


Fig. 15 Synthesis of air-suspended PbTe nanowires. (a, b) SEM images of suspended PbTe nanowire arrays at 2 um pitch density. The air gap
between the PbTe nanowires and the glass surface is &2 pm in this case. (c) Process flow for PB-LPNE commencing, at upper left, with step 4 of
the “baseline” LPNE process (Fig. 1). Unique to PB-LPNE is the PR layer interposed between the nickel and glass. Reproduced with permission

from Nano Letters, 2008, 8, 2447-2451. Copyright 2008 American Chemical Society.?’

this PR layer is patterned to produce a series of linear, periodic
supports between which nanowires are suspended.

(d) Electrical conductivity of PdTe nanowires

The air instability of PbTe nanowires demonstrated by the
XPS spectra of Fig. 13g presents a barrier to the electrical
characterization of these nanowires: How can their electrical
properties be evaluated when an air exposure of a few minutes
causes the formation of a insulating surface oxide layer? This

duration is simply too short to permit the preparation by
thermal evaporation of electrical contacts.

A solution to this problem is depicted in Fig. 16a. Since in
the LPNE method, PbTe nanowires are grown on nickel
nanoband electrodes, an intimate electrical contact is formed
at the nickel-PbTe interface along the entire axis of the
nanowire. Therefore, after the nanowire is deposited and the
photoresist has been removed, this sacrificial nickel layer can
be patterned to form the electrical contacts necessary to make

Fig. 16 (a) Schematic showing that the patterned nickel edge used for nanowire growth can later be patterned and used for a four-point electrical
measurement of the wire resistance. (b) SEM image of the inner two nickel electrodes and a PbTe nanowire. The electrically isolated wire length in
this instance was 94 pm, greater than the interelectrode distance of 67 um. (c) Ohmic current versus voltage plots for three PbTe nanowires with
dimensions as indicated. Reproduced with permission from Nano Letters, 2008, 8, 2447-2451 Copyright 2008 American Chemical Society.?’
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high quality, four-point measurements of the nanowire resis-
tance. The patterning of the nickel layer can be carried out
using photolithography. The central portion of such a device is
shown in the SEM image of Fig. 16b. Using devices such as
these, I-V curves for three PbTe nanowires were acquired
(Fig. 15¢), yielding conductivities ranging from 0.70 x 10* to
1.8 x 10* S m~'. This value is in the range of conductivity
values of bulk PbTe in the literature.'*>14%1#! This approach is
not limited to PbTe and we expect it to be useful for the
electrical characterization of a variety of other air-reactive
nanowire materials.

Conclusions

Lithographically patterned nanowire electrodeposition
(LPNE) is a new tool for the synthesis of nanowires on
surfaces. LPNE leverages photolithography to control the
position and path of nanowires and electrochemistry to
synthesize them. Nanowires may be produced in parallel over
wafer scale distances, and nanowires can be electrically con-
tinuous for centimetres, but lateral nanowire dimensions are
not constrained by the diffraction limit: wire widths are
controlled by the electrodeposition parameters, and the wire
height by the template prepared by photolithography.

LPNE makes it possible to pattern nanowires faster, and at
lower cost, than is possible by any other currently available
method to our knowledge. This cost efficiency exists as a
consequence of the fact that nanowires are produced over
large, wafer-scale regions in parallel. The competing method
of electron beam lithography requires nanowires to be serially
written in photoresist using an electron beam, expending far
greater time, proportional to the length of the nanowires to be
produced, and requiring an expensive electron beam writer. As
a specific example, the fabrication by LPNE of the nanowire
array shown in Fig. 9a, consisting of 20 nm x 200 nm
nanowires each 1 cm in length and spaced laterally by 2 um
(a total nanowire length of 50 m!) required approximately 6 h.
Approximately 500 h would be required to produce a similar
array using an electron beam writer operating at 10 cm h™". Is
the time efficiency of LPNE economically offset by the de-
mands for electrical power of the method? No, this is not the
case because of the minute amounts of material that are
deposited. Referring again to the nanowire array of Fig. 9a,
a total of just 6 mC (or 6 mA for one second) would be
required to produce this gold nanowire array. LPNE opens the
door to the use of nanowires in integrated circuits, in chemical
sensors, and in optical devices such as diffraction gratings
where it has not been practical to employ nanowires up
until now.

Because the gamut of materials accessible using electro-
deposition is enormous, ranging from metal oxides, to poly-
mers, to semiconducting compounds, to conductive charge
transfer complexes in addition to metals, the potential for
LPNE to produce nanowires with unique and useful properties
is unbounded.

A central challenge for future work is control of the grain
size. LPNE produces polycrystalline, not single crystalline,
nanowires. Methods must be developed for adjusting the grain
size without altering their lateral dimensions or degrading the

wire dimensional uniformity. A long term goal of this work is to
obtain single crystalline metal and semiconductor nanowires
with lengths in the millimetre range.
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