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Abstract

Directional indium tin oxide (ITO) nanowires were successfully grown on SiO,/Si at temperatures ranging from
approximately 640°C to 800°C and pressure of about 300 mtorr using SnO and In powders. The results show that growth
temperature strongly affects the morphology and composition of ITO nanostructures. The X-ray diffraction indicates the
presence of both cubic In,0, and tetragonal SnO, phases in ITO nanowires. Energy dispersive X-ray spectroscopy shows
that the atomic ratio of Sn/In decreases with the increase of growth temperature. The observed particles at the tip of the
nanowires indicate that the growth of these nanowires is facilitated by the catalyst-assisted vapor-liquid-solid growth

mechanism.
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1. Introduction

Wide band gap oxide materials, such as SnO,, In,0,,
and ZnO, have many important roles in electronic devices
due to their unique properties: high transmission in the
visible range and controllable conductivity. Research on
these materials has been done mostly in the form of thin films
(2-D structure) and nanoparticles (0-D), whereas relatively
less research has been focused on the 1-D materials and their
doping properties. Improving the conductivity of 1-D
materials through doping is a critical step towards successful
utilization of these materials for a number of electronic
device applications. Undoped SnO,, Sn-doped In,O,, and
In-doped SnO, attracted interests from many research groups
(Chen et al., 2004; Lee et al., 2004; Li et al., 2005; Wang et
al., 2005; Zheng et al., 2005; Luo et al., 2006; Shukla et al.,
2006; Wan et al., 2006; Xue et al., 2006; Ellis et al., 2007).
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To synthesize these materials, the vapor-liquid-solid (VLS)
technique, first proposed by Wagner and Ellis in 1964, has
been so far the most widely used method for nanowire
growth. Table 1 summarized previously reported data of SnO,
and indium tin oxide (ITO) nanostructures. Combinations of
Sn, SnO, In, In,0,, and carbon have been used to synthesize
the ITO nanostructures. The growth temperature of those
oxide nanowires was lowered by mixing SnO, and/or In,O,
source materials with carbon. This method has been known as
the carbothermal reduction process. Different kind of metal
catalysts such as Au and Pt have been used for nanowire
growth. Self catalytic mechanism without any foreign catalyst
was also reported. However, the growth temperature of either
Sn-doped In,0, or In-doped SnO, was reported above 770°C.
It was also found that Sn-doped In,O, nanowires were not
grown well when the temperature reduced to below 750°C
(Li et al., 2005). In this work, forest-like indium tin oxide
nanostructures were synthesized using the vapor transport
technique at a relatively low temperature of 640°C and
720°C. The particles observed at the nanowires tips suggested
that the growth of these oxide nanowires was dominated by
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Table 1. Previously reported tin oxide and ITO nanostructures

Authors Source materials ~ Catalyst  Growth T (°C)  Structure
Lee etal., 2004 Sno, - 1380 Rutile SnO,
Luo et al., 2006 Sn Au 850, 1000 -
Zhengetal., 2005 SnO - 850 Rutile SnO,
Wang etal., 2005  SnO, + active C Au 950 Rutile SnO,
Xue et al., 2006 SnO +1In,0,+C Au 930 Rutile SnO,
Shukla etal., 2006 SnO +In Pt 800 - 900 Rutile SnO,
Wan et al., 2006 SnO +In Au 800 - 900 Cubic In,0,
Lietal., 2005 SnO +1In,0,+C Au 770 - 900 Cubic In,0,
This study SnO +In Au 640 - 800 Cubic In,0,

the VLS growth mechanism.
2. Experimental procedures

Synthesis of ITO nanowires was carried out in the
horizontal quartz tube furnace. The setup was similar to that
previously reported (Shukla et al., 2006). As-deposited Au
film was targeted to about 5 nm in thickness. Discontinuous
Au particles were obtained on the SiO,/Si substrate with the
diameter ranging from 5 to 30 nm and the particle density
of about 2x10™ cm™. SnO powder (99.9%) and In powder
(99.9%) were used as the source materials for the ITO nano-
wire growth. The Au/SiO,/Si wafers and the source materials
were situated in the furnace with both source materials placed
up stream in front of the substrate at the same temperature
zone. The pressure was set to approximately 300 mtorr. The
growth temperatures of 580°C, 640°C, 720°C, and 800°C
were investigated. The temperature was quickly ramped up
to the respective set point and held at the set points for 30
minutes. The structures, morphologies, and compositions of
as-deposited nanowires were then analyzed using X-ray
diffraction (XRD, Siemens D5000 diffractometer) and scan-
ning electron microscopy (FE SEM Hitachi-4500) equipped
with an energy dispersive X-ray spectroscopy (EDS) unit.

3. Results and Discussion

Figure 1a to d show plane-view SEM micrographs of
as-deposited ITO structures synthesized at (a) 580°C, (b)
640°C, (c) 720°C, and 800°C, respectively. At 580°C, about
300 nm long and about 50 nm in diameter defective nano-
structures were observed. As shown in the inset, the nano-
structures consisted of numerous small crystallites. At 640°C,
nanowire-like structures, ~1.5 pm in length and ~100 nm in
diameter, were formed on the multifaceted ITO seed layer.
The ITO nanowires had defined rectangular facets along the
axis but non-uniform diameters. The nanowires were only
partially vertically-aligned to the substrate, indicating the
underlying ITO seed layer might have affected the growth
direction of the nanowires.

At 720°C, the as-deposited materials exhibited wire

structures with a length of about 10 pm (shown in Figure 2)
and an average diameter of about 150 nm measured at the
middle of the nanowires. Also, branching was observed on
some nanowires. The size of particles at the tips of the
nanowires was equivalent to or slightly smaller than the
nanowire’s diameter. This might be because Au diffused into
the ITO nanowires. As the nanowire grew, the Au alloy
particle became smaller. It is well-known that the catalyst
size controls the diameter of the nanowires. As a result, the

Figure 1. Plane-view scanning electron microscope images of as-
deposited ITO structures synthesised at (a) 580°C, (b)
640°C, (c) 720°C, and (d) 800°C.
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Figure 2. Cross-sectional scanning electron microscope images of
(a) as-deposited ITO nanowire forest on SiO,/Si wafer and
(b) individual nanowire synthesized at 720°C.

diameter of the nanowires decreases from the base to the tip.
The estimated density of these nanowires was about 4x10°
cm. At 800°C, the nanowires similar to those synthesized
at 720°C were observed. However, the overall height was
slightly shorter than the sample synthesized at 720°C. As the
temperature increases, the mass transport increases causing
the increase of nanowire growth rate. However, the decrease
of the nanowire height at 800°C might be due to the decom-
positions of the synthesized nanowires as a result of low
oxygen partial pressure in the system.

The density, height, and diameter of the nanostruct-
ures are summarized in Table 2. The table shows that the
estimated density of nanowires decreases from ~1x10%° cm™
to ~4x10° cm, while the diameter increases from ~50 nm to
~150 nm with increasing growth temperature from 540°C to
800°C. The estimated aspect ratio, defined as the ratio of the
nanowire length to its diameter, increases from ~6 to about
~70 as the temperature increasing from 540°C to 720°C.

Figure 2a shows an example of a cross-sectional SEM
micrograph of ITO nanowires synthesized at 720°C. The
presence of the multifaceted ITO seed layer close to the
bottom of the oxide layers might have played an important
role in controlling the alignment of this nanowire forest. A
typical nanowire is shown in Figure 2b. The image suggests
that the nanowire diameter decreases from the base to the
tip, and that there is a particle at the tip of the nanowire. At
the deposition temperature, the Au nanoparticles could form
a liquid alloy with the vaporized materials. Sn and In could

Table 2. Summary of particle density, height, and diameter
of nanowires

Temperature  Particle density ~ Height Diameter
() (cm?) (Lm) (nm)
560 1x10% 0.3 50
640 7x10° 15 100
720 4x10° 10 150
800 4x10° 7 150

be dissolved into the melts and form a Sn-In-Au ternary alloy.
When the alloy becomes supersaturated with the presence of
0,, nanostructure materials can be precipitated from that
alloy. This suggests that the nanowire growth followed the
VLS mechanism (Wagner and Ellis, 1964).

Figure 3 shows an example of an EDS spectrum of
the ITO nanowire forests synthesized at 720°C. In, Sn, and O
are present in the spectrum. The XPS spectrum (not shown)
also confirmed the presence of In, Sn, and O. The EDS spec-
trum further indicated that the Sn/In ratio were relatively
uniform along the nanowires, ranging from 0.6, 0.6, and 0.5
from point A to point B and C, in Figure 2b respectively.
However, the Sn/In ratio decreased from about 2.1 to about
0.3 as the growth temperature increased from 580°C to
800°C (Figure 4). At low synthesis temperature, In may alloy
with Sn. The melting point of the In-Sn alloy is lower than
pure Sn at all compositions and lower than pure In when the
alloy contains < ~62 at.% of Sn. This may cause the increase
of the evaporation of Sn atoms. At 800°C, the vapor pressure
of In is about 1,000 times of that of Sn. As the temperature
increases, the higher vapor of In compared to that of Sn
might play an important role in the decrease of the Sn/In
ratio.

Intensity (arb. unit)

0 0.5 12. 3 3:5 4 4.5
Energy (keV)

Figure 3. An example of an energy dispersive X-ray spectroscopy
spectrum of the as-deposited indium tin oxide nanowire
forest synthesized at 720°C.
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Figure 4. Relationship between Sn/In atomic ratio and growth tem-
perature.
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Figure 5. A typical X-ray diffraction spectrum of as-deposited
indium tin oxide nanostructures synthesized at 580°C,
640°C, 720°C, and 800°C. Undoped SnO, nanowires syn-
thesized at 720°C is added for reference.

Figure 5 shows the XRD spectra of ITO nanowires as
a function of the growth temperature. (222), (440), and (400)
peaks correspond to In,O, cubic phase (JCPDS #6-0416),
while (110) and (101) peaks correspond to tetragonal Cas-
siterite SnO, (JCPDS #21-1250). The curves was normalized
on the (222) peaks of cubic In,O,. The XRD curve of the
undoped SnO, nanowires synthesized at 720°C was added
for the comparison purpose. The XRD parameters are sum-
marized and shown in Table 3. Due the presence of both
cubic In,O, and tetragonal Cassiterite SnO, phase, Sn-doped
In,O, and In-doped SnO, nanowires might be both present in
this sample. At 720°C, the highest intensity of (400) was
obtained as well as the highest (400)/(222) ratio with 1.33.
This ratio reduced to less than 0.44 at other temperatures. In
the case of the cubic In,0, peaks, there was no significant
change of the peak positions of both (222) and (400) peaks.
However, the full width at half maximum (FWHM) of both
(222) and (400) peaks decreased as the growth temperature
increased. This suggested that there was an improvement of

Table 3. X-ray diffraction (XRD) peak positions, full width
at half maximum (FWHM), and ratio of (222) and

(400) peaks
222) peak 400) peak

T(°C) (222 p (400 p (400)/(222)

FWHM Position FWHM Position
580 0.55° 30.57° 0.40° 35.56° 0.31
640 0.43° 30.61° 0.39° 35.44° 0.11
720 0.51° 3052° 0.38° 35.41° 1.33
800 0.43° 30.64° 0.37° 35.50° 0.44
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Figure 6. Plan-view scanning electron microscope images of re-
deposited indium tin oxide nanowire forest on SiO,/Si
wafer synthesized at 720°C.

the crystallinity of the ITO nanowires as the temperature
increased. From JCPDS #6-0416 cubic In,O,, the (400)/(222)
of the randomly oriented In,O, intensity ratio was 0.3. The
ratio of 1.33 at 720°C indicated that a directional growth of
In,O, nanowires. The directional growth at this temperature
might be due to (400) plane texturing the underlying In,O,-
based seed layer close to the substrate, which was also
observed in the Sn-doped In,O, films (Maruyama et al.,
1991).

Figure 6a and b show SEM micrographs of re-growth
nanowires. These nanowires were obtained by the re-deposi-
tion of Au nanoparticles on the as-deposited nanowires and
then processed through the similar growth procedures. The
majority of the samples had a four-fold symmetry as shown
in Figure 6a. The re-grown nanowires were perpendicular to
the backbone nanowire with a rectangular cross section. In
some cases, the branched nanowires showed an asymmetry,
which differed from the four-fold symmetry. For example,
a two-fold symmetry was observed as shown in Figure 6b,
where the branches attached only to the larger sides of the
rectangular backbone nanowires.

Our data showed that the growth of the ITO nano-
wires was dictated by the VLS mechanism. The growth was
likely initiated by the liquid alloy droplet of Au, In, and Sn,
and precipitation occurred when the droplet became super-
saturated with the source materials. We also found that Au
was critical since no nanowire growth was observed without
the Au catalyst. Another important parameter was found to
be the presence of trace amount of O, in the system, which
helped to oxidize the In and to convert SnO to SnO, during
the ITO nanowire growth.

4. Conclusions

In conclusion, high-aspect-ratio ITO nanowires were
successfully grown on SiO,/Si through a VLS mechanism at



T. Jutarosaga et al. / Songklanakarin J. Sci. Technol. 31 (1), 111-115, 2009 115

relative low temperature of about 720°C using SnO and In
powders as precursor materials. The EDS indicated that the
Sn/In atomic ratio was uniform along the growth direction.
The XRD indicated both cubic In,O, and tetragonal Cassi-
terite SnO, phases. The particles at the tip of the nanowires
suggested that the growth was facilitated by the catalyst-
assisted VLS growth mechanism.
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