984605]

The Josephson variable thickness bridge (VTB), which

consists of two superconducting (S) banks connected by a

thin narrow normal-metal (N) film, is a subject of intensive

experimental1–18 and theoretical19–22 studies. N-nanobridge

fabrication by means of e-beam, thermal, or magnetron

deposition in an ultra-high vacuum through lithography

masks1–17 as well as by means of electrodeposition inside a

mesoporous template with 1D channels23,24 or CVD tech-

nique25 usually results in the formation of polycrystalline or

amorphous N-nanobridges with a small electron mean free

path and diffusion coefficient D. This leads to reduction of

important parameters such as the superconducting coherence

length in the N segment of an superconductor/normal metal/

superconductor (SNS) junction, nN � D1=2.

Fabrication of single-crystalline N-nanowires with

lengths above one micrometer by the electrochemical, hydro-

thermal, or CVD techniques was reported in Refs. 26–31.

The use of such nanowires for VTB device fabrication

requires implementation of ex situ technology. Previously,

such a technology was used in Ref. 27 for the fabrication of

Au-nanowire-based VTB structures with low interface resis-

tance but a large nanowire resistivity of 14 lX cm. In this

work, we develop the fabrication technology of VTB based on

Nb electrodes and single-crystalline Cu nanowires. Nanowires

have a low resistivity on the order of 1 lX cm and the Nb/Cu

specific interface resistance is of the order of 10�11 X cm2

that is at the level typical to the in situ fabricated structures.32

The fabricated junctions exhibit relatively high critical

temperature and Josephson critical current density. The exper-

imental data are in good agreement with the model based on

the quasiclassical theory of superconductivity.33

Copper nanowires were prepared by metal electrodepo-

sition inside the anodic alumina template, as described else-

where.34–36 Cu electrodeposition was carried out using an

electrolyte containing 1 M CuSO4, 0.5 M H2SO4, and 0.01 M

HCl at a deposition potential of 0.05 V versus Ag/AgCl. In

order to extract Cu nanowires, the oxide matrix was selec-

tively dissolved in an oxidant-free alkaline solution (see sup-

plementary material for more details). The scanning electron

microscopy (SEM) image demonstrates the formation of sev-

eral micrometer long nanowires with a uniform diameter

along their length (see Fig. 1). According to the statistical

analysis of SEM images, the diameter of Cu nanowires in

the obtained suspension varies from 100 to 170 nm due to

the dispersion of pores in the AAO template. Variations in

the diameter along the length of a single nanowire do not

exceed 10 nm. The transmission electron microscopy (TEM)

image and selected area electron diffraction (SAED) pattern

reveal that copper nanowires have single crystal structures

(see insets in Fig. 1).

The process of Nb/Cu-nanowire/Nb VTB fabrication

started with seeding Cu nanowires from suspension on

the surface of the marked Si/SiO2(270 nm) substrate by

spin-coating. Then, the substrate was covered with PMMA

e-beam resist and the windows were made by means of elec-

tron lithography for subsequent Nb film deposition. Prior to

the metal deposition, the samples were etched in the argon

plasma to remove organic and contaminating residuals froma)Electronic mail: vasiliy@travel.ru
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the nanowire surface. After that, a 240 nm thick Nb layer

was deposited by magnetron sputtering in the same vacuum

cycle. Initially, the chamber was pumped down to 5� 10�9

mbar, and then filled with pure argon (99.995) up to a pres-

sure of 4� 10�3 mbar. Finally, Nb electrodes were formed

by the lift-off process. The developed technique of SNS

VTB fabrication allows one to get an acceptable value of

Nb/Cu-nanowire interface resistance and to avoid oversput-

tering of the material along the weak link, which usually

happens during the fabrication of electrical contacts by

means of the focused ion beam (FIB) technique.37

Figures 2(a), 2(b), and 2(c) demonstrate the SEM images

of Nb/Cu-nanowire/Nb junctions with different lengths of the

weak link. The diameters of the Cu nanowires, d, and the

spaces between Nb electrodes, L, of the junctions are given in

Table I.

The transport properties of Nb/Cu-nanowire/Nb junc-

tions were studied in two- and four-probe geometries [Fig.

2(d)]. The superconducting transition temperature Tc of the

Nb layer was 8.3 K [Fig. 2(e)]. The transport measurements

were performed in a dilution refrigerator at temperatures

down to 0.02 K using the 4-probe scheme. A He-4 cryostat

equipped with a superconducting solenoid providing the

magnetic field up to 1.4 T was used for the 2-probe transport

measurement scheme at temperatures down to 1.2 K. The

samples were mounted on a holder such that the magnetic

field was perpendicular to the nanowire. All measurement

lines were equipped with low temperature RC filters. The

measurement results are presented in Figs. 3 and 4.

Figure 3(a) shows the current-voltage characteristics

(IVC) of samples NW#1 (green line) at 0.02 K and NW#2

(blue line) and NW#3 (red line) at 1.2 K. The shape of the

curves is typical for the SNS Josephson junctions with a large

transparency of the SN interfaces. The contact resistances

Rtotal
B were obtained by comparing 2-probe and 4-probe meas-

urements and were found to be 0.08 X and 0.12 X for NW#2

and NW#3, respectively. Here, Rtotal
B is the sum of the contact

resistances of the left and right SN interfaces. The IVCs dem-

onstrate clearly pronounced critical currents Ic1¼ 0.7 lA,

Ic2¼ 30 lA, and Ic3¼ 17 lA for NW#1, NW#2, and NW#3,

respectively. At high voltages, the IVCs do not exhibit any

signatures of excess or deficit currents. This is in agreement

FIG. 1. SEM image of an individual copper nanowire; inset (a) is a TEM

image and inset (b) is a SAED pattern for copper nanowires, prepared by the

templated electrodeposition technique.

(e)(d)

FIG. 2. (a), (b), (c) SEM images of three Josephson junctions Nb/Cu-nano-

wire/Nb with different lengths and nanowire diameters. (d) Sketch of the

measurement geometry. (e) Superconducting transitions with Tc¼ 8.3 K.

The inset shows the low-temperature region of resistance transitions, where

a gradual decrease in resistance of the sample NW#1 below T�c � 5 K is visi-

ble (the green curve).

TABLE I. The transport properties of samples were studied in two-probe (2-p) and four-probe (4-p) geometries at 1.2 K and 20 mK, respectively. Sample

parameters: L is a space between Nb-electrodes and d is a nanowire diameter (they have been determined from SEM images). Ic is the critical current, and R is

the normal state resistance of the weak links; q is the Cu nanowire resistivity (the latter was measured experimentally for 4-p samples and was calculated as a

result of fitting of magnetic and temperature dependencies for 2-p samples by Usadel equations). D and nN are the calculated diffusion coefficient and coher-

ence length, respectively. Tc and T�c are the critical temperature of Nb electrodes and effective critical temperature of the proximized part of the nanowire under

the Nb electrode taken from fit; cB¼RB/qnN, where RB is the SN interface specific resistance.

Sample Geometry Lwl (nm) d (nm) R (X) q (lX cm) D (m2/s) nN (nm) Ic (lA) Tc=T�c ðKÞ cB

NW#1 4-p, 20 mK 1765 6 116 108 6 10 2.20 1.14 6 0.26 0.03 66 0.7 … …

NW#2 2-p, 1.2 K 609 6 112 114 6 6 0.46 0.77 0.04 80 30 8.3/5.0 4.4

NW#3 2-p, 1.2 K 671 6 105 168 6 9 0.37 1.18 0.03 65 17 8.3/5.2 4.2
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with theoretical predictions19 for long SNS junctions. Note

that in contrast to some previous studies of superconducting

planar junctions (see Ref. 17 and references therein), the IVC

of the sample NW#1 is not hysteretic at temperatures down to

20 mK. This fact might be caused by the possibility for the

hot electrons to escape from the central part of the wire con-

necting the voltage probes in our sample.

The weak link normal resistance R1¼ 2.2 X for sample

NW#1 was obtained using the 4-probe scheme. It follows

that the resistivity qCu¼ 1.14 6 0.26 lX cm of the Cu weak

link is comparable to the values of q experimentally

achieved earlier for Cu nanowire systems28 at the liquid

helium temperature.

Figure 3(b) presents the temperature dependence of the

IVCs shape, while Figs. 3(c) and 3(d) show the evolution of

IVCs of the samples NW#2 and NW#3 in external magnetic

field H, applied perpendicular to the junction plane. Due to

the high critical field of the Nb electrodes, a noticeable crit-

ical current of the samples is measured up to the magnetic

field H¼ 1000 Oe. A monotonic decrease in the measured

critical current Ic with an increase in magnetic field is

observed. Complete suppression of Ic occurs at about 1 T.

Earlier, similar magnetic field dependencies of the critical

current were observed in planar Nb/Au/Nb and Al/Au/Al

junctions along with InAs nanowire-based junctions.7,38,39

The observed monotonous decrease in Ic with increasing

magnetic field can be explained by the magnetic pair break-

ing effect in Josephson junctions with large length/width

ratio and the width of the normal nanowire comparable

with the magnetic length nH¼ (U0/H)1/2 (where H is the

magnetic field and U0 the flux quantum), as predicted by

Bergeret and Cuevas.20,21

FIG. 3. Electric-transport characteristics for the Nb/Cu-nanowire/Nb junctions: (a) green, blue, and red lines are I(V) characteristics of the samples NW#1,

NW#2, and NW#3, respectively; the inset is a zoom of I(V) plots. (b) Dependence of I(V) curves on the temperature for the sample NW#3. (c) and (d) I(V)

dependencies as a function of perpendicular magnetic field H for the NW#2 and NW#3, respectively; the measurement temperature is T¼ 1.2 K. I(V) curves

shown to the right of the panels (b), (c), (d) correspond to the sections of the 3D graphs at certain temperature or magnetic field values.

FIG. 4. Magnetic field dependencies of the critical current for the samples

NW#2 (blue triangles) and NW#3 (red circles) at T¼ 1.2 K in comparison

with theoretical fits (red and blue solid lines, respectively). The inset shows

the temperature dependencies of the critical current with fits for the both

samples at zero field.
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In Fig. 4, the data for the samples NW#2 and NW#3

(open triangles and circles, respectively) are compared with

the results of theoretical calculations in the frame of the

Usadel equations.33 As a model for the junctions investigated

using 2-probe geometry, we consider an SINIS type structure

where I is the interface barrier between the Nb electrode and

the Cu nanowire described by the parameter cB¼RB/qnN.

Within this model, we have numerically calculated supercur-

rents using the parameters summarized in Table I. The effect

of the magnetic field was taken into account by renormaliza-

tion the quasiclassical energy according to the approach

Refs. 20 and 21. The mean free path le, the diffusion coeffi-

cient D ¼ 1
3
vFle, and the coherence length nN ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�hD=2pkBTc

p
for the Cu nanowires were estimated from the

q-value fitting using literature data for the Fermi velocity vF

in Cu and the carrier density nCu, providing nN¼ 80 nm and

le¼ 84 nm for the sample NW#2 and nN¼ 64 nm and

le¼ 55 nm for the sample NW#3. In both samples, le is com-

parable to the wire diameter and exceeds the value of 19 nm

reported for Au nanowires in Ref. 27.

A good quantitative fit of the data was obtained using

cB as a fitting parameter. The obtained value cB¼ 4 (see

Table I) corresponds to the relatively low Nb/Cu specific

interface resistance on the order of 10�11 X cm2 at the level

typical to the in situ fabricated structures.32 At the same

time, due to the finite value of cB, the superconducting gap

induced in the Cu nanowire is smaller than the bulk gap of

Nb. Therefore, the theoretical curves shown in Fig. 4 were

calculated using a reduced transition temperature of the com-

bined Cu/Nb electrode T�c ¼ 5 K, in agreement with the

behavior of the resistance of the sample NW#1 shown in the

inset to Fig. 2(e).

In summary, we have developed a method of fabrica-

tion for the Nb/Cu-nanowire/Nb Josephson junctions and

characterized these nanostructures. By taking advantage of

Nb as a superconducting electrode and a single-crystalline

Cu nanowire as a barrier, we demonstrate a measurable

Josephson supercurrent up to a relatively high temperature

of 3.5 K. The resistivity of the copper nanowires qCu� 1 lX
cm is lower when compared to the values previously

achieved in nanowire-based VTB structures. The measure-

ments of Ic as a function of magnetic field show that the

Josephson supercurrent can be detectable up to a field of

800 Oe. The observed monotonic decrease in Ic with mag-

netic field and temperature is quantitatively explained with

the framework of the quasiclassical theory of superconduc-

tivity. The developed technique opens up the possibility to

fabricate nanowire-based complex hybrid structures con-

sisting of normal and ferromagnetic parts to be used in

superconducting spintronics.40

See supplementary material for a more detailed process

of nanowires electrodeposition.
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