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Electrical characterization of electrochemically grown single
copper nanowires
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Single- and poly-crystalline copper wires with diameters down to 30 nm are grown in etched
ion-track membranes. Individual nanowires are isolated and contacted by means of optical
lithography. Electronic transport properties and oxidation processes are investigated. Depending on
the oxidation state, the wire resistance varies between a few hundred ohms and several megaohms,
enabling its usage as metallic or semiconducting structural elements for devices on the nanometer
scale. © 2003 American Institute of Physics.@DOI: 10.1063/1.1563741#
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Research on nanowires is continuously increasing s
the range of possible applications is extremely broad, incl
ing optics,1 magnetism,2–4 and electronics.5 Fabrication and
control of nanometer-sized conducting wires synthesi
from a wide range of materials are crucial technological
pects with regard to contacting and operating nanoscale e
tronic systems. In particular, nanowires functioning as se
conductor elements or simply as connectors to or wit
molecular devices are very promising.5

A high flexibility in the design of nanowires regardin
length, diameter, and aspect ratio is desirable for their ap
cation as connecting elements and provides, at the s
time, a unique tool for investigating the extraordinary pro
erties that these nanostructures exhibit due to their redu
size. Among the different techniques available for the fab
cation of such wires,6–8 the so-called template method fu
fills these demands.8–12 This method is based on the grow
of wires in the pores of a matrix, commonly named a te
plate. The technique allows the creation of wires of vario
lengths ~up to 100mm! and diameters~as small as a few
nanometers!, with a maximum aspect ratio of 103– 104.
Etched ion-track membranes and Al2O3 structures are the
predominantly employed templates. Electrochemical dep
tion in the pores provides high-quality nanowires of differe
metals with a very smooth surface.13

So far, electrical measurements have been performe
different kinds of nanowires; for example, VnO5,14 Au,15

Mo,6 Bi,11 and several semiconductors.16,17In all cases, it has
been quite difficult to achieve a reliable contact with res
tances of the order of only ohms. Several attempts have b
made to determine the intrinsic properties of the wires an
distinguish them from external effects, such as adsorptio
a contamination layer or oxidation of the wire. Electric
measurements on electrochemically grown nanowires w
mostly performed on a large assembly of wires embedde
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a membrane.11,18,19 In these cases, the contacting techniq
did not allow to measure an absolute value of the resista
of a single wire.

Here, we report a method for producing an ensemble
single and polycrystalline Cu nanowires in polycarbon
etched ion-track membranes. We then describe how, a
dissolving the membrane, single copper nanowires are i
vidually contacted by means of optical lithography and ch
acterized by transport measurements at 4.2 K and at ro
temperature. This technique combines the production
preparation of metallic nanowires, possessing a homo
neous and smooth contour of different crystallographic ch
acteristics, with the flexibility and resolution of lithograph
techniques.

The production of the wires includes the following step
schematically depicted in Fig. 1~a!. First, polycarbonate fo
~Makrofol N, thickness 30mm! are irradiated at the UNILAC
linear accelerator of GSI, with ions of energy 11.4 Me
nucleon, applying fluences between 106 and 109 ions/cm2.
Along their trajectory through matter, the ions create cyl
drical tracks of modified material. These tracks are che

FIG. 1. ~a! Process steps for electrodeposition:~i! a template is generated b
chemical etching of the ion tracks;~ii! Cu is deposited in the pores;~iii! the
supporting membrane is dissolved.~b!, ~c! Two different arrangements for
attaching metallic contacts to Cu nanowires: preferably, the electrodes
fabricated on top of the nanowires~b!, or the wires are deposited on th
prefabricated contacts~c!.
9 © 2003 American Institute of Physics
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cally etched in a solution of 6N NaOH containing 10 vol
of methanol at 50 °C, resulting in cylindrical pores.20 De-
pending on the etching time, pores with diameters betw
several nanometers and some micrometers can be prod
@Fig. 1~a,i!#. A conductive layer is deposited on one side
the membrane~some 100 nm of sputtered Au and seve
micrometers of galvanostatically deposited Cu! to serve as
cathode and stable mechanical support for the subseq
potentiostatic growth of the Cu nanowires in the pores@Fig.
1~a,ii!#. The employed electrolyte consists of an aqueous
lution of 238 g/L CuSO4"5 H2O and 21 g/L sulfuric acid. By
varying the deposition parameters~i.e., composition of the
electrolyte, temperature, and deposition voltage! both single
and polycrystalline wires were created.12

Before contacting the wires for electrical transport me
surements, the polymer has to be eliminated. For this p
pose, the template is dissolved in dichloromethane@Fig.
1~a,iii!#. The wires are then detached from the bottom
inserting the sample, placed in a beaker, in an ultraso
bath, followed by centrifugation of the solution. Subs
quently, the solution above the wires is exchanged wit
pipette, and the beaker is again put into the ultrasonic b
By repeating this procedure several times, the wires
cleaned efficiently.

Finally, in order to perform electrical measuremen
wires are contacted using two different configurations: wi
‘‘ below’’ and wires ‘‘above’’ the contacts. In the first cas
@below, Fig. 1~b!#, some drops of dichloromethane solut
containing the wires are first given on a SiO2 substrate. After
evaporation of the solvent, an array of about 100 contac
structures, each consisting of four finger-like electrodes
created by means of optical lithography and metal evap
tion on top of the wires. In the second case@above, Fig. 1~c!#,
the electrodes are deposited first, and the wires are su
quently placed on top. In both cases, the number of wires
the substrate is controlled by varying the concentration
wires in the solution and/or the number of drops depos
on the substrate. As indicated in Figs. 1~b! and 1~c!, the four
Au contacts usually have a width of 1mm and spacing of 2
mm. After bonding the sample in a standard chip carrier, i
mounted in an evacuated chamber containing only a min
amount of He exchange gas that allows thermal equilib
tion. Transport measurements can then be performed
straightforward two-~or four-! terminal geometry by apply
ing a constant voltage to the nanowires and recording
current with picoamp resolution using an Ithaco 1211 curr
preamplifier.21 For measurements atT54.2 K, the sample
holder is inserted in liquid He.

Using the technique described in Fig. 1~c! ~nanowires on
top of the contacts!, resistances of the order of gigaoh
were recorded, possibly due to the existence of an adsor
layer between the gold contacts and the wires.14 Hence, all
presented measurements were performed using the favo
contacting scheme of Fig. 1~b!, which also avoids mechan
cal deformation of the wires.

In Fig. 2~a!, theI –V characteristic of a single-crystallin
Cu wire with a diameter of 60 nm is depicted. The micr
graph shows a scanning electron microscope~SEM! image
of the Au electrodes patterned on top of the wire. The len
of the wire is of the order of 2.4mm. The trace is ohmic
n
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indicating metallic behavior with a resistance of 145V at
room temperature. This gives a specific resistivity ofr
51.7131025 V cm, which is about 10 times higher tha
that for bulk Cu at 300 K. This enhanced value can be due
a high contact resistance, to surface scattering of the e
trons within the nanowire,22 or to an onset of Cu
oxidation.23,24 Since with the employed electrode configur
tion much smaller contact resistances are expected, we t
that the two latter effects contribute to the measured valu
This assumption is also supported by results described
sequently.

Figure 2~b! displays severalI –V curves of a 50-nm-
diameter Cu nanowire recorded over 12 h at room temp
ture. Within this time period, the resistance gradually
creases from the initial value of 640V by six orders of
magnitude, documenting the ongoing oxidation subject to
permanent exposure to aerial oxygen. Since the oxida
process is expected to be enhanced due to the net tem
ture increase when the wire carries a large current, we
tribute the tremendous growth of resistance to a comp
oxidation of the wire. Moreover, the extremely high surfa
to volume ratio of the nanowires makes them more sensi
to oxidation. A similar effect has been reported for M
nanowires.6 Figure 3 shows theI –V characteristics at both
room temperature and 4.2 K for the Cu wire depicted in F
2~a! in its metallic state~a! and for the wire shown in Fig.
2~b! after complete oxidation~b!. Prior to oxidation, the
curves at 300 and 4.2 K are linear, and indicate a resista
drop by a factor of 1.5. After complete oxidation, the wi
consists of Cu2O and should function as ap-type semicon-
ductor. With the two electrodes, the Cu2O nanowire effec-
tively creates two Schottky contacts in series placed back
back. Hence, we observe a double-diode likeI –V
characteristic25 with temperature-activation behavior@see
Fig. 3~b!#. The breakdown voltage at room temperature
about62 V. In the large bias regime up to69 V @see Fig.
3~c!#, in which current densities of approximately 40 kA/cm2

are reached, the nanowire finally fails by breaking@see SEM
micrograph in the inset of Fig. 3~c!#.

FIG. 2. ~a! I –V characteristic of a 60-nm-diameter Cu nanowire fabrica
according to the method depicted in Fig. 1~b!, clearly indicating ohmic
behavior~SEM micrograph visualizes the contact pads and the nanow!.
~b! Aging by oxidation of a nanowire: the resistance steadily increases
more Cu2O has developed~SEM image shows the actual wire orientation!.
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In summary, we have demonstrated a reliable method
the production of electrodes on Cu nanowires exhibiting l
ohmic contact resistances. We were able to monitor the
dation process over many hours. This oxidation becomes

FIG. 3. ~a! I –V characteristic of the initial metallic Cu nanowire, depicte
in Fig. 2~a!, at 4.2 K and at room temperature: Both cases reveal oh
behavior with slight increase in resistance with temperature.~b! I –V curves
of the wire shown in Fig. 2~b! for 4.2 K and room temperature recorde
after oxidation. The previously metallic Cu nanowire transformed into
semiconducting Cu2O nanowire, forming two Schottkyp-contacts in series.
~c! High-voltage regime of the low-temperature curve from~b! giving evi-
dence of the rupture of the wire. Inset: SEM micrograph of the wire a
rupture due to repeated ramping to69 V.
or

i-
is-

ible by the change of the nanowire from the metallic to t
semiconducting regime, with the double-diode characteris
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