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Nickel Silicide Nanowire Arrays for Anti-Reflective

Electrodes in Photovoltaics

Neil P. Dasgupta, Shicheng Xu, Hee Joon Jung, Andrei lancu, Rainer Fasching,

Robert Sinclair, and Fritz B. Prinz*

Conductive nanowires (NWs) provide several advantages as a template and
electrode material for solar cells due to their favorable light scattering prop-
erties. While the majority of NW solar cell architectures studied are based

on semiconductor materials, metallic NWs could provide equivalent anti-
reflection properties, while acting as a low-resistance back contact for charge
transport, and facilitate light scattering in thin layers of semiconductors
coated on the surface. However, fabrication of single-crystalline highly anti-
reflective NWs on low-cost, flexible substrates remains a challenge to drive
down the cost of NW solar cells. In this study, metallic Ni,Si NW arrays are
fabricated by a simple, bottom-up, and low-cost method based on the thermal
decomposition of silane on the surface of flexible Ni foil substrates without
the need for lithography, etching or catalysts. The optical properties of these
NW arrays demonstrate broadband suppression of reflection to levels below
1% from 350 nm to 1100 nm, which is among the highest values reported
for NWs. A simple route to control the diameter and density of the NWs is
introduced based on variations in a carrier gas flow rate. A high-resolution
TEM, XRD and TEM-EDS study of the NWs reveals that they are single crys-
talline, with the phase and composition varying between Ni,Si and NiSi. The
nanowire resistivity is measured to be 10~* Q-cm, suggesting their use as an
efficient back electrode material for nanostructured solar cells with favorable

templates such as nanowires (NWs),
the absorption length required to fully
utilize the solar spectrum can be effec-
tively decoupled from the carrier extrac-
tion length, which should be minimized
to reduce recombination. Furthermore,
light-scattering and trapping has been
observed in 3-D architectures such as
microwire,l'l. nanowire,?>! and nano-
conel®’! arrays, allowing for enhanced
absorption and suppressed reflection.
This permits the use of significantly less
material than a planar architecture, and
reduces the purity and morphological
requirements of the absorber layer due to
a decreased carrier extraction length. This
is the principle employed in dye-sensitized
solar cellsl® (DSCs) and extremely-thin
absorberl® (ETA) cells, which utilize a very
thin absorber layer in conjunction with a
nanostructured template.

Ultimately, the large-scale incorporation
of photovoltaics as a renewable energy
source will depend on the ability to drive
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light scattering properties.

1. Introduction

Light management in photovoltaic cells is a critical area of
research in order to minimize material utilization while
achieving high efficiencies. By using 3-D nanostructured
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down costs. While nanostructured archi-

tectures can provide several benefits for

solar cells, the use of top-down processing

techniques involving lithography and/or
etching, or catalyst-mediated growth techniques, can add sig-
nificantly to the manufacturing costs. Catalyst-based techniques
can also lead to incorporation of impurities into the NWs,
which can negatively affect their recombination properties.['”!
In this study we have grown highly-conductive (~10™* Q-cm),
single-crystalline Ni,Si NWs on flexible metal foil substrates in
a completely bottom-up manner, without the need for lithog-
raphy, etching or catalysts. The nanowire arrays exhibited excel-
lent broadband anti-reflection properties, with reflection levels
of less than 1% in the visible and NIR wavelengths, which is
among the highest reported values for NWs. The ability to fab-
ricate highly anti-reflective and conductive single-crystalline
NWs on a low-cost and flexible substrate without any pre-pat-
terning steps represents a powerful combination of properties
to address many of the challenges associated with large-scale
manufacturing of nanowire solar cells.

Many nanowire architectures have been explored for use in
solar cells,'% which are mostly based on semiconductor mate-
rials such as Si or ZnO. In this case, the nanowire serves as
a component of the junction as well as a current conduction
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Figure 1. Schematic of nanowire growth routes and corresponding SEM images. a) Nanowire growth on an oxidized Ni surface. b) Thin film growth on
a reduced Ni surface without additional carrier gas. c) Nanowire growth on a reduced Ni surface with the introduction of an additional carrier gas.

path. While doping can lead to decreased resistivity values in
these semiconducting NWs, the high aspect ratio geometries
and small cross-sectional areas can contribute to the series
resistance of the solar cell. Furthermore, by using the nanowire
as a component in the p-n junction, the choice of compatible
material systems is limited. In contrast, metallic NWs can pro-
vide significantly lower resistances by acting as the back contact
material, while potentially maintaining the same light-scattering
benefits, and allowing for a wide variety of material combina-
tions for the p-n junction by incorporating thin coating layers
on the nanowire surface. For example, core-shell structures
composed of a thin-film homojunction or heterojunction on
the NW surface could be fabricated by conformally coating the
surface of the metallic NW template. The NWs could also form
a Schottky diode with a semiconductor material to facilitate
charge separation. While carbon nanotubes!!*3 and metallic
nanowires!'*1°l have been studied for transparent top electrodes,
there has been little reported on the use of metallic nanowire
arrays for highly anti-reflective back electrodes. Among the
highly-conductive nanowire materials, we have chosen to study
Ni,Si NWs due the simplicity of their fabrication methods, and
favorable properties as ohmic contacts in Si-based electronics.
There are a variety of growth techniques for nickel silicide
NWs, most of which can be divided into three categories:!*®l
delivery of silicon to nickel film,[7-22 delivery of nickel to silicon
NWs, 23 and simultaneous delivery of silicon and nickel.l?4%]
Some new methods, such as point contact reaction between Si
and Ni NWs(2% were recently reported. Due to its simplicity and
low cost, chemical vapor deposition of silane on nickel films, as
the earliest discovered method,['”! has been intensively studied.
The underlying mechanism for nanowire growth based on
thermal decomposition of silane on Ni films is still a matter of
debate. Nickel diffusion into silicon has been proposed by sev-
eral groups, and the formation of NWs rather than films has
been shown to be a strong function of temperature, pressure,
and silane concentration. It has been proposed that a low super-
saturation degree of the vapor-phase precursors can lead to the
spontaneous formation of NWs rather than thin films, due to
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limited nucleation kinetics.?? The role of surface oxides on the
growth has also been investigated, and it has been shown that
the presence of surface oxide species can promote nanowire
growth.”?8] The surface oxide layer can serve as either a Ni
diffusion barrier, or as a catalyst for a vapor-liquid-solid (VLS)
growth mechanism. However, the exact role of surface oxides
on nanowire growth is not clear, and several reports have been
presented without the purposeful introduction of oxygen. In this
study, we have successfully grown NWs on nickel surfaces with
native oxide species present and after a hydrogen annealing step,
suggesting that nanowire growth is possible with or without the
presence of oxide species. Furthermore, a simple method to
control the nanowire diameter and density is demonstrated by
varying the carrier gas flow rate after first reducing the surface
oxide species in the presence of hydrogen, which removes the
uncertainty of NiO, surface morphology on nanowire size.

2. Results and Discussion

The simplest route to fabricate NWs was to flow the silane gas
mixture (0.84% in argon) over untreated Ni surfaces, which
have a thin layer of surface oxide species present due to air
exposure. Despite the simplicity of this technique, which is
similar to previously reported methods, spontaneous growth
of NWs was observed on the foil surface. SEM images of NWs
growth by this technique are shown in Figure 1a. The NWs had
diameters ranging from 20 to 300 nm, and lengths of 7-10 um.
It has been reported that surface oxide species can be beneficial
in the growth of single crystal Ni,Si NWs, due to limited diffu-
sion of Ni through the NiO, layer.?”] Additionally, the formation
of NiSi, O, species on the surface has been proposed as another
contributing factor to nanowire nucleation and size.?! The
non-uniform diameters and density across the foil surface of
the NWs might therefore be attributed to a variation in the size
and density of the surface oxide species, which were grown by
an uncontrolled oxidation process in air, and could be affected
by the polycrystalline surface morphology of the Ni foils.
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Figure 2. SEM images of NWs grown with varying hydrogen flow rates of a) 50 sccm, b) 100 sccm and c) 200 sccm.

To study the importance of surface oxides on nanowire
growth, Ni foils were pre-treated by annealing the samples in
hydrogen environment at 450 °C for 30 minutes to reduce the
surface and eliminate the surface oxide species. As shown in
Figure 1D, this resulted in the formation of a dense film rather
than NWs, which further supports the hypothesis that surface
oxide species are beneficial in nanowire growth.’” However,
when a stream of hydrogen or argon gas was introduced as a
carrier gas at the same time as the silane, NWs formed even
after an initial surface reduction, as shown in Figure 1c. This
suggests that an alternate mechanism which is not dependent
on the presence of oxygen species could allow for nanowire
growth. While the exact mechanism for direct vapor-phase
growth of NWs is oftentimes unknown, it is generally accepted
that the degree of supersaturation is a critical factor in deter-
mining the growth morphology.*l In this study, the growth of
NWs versus a thin film could be affected by mass transport of
the reactant species to the surface, as well as chemical kinetics
of the growth process. The mass transport of silane through
the surface boundary layer will be affected by an increase in the
overall reactor pressure due to the introduction of the hydrogen
gas stream, as well as the increased gas velocity. Also, the intro-
duction of hydrogen can affect the equilibrium concentration of
decomposed silane byproducts on the Ni surface, affecting the
kinetics of the growth process. Both of these factors could affect
the degree of supersaturation of the decomposed SiH, byprod-
ucts at the nickel surface. However, a statistical analysis of the
NW diameter vs. carrier gas flow rate showed similar behavior
for argon and hydrogen, suggesting that the mechanism was
more dependent on total flow rate than a shift in chemical equi-
librium (see supporting information).

Furthermore, the uniformity of the nanowire diameters
shown in Figure 1lc was significantly improved compared to
the reaction with the oxidized surface. Reducing the surface
before introducing silane removes the uncertainty in the oxida-
tion state of the Ni foil, and allows for a simple and repeatable
mechanism to form NWs with a uniform size distribution, as
shown in Figure 1. While the use of a low-cost and flexible foil
substrate has many potential advantages for large-scale photo-
voltaic manufacturing, the rough and polycrystalline surface
could lead to concerns over the uniformity of nanowire growth
based on surface oxidation. The use of a reduced surface leads
to a repeatable standard which is simple to generate and results
in a uniform size distribution of wires.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In addition to improved uniformity of the diameter of NWs
after surface reduction, by varying the flow rate of the carrier
gas, the average diameter and density of the NWs can also be
controlled. Figure 2 shows NWs grown by maintaining a con-
stant flow rate of 100 sccm for the silane gas mixture, and
varying the flow rate of the hydrogen carrier gas from 50 to
200 sccm. By simply increasing the flow rate of the carrier gas,
the average diameter of the NWs could be controllably reduced.

While the details of the growth mechanism of Ni,Si NWs
are still uncertain, it can be generally separated into nucleation
and growth phases. We submit the hypothesis that the progress
from a thin film morphology to NWs on reduced Ni surfaces
is due to variations in the nucleation behavior under different
carrier gas flow rates. The nucleation of grains in the formation
of a polycrystalline film on a substrate surface typically depends
on the kinetics of the phase transformation. Faster solidifica-
tion favors formation of a higher density of nucleation sites and
smaller grains, while slower nucleation allows for growth of
larger grains from initial nuclei.*”l Growth of NWs from an ini-
tial Ni,Si seed layer on the surface suggests that nucleation and
accelerated 1-D growth occurs at certain active surface sites,
which could be due to defects, crystallographic domains or a
variety of other factors. While the details of these nucleation
and growth processes involve a complex combination of vari-
ables, we propose that by controlling the kinetics of the nuclea-
tion and solidification processes through varying the silane
delivery rate to the surface, the variation in the subsequent NW
diameter is likely due to smaller nucleation sites on the surface,
leading to a subsequent reduction in the NW diameter. This is
in agreement with the fact that the NWs are very uniform in
diameter along their length, with no evidence of tapering was
observed. This suggests that the diameter is determined by the
size of the initial nucleation event, and rapid NW growth occurs
in a 1-D fashion through Ni diffusion from the surface, as fur-
ther supported by TEM-EDS data in this report.

More specifically, contributing factors to the nucleation
kinetics include the rate of delivery of the decomposed silane
byproducts to the surface, molar concentration of silane in the gas
mixture, and overall reactor pressure. In the case of silane reac-
tion with a nickel surface at low temperatures, the source of
silicon is determined by the flux of silane to the Ni surface,
where it is catalytically decomposed. Therefore, at higher flow
rates, the delivery rate of Si to the surface could increase, due
to a decreased laminar boundary layer thickness at increased

Adv. Funct. Mater. 2012, 22, 3650-3657
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velocities, and improved mass transport within the furnace. The
addition of an inert carrier gas also causes an increase of overall
chamber pressure, for the same conductance to the vacuum
pump. To maintain approximately the same partial pressure
of silane in the chamber, the overall pressure was regulated by
throttling a manual valve to the pump, such that the increase in
overall pressure was proportional to the increase in the net flux
of gas into the chamber, while maintaining the same silane flow
rate. Therefore, changes in the nucleation behavior on the sur-
face are likely due to the flow dynamics and delivery of silane
to the surface, rather than an increase in the equilibrium partial
pressure of silane in the gas mixture away from the surface.
As the nucleation kinetics vary with the flow dynamics of the
system, the diameter can be controllably varied in a systematic
and simple way. As the size of the nucleation sites continues to
decrease with further increasing of flow rate, the diameter con-
tinues to decrease, until eventually the growth or NWs begins
to be inhibited, and the density of the wires begins to decrease
along with the diameter. This suggests that an active window
of carrier gas flow rate exists which promotes the formation of
nucleation small nucleation sites for NWs rather than a bulk
film, until the nucleation size and density decreases to the
point that NW growth is no longer favorable and more sparse
NW growth is observed.

The eventual decrease in NW density along with diameter
with increasing flow rate has important implications for pho-
tovoltaics based on a nanowire template, as the diameter and
spacing of the wires will have an effect on the optical scattering
of photons,®l as well as on the ability to penetrate into the
nanowire array with a conformal surface coating. The proposed
architectures that utilize this template would require the ability
to deposit one or more thin film semiconductor coatings on the
NW surface to act as the active absorber material. Therefore,
depending on the deposition technique used to coat the NWs,
there may be a tradeoff in effective light scattering with ability to
fully penetrate into the film. One powerful technique to address
this challenge is Atomic Layer Deposition (ALD), which has the
ability to uniformly coat very high aspect ratio features in nano-
porous substrates due to its self-limiting surface chemistry.?!
For example, this has been used to penetrate nanoporous tem-
plates based on dye-sensitized architectures.?2-*4 Recently, the
ability to coat NWs with single layers of PbS quantum dots by
ALD by was demonstrated,>! suggesting the ability to fabricate
next-generation photovoltaic architectures on high-aspect ratio
NW templates.

The ability to fabricate single-crystalline Ni,Si NWs on Ni foil
substrates provides a simple and potentially low-cost solution
to creating anti-reflective bottom electrodes for photovoltaics.
Figure 3b shows photographs of the bare Ni foil, a thin film
grown on a reduced foil surface without additional carrier gas,
and Ni,Si NWs grown by a combination of silane and hydrogen
on reduced surfaces. The growth of NWs led to a dramatic
decrease in the surface reflectivity, and the samples appeared
black, suggesting efficient reduction of surface reflectance due
to light scattering from the NWs. To quantify the specular anti-
reflection properties of these wires, an integrating sphere was
used in conjunction with a calibrated, monochromatic light
source to measure the total reflectivity. The reflectance of the
three samples depicted is shown in Figure 3a. The bare Ni foil
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Figure 3. a) Reflectance data measured by an integrating sphere, showing
a decrease in reflectance from the bare Ni foil, to the thin film, to the
nanowire arrays. b) Photograph of the three samples shown in the reflec-
tivity data, showing a dramatic decrease in reflectivity of the nanowire
sample.

was highly reflective, with a reflectance varying from 45-70% in
the wavelength range of 350-1100nm. The thin film exhibited
a lower reflectance than the metal surface, but still exhibited
significant reflectivity in the visible wavelengths. The nanowire
sample exhibited excellent anti-reflection properties, with less
than 1% reflection measured across the range of wavelengths
considered. As the transmission through the thick Ni foil was
negligible, this represents greater than 99% absorption in this
nanowire array, which is among the highest reported values
for nanostructured templates. This is particularly remarkable,
given the random orientation of the nanowires, as ordering of
the nanowires has been shown to be beneficial for light trap-
ping.'>1% While this random orientation may make penetra-
tion of the films difficult for line-of-sight deposition techniques,
processes such as ALD should have no problem uniformly
coating these structures to create core-shell wires. The excel-
lent anti-reflection properties of these metallic nanowire arrays
could allow for such ultra-thin coatings to be applied using a
variety of material systems to facilitate carrier generation and
separation, while minimizing material utilization and the diffu-
sion length associated with charge separation. This will require
careful selection of the dielectric properties of the coating
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300 two different NWs show single-crystalline orthorhombic Ni;Si,
in the [110] zone orientation in Figure 5a and single-crystalline
2004 hexagonal Ni,Si in the [2110] zone orientation in Figure 5b.
The measured interplanar d-spacings of Ni;Si, (dgo; = 6.92 A,
dy10 = 8.10 A) and Ni,Si (dgiio = 3.32 A, dooor =
1004 sistent with the calculated d-spacings of Ni3Si, (dgo; = 6.920
< A, diq9 = 8.117 A) and Ni,Si (dgiie] = 3.295 A, dgge1 = 4.890 A)
- 04 from previously reported values?¢-38 [Ni;Si, (a = 12.290 A, b =
§ 10.810 A, ¢ = 6.98 A, orthorhombic, Cmc2;), Ni,Si (a = 4.890 A,
5 c=3.295 A, hexagonal, C6;/m)]. For visualization purposes, the
Q -1004 theoretical projection of these two crystal structures are shown
in Figure 5c and 5d, respectively.
-200 The resemblance of the projected structure and the image
for Ni,Si is quite good, but clearly the Ni;Si, structure is more
-300 - complex. Many factors contribute to discrepancies between
0.3 02 01 0.0 01 0.2 0.3 the theoretical and measured crystal structures. One impor-

Voltage, V

Figure 4. Currentvs. voltage profile of a single nanowire contacted by two
Ni electrodes, as shown in the SEM image in the insert.

material, such that the majority of light is absorbed in the semi-
conductor before excessive parasitic absorption occurs in the
metallic NWs, while maintaining the desirable light scattering
properties of the underlying template structure.

In addition to excellent reflection suppression, the use of
Ni,Si nanowire arrays has a significant advantage as a bottom
electrode material due to the metallic nature of the wires. For
example, by using a metallic NW as the core material in a core-
shell structure, series resistance and transport losses along the
wire could be reduced compared to a purely semiconducting
NW system. Pure NiSi NWs grown by deposition of Ni metal
onto single-crystal Si NWs were reported to have a resistivity
of about 107 Q-cm.l?¥l While the NWs grown in this report
were also single-crystalline, we expect that variations in stoi-
chiometry and phase, may lead to a reduction in conductivity.
To quantify the resistivity of these NWs, the -V spectrum of a
single wire grown by the reduced-surface route was measured
using a 2-point method using nickel electrodes.

Figure 4 shows a linear -V behavior of the nanowire, with
a resistance of 1285 Q. The nanowire diameter was measured
to be 80 nm with a 6 um gap between the electrodes. The lead
resistance of the electrodes was measured to be 2.62 Q, so
neglecting this effect the nanowire resistivity was calculated to
be 1.07 x 10* Q-cm. This is likely to be an upper limit to the
actual nanowire resistivity, as contact resistances may have con-
tributed further to the signal, especially since any surface oxida-
tion of the nanowire was not removed prior to measurement.**l
The linear -V behavior also indicates that an ohmic contact is
formed between nickel metal and the NWs, which indicates that
the electrical contact to the foil substrate should be favorable.
The combination of this high conductivity and low reflectivity
based on such a simple bottom-up fabrication scheme presents
a powerful combination of characteristics for large-scale photo-
voltaic electrode manufacturing.

In order to study the crystallographic and chemical proper-
ties of the NWs, high-resolution transmission electron micro-
scopy (HRTEM) analysis was performed. HRTEM images of

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tant influence is that the measured lattice parameter changes
slightly along the length of the wire. This can induce some
strain and distortion of the lattice, which can lead to differences
in theoretical projections of the atomic positions and the actual
HRTEM images. Additionally, differences in measured and the-
oretical values can stem from unresolved Ni and Si atoms due
to the resolution limit of the TEM (1.4 ~ 1.5 A at 200kV e-beam
acceleration), as well as from phase contrast change by defocus
(focal plane position on the TEM sample) and local thickness
variation.

To further study the phases present in the NWs, x-ray dif-
fraction (XRD) and TEM-EDS (energy dispersive spectroscopy)
were performed. To prepare the samples for XRD analysis, the
foil-nanowire samples were immersed in toluene and placed
in an ultrasonic bath to detach the NWs from the foil surface.
This nanowire solution was subsequently drop cast onto glass
slides, and the toluene was evaporated leaving an ensemble of
NWs on the glass surface. By performing XRD on these sam-
ples, the phases present in a large ensemble of wires could be
studied without any background signal from the foil substrate.
The results of the XRD scans for NWs grown the oxidized and
reduced Ni foil surfaces are shown in Figure 6a. Several phases
were observed in the XRD spectra, with the most notable phase
being orthorhombic Ni;Si,. Additionally, orthorhombic NiSi
and hexagonal Ni,Si peaks were observed. The XRD spectrum
for NWs grown the oxidized and reduced surface were similar,
suggesting that the nanowire phase was not strongly dependent
on the surface pre-treatment.

To study the chemical composition of the wires, local EDS
spectra (diameter~500nm) were measured at various points
of two different NWs, as indicated by the circled regions in
Figure 6b and 6¢. As shown in the TEM-EDS analysis (see
supporting information), the chemical composition of the
NWs changes 2 ~ 5% along the length of the wire with Ni
content decreasing in the growth direction, presumably due
to Ni diffusion from the foil into the nanowire. This trend
was observed in NWs growth with both oxidized [Figure 6D]
and reduced [Figure 6c] surfaces, which further suggests that
the growth of the NW is due to nickel diffusion from the
substrate into the wire in both cases, and differences in the
diameter and density of the wires was due to variations in
the initial nucleation sites of the NWs on the surface rather
than a fundamentally different growth mechanism. This

Adv. Funct. Mater. 2012, 22, 3650-3657
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Figure 5. HRTEM images and theoretical projection analyses of two different NWs. The phase observed was Ni3Si; (a & ¢) and Ni,Si (b & d). Each
right side TEM image is digitally enlarged from the boxed region on each left side image. The theoretical projection of Ni and Si atoms in different zone
axis orientations (z = [110] for Ni;Si, (b) and z=[2110] for Ni,Si (d)) are generated from multiple arrays of 3D unit cells.

could lead to a phase variation (i.e. structure change by lat-  supporting information). However, a few selective regions
tice strain) within a single NW along the length of the wire, = show an abrupt change of Ni and Si concentration, which
although the wires appeared to be single-crystalline in the  may be the point of a phase variation. This variation in phase
HRTEM images. Energy-filtered TEM (EFTEM) images for and composition along the wire could have implications for
Ni and Si atoms confirm that the majority of the regions the conductivity of the wires, as the electron mobility will also
in the NW show a very uniform concentration profile (see likely vary along the length of the wire.

(a) XRD 4 Ni,Si
* Ni;Si,
o NiSi

TEM-EDS result
Ni : Si (at %)
66.5:33.5
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|\ |3] 636:364
g 2| 629:354
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Figure 6. XRD spectra of NWs growth on b) oxidized (top) and reduced (bottom) Ni surfaces in, and TEM-EDS results from local regions (circles) on
different NWs grown on b) oxidized and c) reduced Ni surfaces.
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3. Conclusions

The ability to fabricate metalic, single crystalline NWs on low-
cost and flexible metal foil substrates is a powerful technique
for electrode fabrication. In this study, we have introduced
a simple method to repeatably prepare the surface of Ni foils
for Ni,Si nanowire growth by reduction in a hydrogen environ-
ment, followed by introduction of silane with an additional car-
rier gas. The diameter and density of the wires can be easily
controlled by varying the carrier gas flow rate. The nanowire
arrays demonstrate excellent anti-reflection properties, and
high electrical conductivity (107* Q-cm) suggesting their use as
a light-scattering back electrode for photovoltaics which could
be coated with a variety of semiconductor material systems with
reduced purity and absorptivity requirements. The combination
of high conductivity, excellent light-scattering properties and a
simple, bottom-up fabrication make this an attractive template
for a variety of 3-D photovoltaic architectures.

4. Experimental Section

Ni,Si NWs were grown on Ni foil substrates (Aldrich, 99.9%) in a tube
furnace. The tube was purged with high purity argon, and pumped down
to a base pressure of 1073 Torr prior to the deposition. The oxidized Ni
surface was either left untreated, or reduced in hydrogen at 450 °C for
30 min to remove the surface oxide species. NWs were grown by flowing
a low-concentration silane gas mixture (0.84% in argon) at a temperature
of 450 °C for 30 min. The use of this low-concentration gas mixture is
below the flammability limit of silane, which could further reduce cost
and safety issues in manufacturing settings. Additionally, hydrogen or
argon was used as a carrier gas in some experiments involving reduced
surfaces, to study the effect of carrier gas flow rate on NW size and
density.

SEM images were taken with a FEI Strata 235 Dual-Beam focused
ion beam (FIB) system. Reflectivity measurements were performed
with a Newport silicon photodetector (918D series) in conjunction
with an Oriel barium sulfate coated integrating sphere and a calibrated,
monochromated light source. The sample was placed in the middle of
the integrating sphere, and an angle of incidence of ~10° was maintained
relative to normal to minimize specular reflection through the small
entrance to the sphere where the light source entered.

For the electrical resistivity measurement, Ni electrodes were
patterned by traditional photolithography, and a single nanowire was
transferred to the electrodes using an omniprobe transfer method in
the same Focused ion beam (FIB) system and attached using ion-beam
induced deposition of Pt (see supporting information). A Keithley 2636A
Source Measure Unit (SMU) was used in conjunction with Cascade
Microtech DC microprobes to determine the |-V characteristics of the
single nanowire.

HRTEM analysis was performed using a FEI 80-300 Titan operated
at an accelerating voltage of 300 kV for Figure 5a and a FEI Tecnai G2
F20 X-TWIN operated at an accelerating voltage of 200 kV for Figure 5b.
TEM-EDS and EFTEM analysis was performed in the same Tecnai system
at an accelerating voltage of 200 kV. Every EDS spectrum was acquired
for a duration of 60 s. The beam width was focused to ~500 nm.

To prepare the samples for XRD analysis, the foil-nanowire samples
were immersed in toluene and placed in an ultrasonic bath to detach
the NWs from the foil surface. This nanowire solution was subsequently
drop cast onto glass slides, and the toluene was evaporated leaving an
ensemble of NWs on the glass surface. By performing XRD on these
samples, the phases present in a large ensemble of wires could be
studied without any background signal from the foil substrate. XRD
measurements were performed with a PANalytical X’Pert PRO x-ray
diffraction system by scanning 26 from 30—60° at a fixed omega angle
of 1.5°.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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