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Solution-phase synthesis of single-crystal Cu3Si
nanowire arrays on diverse substrates with dual
functions as high-performance field emitters and
efficient anti-reflective layers†
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Lih-Juann Chenb and Hsing-Yu Tuan*a

There is strong and growing interest in applying metal silicide nanowires as building blocks for a new class

of silicide-based applications, including spintronics, nano-scale interconnects, thermoelectronics, and anti-

reflective coating materials. Solution-phase environments provide versatile materials chemistry as well as

significantly lower production costs compared to gas-phase synthesis. However, solution-phase synthesis

of silicide nanowires remains challenging due to the lack of fundamental understanding of silicidation

reactions. In this study, single-crystalline Cu3Si nanowire arrays were synthesized in an organic solvent.

Self-catalyzed, dense single-crystalline Cu3Si nanowire arrays were synthesized by thermal

decomposition of monophenylsilane in the presence of copper films or copper substrates at 420 to

475 �C and 10.3 MPa in supercritical benzene. The solution-grown Cu3Si nanowire arrays serve dual

functions as field emitters and anti-reflective layers, which are reported on copper silicide materials for

the first time. Cu3Si nanowires exhibit superior field-emission properties, with a turn-on-voltage as low

as 1.16 V mm�1, an emission current density of 8 mA cm�2 at 4.9 V mm�1, and a field enhancement

factor (b) of 1500. Cu3Si nanowire arrays appear black with optical absorption less than 5% between

400 and 800 nm with minimal reflectance, serving as highly efficient anti-reflective layers. Moreover, the

Cu3Si nanowires could be grown on either rigid or flexible substrates (PI). This study shows that

solution-phase silicide reactions are adaptable for high-quality silicide nanowire growth and

demonstrates their promise towards fabrication of metal silicide-based devices.
Introduction

Metal–silicon interactions and the resulting silicides play
important roles in the semiconductor industry. Traditionally in
electronic circuitry, metallic silicides have been widely used for
Schottky diodes, metal gates, and local interconnections in
complementary metal oxide-semiconductor (CMOS) devices.1,2

In recent years, one-dimensional metal silicide nanowires have
been employed as building blocks for a new class of silicide-
based applications, such as eld emitters, spintronics, nano-
scale interconnects, and anti-reective layers.3–7 The major
challenging issues for the controlled growth of silicide nano-
materials are their many possible phases from metal-rich to
silicon-rich silicides and complex phase behaviors within a
nal Tsing Hua University, 101, Section 2,

Republic of China. E-mail: hytuan@che.

-3-572-3661

neering, National Tsing Hua University,

(ESI) available: Additional SEM, TEM
wires. See DOI: 10.1039/c3nr03045h

Chemistry 2013
narrow composition range. The main synthetic protocols for
silicide nanowire growth involve gas-phase reactions due to
their well-established precursor chemistry for silicide formation
and fabrication processes.8–11 A variety of metal silicide nano-
wires have been achieved by either silicidation of silicon
nanowires,12–14 delivery of Si ux onmetal lms,7,10,11,15 reactions
of metals with silicon substrates,16,17 or co-pyrolysis of organo-
metallic precursors of metals and silicon via chemical vapor
deposition (CVD) and chemical vapor transport (CVT).18–20

Solution-phase synthesis offers signicantly lower production
cost compared to gas-phase synthesis when considering relevant
factors such as throughput rate, equipment price, and process
cost. A solvent-based environment provides versatile materials
chemistry to produce a variety of high-quality nanowires or
complex structures.21,22 However, there have been no examples of
growth of silicide nanowires by solution-phase reactions. There is
a lack of fundamental understanding regarding suitable Si and
metal precursors to address silicidation chemistry in solution-
phase reactions. In addition, the accessible temperature range
for solution-phase silicidation is limited to values less than
650 �C (the decomposition temperature of organic solvents),
Nanoscale, 2013, 5, 9875–9881 | 9875
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relatively cold with respect to accessible gas-phase temperatures
(>1200 �C). Moreover, in the reported literature, transitionmetals
such as Ni, Cu, and Ti function as seeds to grow Si nanowires by
solution-phase reactions containing metals and silicon precur-
sors.23–25 Therefore, it is essential to balance related synthetic
parameters, including precursor decomposition kinetics, reac-
tion temperatures, and synthetic modes preferable for silicide
nanowire growth.

Here we report the rst example of solution-phase growth of
metal silicide nanowires. Single-crystalline Cu3Si nanowire arrays
with diameters ranging from 50 to 150 nm were synthesized by
thermal decomposition of monophenylsilane (MPS) in the pres-
ence of copper lms or copper substrates in supercritical
benzene. As shown in Scheme 1, diffusion-based Si–Cu reactions
initiate self-catalyzed, spontaneous growth of Cu3Si nanowire
arrays at the interface between Si ux and Cu substrates.

The obtained solution-grown Cu3Si nanowire arrays serve dual
functions. First, Cu3Si nanowires were explored as eld emitters;
they displayed superior eld-emission properties, with a turn-on-
voltage as low as 1.16 V mm�1, an emission current density of 8
mA cm�2 at 4.9 V mm�1, and a eld enhancement factor (b) of
1500, and appeared to be promising as candidates for optoelec-
tronic devices. Second, Cu3Si nanowire arrays were studied for
their anti-reective properties; they appeared black, showing
strong optical absorption less than 5% in the wavelength range of
400 to 800 nm with minimal reectance, serving as highly anti-
reective coating materials. Moreover, Cu3Si nanowires can be
grown on either rigid or exible substrates, including copper foil,
transparent glass, and polyimide (PI), thus providing a versatile
Scheme 1 Schematic diagram of solution-grown Cu3Si nanowires on a Cu
substrate. The nanowire arrays have superior field emission and antireflective
properties, and can be grown on a variety of substrates.

9876 | Nanoscale, 2013, 5, 9875–9881
platform for a wide range of practical uses. This study shows that
the solution-phase reactions can serve as viable routes for the
preparation of silicide nanowires with multifunctional properties
and as an advantageous fabrication process for silicide devices.
Materials and methods
Materials

Anhydrous benzene was purchased from Sigma-Aldrich;
monophenylsilane (MPS, 97%) was purchased from Gelest. All
chemicals were stored in an argon-lled box and used as
received. Copper substrates were purchased from the Taiwan
non-ferrous-metal company. Copper foil (0.01 mm, 99.99%) was
purchased from Shining Energy Co., Ltd. Polyimide (PI) tape
was purchased from Grand-Hand company and the glass
substrate was purchased from Tung-Kuang company in Taiwan.
Cu3Si nanowire synthesis

Copper substrates were cleaned with acetone and toluene. Cu
lms were pre-deposited on glass and PI tape. Cu lms with a
thickness of 0.5 to 1 mm (lm thickness monitor, MDC-360) were
deposited using electron beam evaporation (EBS-500) in a vacuum
of 5 � 10�6 torr. The deposition rate was 1.0 angstrom per s.

Growth of Cu3Si nanowires was carried out through a semi-
batch reaction in a 10 ml titanium grade reactor. The reactor
containing substrates inside was rst placed into an argon-lled
glove box to make it free of oxygen, and then was brought out
from the glove box. The reactor cell was covered with heating
tape and insulated with the temperature maintained within
�1.0 �C. The inlet of the 10 ml Ti reactor cell was connected to
high-pressure (1/160 0 i.d.) tubing via a LM-6 HIP (High Pressure
Equipment Co.) reducer. The inlet 1/160 0 stainless steel tubing
was connected to a six-way valve (valco) with a 0.5 ml injection
cylinder. A high pressure liquid chromatography (HPLC) pump
(Lab Alliance, series 1500) connected to the six-way valve was
used to deliver the reactant solution into the reactor as well as to
pressurize the reactor. The reactor pressure was monitored with
a digital pressure gauge (Yan-Chang Technology). The reactant
solution was prepared in the glove box. Pure MPS was diluted
using anhydrous benzene at 500 mM to 1.0 M in concentration.
In a typical semi-batch nanowire reaction, the reactor was
heated to reaction temperature (420 to 475 �C) and pressurized
to 5.5 MPa. Then a 1.0 ml reactant solution was removed from
the glove box and injected into the injection loop. The reactant
mixture was injected to the reactor at a ow rate of 0.5 ml
min�1. The HPLC pump was turned off when the system
reached a nal pressure of 10.3 MPa. Aer 5 min, the reactor
was submerged in a water bath until it reached room temper-
ature. The reacted substrates covered with Cu3Si nanowires
were removed from the reactor for further characterization.

To grow Cu3Si lms, thin lm diffusion couples of Cu and Si
were prepared. Cu lms with a thickness of 200 to 300 nm were
deposited on Si wafers by electron beam evaporation. Before
loading into the evaporation chamber, Si wafers were etched in
buffered HF, rinsed, and dried. Then the substrates were put
into a hot-wall chemical vapor deposition (CVD) system.
This journal is ª The Royal Society of Chemistry 2013
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Subsequently, 20 standard cubic centimeters per minute (sccm)
H2 and 180 sccm N2 were introduced into the reactor and the
pressure was evacuated to 0.5 torr. The temperature of the
quartz tube was raised to 400 to 500 �C at a heating rate of 10 �C
min�1. Aer 30 min reaction, the samples were cooled to room
temperature in N2. The original shiny surface of the Cu lm
became gray in color.
Fig. 1 XRD pattern of solution-grown Cu3Si nanowires. Reference pattern:
JCPDS 51-0916.
Characterization

Cu3Si nanowires were characterized using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM).
For HRSEM imaging, images were obtained using a HITACHI-
S4700 eld-emission SEM and a JSM-7000F (JEOL) thermal-type
eld-emission SEM, operated at an accelerating voltage of 5–15
kV with working distances ranging between 10 and 20 mm. For
HRTEM imaging, the TEM samples were prepared by either drop-
casting nanowires from toluene dilute dispersions onto 200-
mesh lacey carbon-coated copper (gold) grids (Electron Micro-
scope Sciences) or dry transferring by scratching the grids on the
surface of the nanowire-deposited substrates. Images were
acquired using an accelerating voltage of 200 kV on a Philips
Technai G2 and JEOL JEM-2100F and an accelerating voltage of
300 kV on a JEOL JEM-3000F with all equipped with an Oxford
INCA EDS spectrometer and a high angle annular dark eld
detector (HAADF). EDS measurements were taken of wires sus-
pended under vacuum to minimize background signal. X-ray
diffraction (XRD) was performed with a Rigaku Ultima IV X-ray
diffractometer using Cu Ka radiation (l ¼ 1.54 Å). Nanowires
were deposited onto quartz or glass substrates at a scan rate of
1� min�1, and Cu3Si lms were characterized without further
treatment. The chemical bonds of shell components were
analyzed by a high resolution X-ray Photoelectron Spectrometer
(XPS, PHI Quantera SXM/Auger: AES 650). Samples were prepared
by depositing nanowires onto a titanium substrate (0.25 cm2).
Attenuated Total Reectance Fourier transform Infrared spectros-
copy (ATR-FTIR) was performed using a Perkin Elmer RXI FTIR
System. Background scans were rst taken of a clean ATR stage.
Reectance measurements were performed with a Hitachi U-4100
spectrophotometer employing deuterium and tungsten lamps, and
equipped with a 60 mm integrating sphere. Reectance spectra
were referenced to Cu lms (500 nm) or the Cu substrate. The eld
emission properties of Cu3Si nanowires were obtained in a Keithly
model 237 system with the geometry of the parallel plates with a
spacing of 200 mm at a pressure of 3 � 10�6 torr. The contact area
was 0.09 cm2. The emission current was recorded with the applied
voltage increasing at steps of 20 V at a time.
Fig. 2 (a) Top-view and (b and c) side-view SEM images of Cu3Si nanowires
grown on a Cu substrate. (d) Photographs of the Cu substrate before (inset) and
after a reaction.
Results and discussion

Cu3Si nanowires were synthesized by thermal decomposition of
MPS in the presence of the Cu seed substrate, i.e., Cu metal or Cu
lm-covered substrate, at 420 to 475 �C and 10.3 MPa in super-
critical benzene. MPS was decomposed via disproportionation
reactions to provide sufficient Si atoms to react with Cu
substrates. Fig. 1 shows the synthesis result. It presents the XRD
pattern of Cu3Si nanowires with the diffraction peaks at 2q¼ 36.6,
This journal is ª The Royal Society of Chemistry 2013
44.6, 45.0, 49.6, and 78.0�, corresponding to h-Cu3Si (JCPDS
51-0916).26 No peaks corresponding to Si were detected. Fig. 2a
shows a top-view image of low magnication revealing the high
density and high aspect ratio of Cu3Si nanowires. A cross-
sectional SEM image of the sample (Fig. 2b) reveals that the Cu3Si
nanowire arrays are randomly aligned with respect to the
substrate surface. Closer imaging of Cu3Si nanowires shows the
nanowire diameters ranging from 50 to 150 nm with lengths
typically over 10 mm (Fig. 2c).
Nanoscale, 2013, 5, 9875–9881 | 9877
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Fig. 3 (a) TEM image of a Cu3Si nanowire. (b) HRTEM image of the area marked
with a square in panel a, showing the single crystalline structure. (c) The corre-
sponding selected area electron diffraction pattern of the wire. (d) EDS line-scan
profile of Cu, Si, O, and C acquired across the nanowire.

Fig. 4 XPS spectra of Cu3Si nanowires: (a) Si 2p, (b) C 1s, and (c) O 1s.
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A signicant color change of the Cu substrate before and
aer nanowire reactions was observed. Both sides of the copper
substrate were homogeneously covered with Cu3Si nanowire
lms which appeared black (Fig. 2d), whereas the Cu substrate
appeared brownish in color. The Cu3Si nanowire synthesis can
also be carried out using hexane as the solvent (Fig. S1†). TEM
images of the Cu3Si nanowires are displayed in Fig. 3 and S2.†

The nanowires were coated with an amorphous layer with a
smooth surface and with a thickness of 50 nm (Fig. 3a). Fig. 3b
and c show the HRTEM image and the SAED pattern taken
along the [11–20] zone axis of a nanowire. The growth direc-
tion of the nanowire is determined to be [0001].27 From the
FFT pattern, satellite spots are observed because of the exis-
tence of the long-period anti-phase domain (LPAPD). Such
patterns have been reported previously from epitaxial Cu3Si
nanostructures and thin lms grown on silicon.27,28 The
amorphous layer coated on Cu3Si nanowires has a shell
thickness ranging from 10 to 15 nm. To investigate the
elemental composition of the shell, a detailed chemical
analysis was carried out using energy dispersive X-ray spec-
troscopy (EDS). The EDS line-scan prole of Cu, Si, O, and C
acquired across the Cu3Si nanowire is shown in Fig. 3d. The
Cu and Si signals were strongest when the beam was posi-
tioned within the crystalline core of the nanowire. When the
beam was positioned in the shell, the Si signal decreased in
intensity and small oxygen and carbon signals were detected
in the shell with no detectable Cu signal, conrming that the
shell is composed of Si, C, and O.

In order to determine the shell composition, X-ray photo-
electron spectroscopy (XPS) and Fourier transform Infrared
spectroscopy (FTIR) were used. Fig. 4 shows the Si 2p, C 1s, and
O 1s XPS spectra of the Cu3Si nanowire. There is an intense peak
in the Si 2p binding region at �102.7 eV, C1s at �284.1 eV, and
O1s at �532.0 eV. The curve-tted Si 2p core levels at 101.3,
102.6, and 103.5 eV, C 1s core levels at 283.4, 284.1, and 285.2 eV,
9878 | Nanoscale, 2013, 5, 9875–9881
and O 1s core levels at 530.2 and 532 eV indicated that the shell
was composed of polysiloxanes.29,30 Furthermore, the FTIR
spectrum also showed the presence of polysiloxanes. The peak
around 1100–1000 cm�1 is due to the X-sensitive band from the
Si–Ph bond or the asymmetric Si–O–Si stretching (Fig. S3†). The
peaks around 2400 cm�1 and 2900 cm�1 are due to the alkyl
group.31 From the XPS and FTIR results, the shell of Cu3Si
nanowires is composed of polysiloxane, which results from the
slow oxidation of polysilanes to polysiloxanes on exposure to
oxygen. The polysiloxane shell from side-wall deposition of MPS
was also found in Au-seeded Si nanowires obtained by super-
critical uid synthesis using MPS as the precursor.32

We propose the growth mechanism for the solution-phase
synthesis of Cu3Si nanowires by following the Si–Cu reactions
between Si's inux and Cu's out-diffusion from the Cu layer.
When Si atoms are deposited onto the surface of a Cu substrate,
the lattice Cu–Cu bonds are broken to cause out-diffusion of Cu
from the Cu substrate. Due to the high diffusivity and high
solubility of Cu with respect to Si (D ¼ 2.0 � 10�5 cm2 s�1 at 500
�C),33 a copper silicide layer readily forms and serves as an inter-
mediate layer for further diffusion of Si and Cu. Various silicide
phases may form sequentially starting from Si-rich to Cu-rich
phases. The phase formulation sequence in the reaction between
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 TEM images of a Cu3Si nanowire with a tip. (b and c) FFT patterns taken
from the tip and the nanowire body, respectively. HRTEM images of (d) the tip and
(e) the interface.
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MPS and the copper substrate may be different because Cu's
diffusion rate and Si's generation rate are dependent on reaction
temperature and MPS concentration. Aer Si atoms are continu-
ously deposited onto the surface, nucleation of Cu3Si nano-
particles occurs, as shown in Fig. 5a. The nucleation of copper
silicide nanoparticles means that supply of the underlying copper
is fast enough to diffuse into the overlying silicide associated with
diffusion-limited reactions. These nanoparticles serve as seeds for
further anisotropic growth outwards from the surface (Fig. 5b).
Continuous out-diffusion of Cu proceeds through the pre-formed
copper silicide layer. The rate of Cu's outux and Si's inux rea-
ches optimal balance to promote arrays of Cu3Si nanowires
propagating outwards from the substrate (Fig. 5c). The cross-
section image at the connection between the Cu3Si nanowire and
the copper substrate shows cracking and depletion of the Cu
substrate (Fig. 5c and d), demonstrating that Cu is a fast diffuser
relative to Si. Recently, Holmberg et al. also found that Cu3Si can
form violently when the Cu grid comes into contact with Si
nanowires due to the extremely fast rate of Cu diffusion to the Si
layer.34 The overall growth rate was around 5 mm min�1, which is
comparable to the rates measured in vapor-phase grown copper
silicide and nickel silicide nanowires.7,10,11,15 As shown in Fig. 5e,
Fig. 5 (a–c) SEM images of the reaction products at different stages: (a)
beginning, (b) 1 min and (c) 5 min. (d) Side-view SEM image of the interface
between Cu3Si nanowires and a Cu substrate. (e) Side-view SEM image showing
tips at the top ends of Cu3Si nanowires. (f) TEM image of a Cu3Si nanowire with a
tip end. (g and h) EDS taken at the tip and the nanowire body, respectively.

This journal is ª The Royal Society of Chemistry 2013
there appear tips at the top ends of each silicide nanowire. TEM
images of these tips show that the diameters of the tips are
generally larger than the nanowires themselves, but with distinct
morphologies. The atomic ratios of the elements of the tip and the
wire as detected from EDS are almost the same (�76 at% Cu and
�24 at% Si), showing compositional homogeneity of the tip and
the nanowire body (Fig. 5f–h). The HRTEM images and FFT
patterns of the tip and the nanowire are also identical (Fig. 6).
These ndings provide strong evidence that the overall nanowire
growth follows the self-catalyzed reactions driven by diffusion-
limited growth without employing any other catalysts, with the
growth mechanism similar to that of nickel silicide nanowires
synthesized by chemical vapor transport of Si on Ni foil.10,11

Fig. 7 shows the eld emission performance of self-aligned
Cu3Si nanowires with the current density as a function of the
macroscopic electric eld. The turn-on voltage (dened as the
electric eld that produces a current density of 10 mA cm�2) is
estimated to be 1.16 V mm�1 (Fig. S4†), much smaller than that
reported in previous studies onmetal silicide nanowires such as
tantalum silicide, nickel silicide and titanium silicide nano-
wires, with the turn-on voltages (for a current density of 10 mA
cm�2) in the range of 3–4 V mm�1.35–38 Strong mechanical
Fig. 7 Electron field emission profile of Cu3Si nanowires grown on a Cu
substrate. The inset shows the corresponding F–N plot. J (mA cm�2) is the emis-
sion current density and E (V mm�1) is the applied electric field.

Nanoscale, 2013, 5, 9875–9881 | 9879
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Fig. 9 (a) Total reflectance spectra of a Cu film, Si wafer, Cu3Si film, and Cu3Si
nanowire grown on different substrates. (b) The angle-dependent reflectance
measurements at 780 nm for a Si wafer, Cu3Si film, and Cu3Si nanowire grown on
a Cu substrate. (c) Left to right: photographs of Cu3Si nanowire grown on a Cu
substrate, Cu3Si film, Si wafer, and Cu film.

Nanoscale Paper

Pu
bl

is
he

d 
on

 0
2 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

by
 N

at
io

na
l T

si
ng

 H
ua

 U
ni

ve
rs

ity
 o

n 
05

/1
0/

20
15

 0
8:

51
:3

1.
 

View Article Online
adhesion and good electrical contact between nanowires and
the Cu substrate allow efficient electron injection and trans-
mission through nanowires so as to obtain very low turn-on
voltage. The emission current density of 8 mA cm�2 was
obtained at 4.9 V mm�1. The inset in Fig. 7 is a plot of ln(JE�2)
versus 1/E, yielding a straight line and is in good agreement with
the Fowler–Nordheim (F–N) equation given by the following:

J ¼ (Ab2E2/F)exp(�BF3/2/bE)

A and B are constants, corresponding to 1.56 � 10�10 (A eV V�2)
and 6.83 � 103 (V eV�3/2 mm�1), respectively. J is the current
density, b is the eld enhancement factor, and F is the work
function of emitter materials. Assuming F to be equal to 4.7 eV
for Cu3Si, b can be calculated from the slope of the FN plot and
is calculated to be 1499.

To realize many practical uses, it is necessary to grow
nanowires on a variety of substrates or grow them at specic
locations on the substrate.

However, conventional gas-phase silicide nanowire growth
requires relatively high growth temperature, thus greatly
restricting the integration of nanowires on polymer or glass
based devices. In our study, relatively low reaction temperatures
enable the direct synthesis of Cu3Si nanowires on a wide range
of substrates. Fig. 8 shows the representative optical image of
Cu3Si nanowires grown on glass (Fig. 8a), a exible plastic
polyimide (PI) substrate (Fig. 8b), and large area (6.5 cm� 5 cm)
exible copper foil (Fig. 8c). All samples present the same black
appearance, showing that Cu3Si nanowire arrays were obtained.
As shown in Fig. 8b, nanowire growth on a PI substrate can be
subjected to extremely large deformations. The nanowires were
still rmly anchored on the PI aer bending. Furthermore,
Cu3Si nanowires can be grown at predetermined sites on arbi-
trary substrates by patterning the Cu lm in specic regions
prior to the growth. Cu3Si nanowires were grown on a PI
substrate patterned with a copper thin lm by a standard
microfabrication li-off process. SEM images show the nano-
wires formed in the copper patterned regions (Fig. 8d and S5†).
The self-supported, patternable Cu3Si nanowire arrays on
polymer substrates represent a novel architecture for foldable or
exible devices.
Fig. 8 Digital photographs and SEM image of Cu3Si nanowires grown on (a) Cu
film-coated glass, (b) plastic PI substrate, (c) 6.5 cm � 5 cm flexible copper foil,
and (d) PI substrate patterned with Cu patterns.

9880 | Nanoscale, 2013, 5, 9875–9881
Black Cu3Si nanowire lms on each substrate demonstrate
efficient antireection properties as dielectric antireection
coatings for the enhancement of light trapping in applications
such as photovoltaic devices. Fig. 9a depicts the quantied total
reectance for Cu3Si nanowires grown on different substrates at
normal incidence versus wavelength. One can clearly observe the
total reectance of Cu3Si nanowires grown on a Cu substrate
ranging from 2 to 5% over a wide spectral bandwidth from the
wavelength of 400 to 800 nm, giving highly efficient antireection
properties. These values are signicantly smaller than those of
the planar Si wafer (30 to 50%) and the Cu3Si lm (20 to 35%).
The antireective properties originated from the randomly
oriented arrays of the nanowires. Furthermore, Cu3Si nanowires
grown on glass and exible plastic also exhibited excellent
reectance less than 7% in the wavelength range from 400 to
800 nm. The remarkable low reectance may be attributed to
random alignment and dense distribution of Cu3Si nanowires
that can effectively enhance the anti-reection property by trap-
ping light, leading to broadband suppression in reection.

In general, dense arrays of nanowires with a high aspect ratio
were found to possess very good absorption characteristics
towards sunlight since incident light is scattered between the
nanowires.7 Angle dependent reectance measurements were
also performed on Cu3Si nanowires. Fig. 9b shows the specular
reectance spectra of the Cu3Si nanowires grown on a Cu
substrate, Cu3Si lm, and Si wafer with the incident angle
varied from 10 to 60 degrees with a wavelength of 780 nm. This
angle dependent measurements show that Cu3Si nanowires
exhibit extremely minimal reectance (�0.1%), even at high
incident angles. Fig. 9c shows the photographs of the Cu3Si
nanowires grown on a Cu substrate, a Cu3Si thin lm grown on
a Si wafer, a Si wafer, and a Cu lm, from le to right, to
compare their optical appearance.
Conclusions

Dense, self-aligned single-crystal Cu3Si nanowires were
synthesized by solution-phase, diffusion-based silicidation
reactions at relatively low temperatures from 420 to 475 �C.
This journal is ª The Royal Society of Chemistry 2013
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Cu3Si nanowire arrays give strong optical absorption as antire-
ective coatings for photovoltaic devices, high current outputs,
possess excellent eld emission properties, and can be directly
grown on a wide range of substrates. The solution-phase sili-
cidation may be applicable to grow other silicide nanowires.
This study demonstrates that diffusion-based silicide reactions
could be applicable in solution phase to promote silicide
nanowire growth with a growth rate comparable to that of the
gas-phase growth, thus expanding the availability of nano-
material chemistry in solution-phase synthesis. Moreover,
associated promising properties obtained from the solution-
grown Cu3Si nanowires demonstrate the promise of solution-
phase reactions to fabricate metal silicide-based devices.
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