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This letter reports the synthesis of indium nitride~InN! nanowires on gold-patterned silicon
substrates in a controlled manner using a method involving thermal evaporation of pure indium. The
locations of these InN nanowires were controlled by depositing gold in desired areas on the
substrates. Scanning electron microscopy and transmission electron microscopy investigations
showed that the InN nanowires are single crystals with diameters ranging from 40 to 80 nm, and
lengths up to 5mm. Energy dispersive x-ray spectrometry showed that the ends of the nanowires are
composed primarily of Au, and the rest of the nanowires were InN with no detectable Au
incorporations. The Raman spectra showed peaks at 445, 489, and 579 cm21, which are attributed
to theA1(transverse optical),E2 , andA1(longitudinal optical) phonon modes of the wurtzite InN
structure, respectively. Photoluminescence spectra of the InN nanowires showed a strong broad
emission peak at 1.85 eV. ©2002 American Institute of Physics.@DOI: 10.1063/1.1490636#
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Indium nitride~InN! has attracted much attention due
its direct band gap in visible range1 and large drift velocity at
room temperature.2 This property suggested that InN is like
to be a better choice of material than GaAs and GaN for fi
effect transistors. InN/Si tandem cells have been propo
for high efficiency solar cells.3,4 Carrier captured by InN
quantum dots has been attributed to the efficient emissio
blue-violet commercial InGaN light emitting diode lasers5

The mechanism of the luminescence in InGaN/GaN quan
wells arises from the radiative recombination within the se
organized InN quantum dots.6 The pre-eminent role of the
InN quantum dots has led to our interest in the synthesis
characterization of the InN nanostructures. Because of
low dissociation temperature, good quality InN samples
not easily attainable. Also, isolating and manipulating
freestanding tangled nanowires are still very challengi
Therefore, it is of interest to grow InN nanowires on a su
strate in a controlled fashion, so that no postgrowth mani
lation is needed for the purpose of measurement or de
use. In this letter, we demonstrate that InN nanowires w
diameters of 40–80 nm can be grown on gold-patterned
con substrates using a simple thermal evaporation metho
particular, we find the nanowires are grown only within t
patterned gold circle on the substrates. This result indic
that the growth of the nanowires on the silicon substrates
be positioned and controlled by gold patterning of the s
strates, which can be easily integrated with current semic
ductor technology.

P-type silicon ~100! substrates were patterned with 1
nm-thick gold film by sputtering deposition under

a!Author to whom correspondence should be addressed; electronic
chenlc@ccms.ntu.edu.tw
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31022 Torr through a shadow mask, which contained circ
shaped openings of micrometer size. Pure indium
~ACROS 0.127 mm thick, 99.99%! placed in an alumina
boat served the purpose as the indium vapor source u
heating. The boat was covered with a gold-patterned sili
substrate and then loaded into the center of a half-inch qu
tube, which was housed in a conventional tube furnace.
quartz tube was degassed and then purged with amm
NH3 ~40 sccm! as the atomic nitrogen precursors and nitr
gen~20 sccm! as the carrier gas. During the growth proce
the furnace was set to 500 °C and held for 8 h.

The morphologies and structure of the as-grown samp
were characterized by field emission scanning electron
croscopy~SEM, JEOL 6700!, and transmission electron m
croscopy ~TEM, Philips CM200 FEG!. Energy dispersive
x-ray spectrometry~EDS! and electron diffraction analysi
were also performed. Raman scattering and photolumin
cence~PL! spectra were measured at room temperature
means of a Renishaw 2000 micro-Raman Fourier transf
spectrometer using an Ar1 laser at 514 nm as the excitatio
source.

Typical field emission SEM images of nanowires grow
on Au patterned silicon~100! substrates@Fig. 1~a!# confirm
that the InN nanowires grow only in the Au-coated areas
high-magnification SEM image@Fig. 1~b!# shows that the
diameters of these wires range from 40 to 80 nm, which
related to the size of the aggregated Au clusters cause
the heating of substrate during growth. Typical lengths
these nanowires can be up to 5mm.

As can be seen from high-resolution TEM image in F
2, an individual nanowire with a 40 nm diameter exhib
single crystal structure of high quality. The inset of the Fig
shows a selected area electron diffraction pattern of
il:
© 2002 American Institute of Physics
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nanowire, which can be indexed to the reflections of hexa
nal InN crystal along thê001& directions. The correspondin
high-resolution TEM image clearly shows the lattice plane
~100! with an interplanar spacing of 0.308 nm. The@110#
direction was parallel to the long axis of the wire, indicati
that the nanowire preferably grew along the@110# direction.
In addition, TEM studies also reveal that almost every I
nanowire was capped with a nearly equiaxial nanoparticle
shown in Fig. 3. EDS measurements performed on the na
particle and the nanowire indicate that the ends of

FIG. 1. SEM images of InN nanowires on the silicon substrate.~a! Image
taken at low magnification. The bright circles are InN nanowires grown
patterned-gold film. The other area remains blank. The array of gold cir
was formed by sputtering through a shadow mask.~b! Top view of the InN
nanowires on one gold circle taken at high magnification.

FIG. 2. High-resolution TEM image of a typical InN nanowire.
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nanowires are composed primarily of Au as shown in F
3~a!, and the rest of the nanowires are InN with no detecta
Au incorporations as shown in Fig. 3~b!. The presence of Au
nanoparticles at the ends of the InN nanowires is consis
with the pseudo-binary Au-InN phase diagram, and provid
strong evidence for a vapor–liquid–solid growth mech
nism.

The Raman spectrum of the InN nanowires measure
room temperature is shown in Fig. 4~a!. The Raman peaks
can be easily assigned when compared with the spectrum
an InN thin film7,8 in Fig. 4~b!. In these spectra the first-orde
modes of the prominent peaks correspond to theA1 longitu-
dinal optical ~LO! phonon andE2 phonon at around 579
cm21 and 489 cm21, respectively, whereas the peak at 4
cm21 has been identified as theA1 ~transverse optical! mode.
In comparison with the first-order optical phonon peaks
InN film, the corresponding Raman peaks of InN nanowi
exhibit broader line width and more asymmetric line sha
It is also intriguing that only theA1(LO) peak observably
shifted by about 14 cm21 toward lower wave numbers. In
general consideration for Raman scattering of o
dimensional nanometric-sized systems, the downshifts of

n
s

FIG. 3. A TEM image of a single InN nanowire terminated with a A
nanoparticle. The corresponding EDS spectra of the nanoparticle and
wire stem are shown in~a! and ~b!, respectively. Cu signals are generate
from microgrid mesh that supports the nanowires.

FIG. 4. Raman spectra of~a! InN nanowires and~b! InN films. Three promi-
nent modes typical for wurtzite structure are observed.
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Raman peaks are mainly attributed to the size-confinem
effect. When the crystalline size decreases, momentum
servation will be relaxed and Raman active modes will
be limited to be at the center of the Brillouin zone. T
smaller the crystalline grain is, the bigger the frequen
shifts and the more asymmetric the line shape. Moreover,
phonons can be confined in space by crystallite bounda
causing an uncertainty in the wave vector of the phono
which results in broadening of the Raman features.

Figure 5 shows a typical photoluminescence PL sp
trum measured from a large quantity of InN nanowires
room temperature. The strong broad peak at 1.85 eV i
good agreement with the 1.86 eV measured by Tansley
Foley9 using an optical absorption technique. The broad h
width of the PL peak is primarily due to the thermal excit
tions and the broad size distribution of the nanowires
should be pointed out that the PL measurement of InN
rarely reported in the literature. Presumably, this is beca
of the inherent process difficulties caused by the low dis
ciation temperature of the material; therefore, the InN sam
usually contains extremely high defect density. The pres

FIG. 5. Room temperature PL spectrum of the InN nanowires using
argon laser at 514 nm as the excitation source.
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process, in contrast, demonstrated a catalytic route to ach
high purity InN growth.

In summary, we report a convenient and robust meth
to synthesize InN nanowires on selective-area by gold p
terning of silicon substrates and subsequent growth vi
vapor–liquid–solid mechanism. The capability of direct a
patterned nanowire growth allows us to fabricate nanosc
device on the substrate in a controllable fashion. Using c
rent lithography and other integrated circuit technologi
more complicated gold patterns on substrates can be m
In addition, the availability of these high quality InN nanow
ires provides opportunities not only in testing theories of o
dimensional quantum confinement, but also for realiz
high-efficiency InN/Si solar cells because of the large surf
area/volume ratio. The InN nanowires fabricated in t
present study gave a strong PL peak at 1.85 eV and th
prominent Raman peaks. Further detailed experiments
be needed to sort out the origin of the luminescence. In
dition, the size-dependent optical and electrical propertie
InN nanowires are now in progress.

This work was supported by the National Science Co
cil in Taiwan ~NSC89-2119-M001-011, NSC89-2112-M002
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