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The novel properties of one-dimensional (1D) nano-
structure materials have attracted extensive interest
over the last decade due to their great potential for
addressing some basic issues about dimensionality and
size-confined transport phenomena, as well as applica-
tions in nanosensors,*? logic gates, and computations.34
Aside from nanotubes,* various nanowires (nanorods)
have been fabricated by using different methods such
as laser ablation,® templating,® arc discharge,” vapor-
phase transport,® and solution method.® Recently, much
attention has been paid to the preparation of nanostruc-
tures of the family of oxides for their interesting optical
and electronical properties. Several oxide nanowires
such as MgO,1% SiO,,! Gay03,” Ge0,,2 ZnO,3 and
In,03,'4 and nanobelts such as Ga,03, In,03, CdO, and
Zn0,5 have been successfully synthesized. However, the
compositions of all these 1D oxide nanostructures are
binary oxide. Here, ternary oxide fibers, Sn-doped 1n,03
nanofibers, were synthesized.

Tin-doped In,03 (ITO), a wide band gap transparent
semiconductor (Eg = 3.5—4.3 eV), is an ideal material
for flat-panel displays because of its high electrical
conductivity and highly optical transparency,® and it
can also be used for gas sensors.’” The current studies
mainly focus on the preparation and properties of ITO
thin films.1819 ITO whiskers were synthesized on a glass
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substrate by the electron shower physic-vapor-deposi-
tion (PVD) from ITO target.2%21 However, the aspect
ratio (length to diameter) of these whiskers was small
and the synthesis method was complex. In this study,
we demonstrate an efficient and simple route for the
synthesis of ITO nanofibers entailing a rapid heating
process in argon/oxygen atmosphere from a mixture
comprising indium and tin. It has been found that tin
plays a crucial role in directing the growth of the ITO
nanofibers based on the vapor—liquid—solid (VLS)
mechanism.

The detailed experimental procedure is as follows: a
mixture of indium (99.99%) 90 at. % and tin (99.99%)
10 at. % grains, was placed on a ceramic boat, and put
into a ceramic tube (25 mm i.d.). The apparatus used
was a horizontal electronic resistance furnace heated
by silicon—carbon rods. The system was rapidly heated
to 900 °C, and kept at this temperature for 60 min for
product 1; heated to 1000 °C and maintained for 60 min
for product 2; heated to 1100 °C and held for 60 min for
product 3; and heated to 900 °C and held for 90 min for
product 4. A constant flow of gas mixture (argon/oxygen,
9:1) at a flow rate of 200 sccm was maintained during
the experiment process. After the system had cooled to
room temperature, a large piece of transparent, wool-
like product was collected from the inner wall of the
ceramic tube at the downstream end. The products were
characterized by x-ray diffraction (XRD) (PW 1710
instrument with Cu Ka radiation), scanning electronic
microscopy (SEM) (JEOL JSM 6300), high-resolution
transmission electronic microscopy (HRTEM) (JEOL
2010, operated at 200 kV), energy-dispersive X-ray
fluorescence (EDX) (EDAX, DX-4) attached to the JEOL
2010, and a MKII X-ray photoelectron spectroscopy
(XPS) instrument (employing Mg Ko, E = 1253.6 eV).
For SEM observations, the product was pasted on the
Al substrate by carbon conducting paste. Specimens for
TEM and HRTEM investigation were briefly ultrasoni-
cated in ethanol, and then a drop of suspension was
placed on a holey copper grid with carbon film.

The morphologies of the products synthesized under
different conditions were examined by SEM. The cor-
responding morphologies of products 1, 2, 3, and 4 are
shown in Figure la, b, ¢, and d, respectively. It can be
seen that the ITO nanofibers grew larger with the
increasing deposition time; at the same time, the surface
of the nanofibers varied from uniform straight (Figure
1a) to rough (Figure 1d). There also exist some smaller
ITO needles on the surface of the larger ITO fibers
(Figure 1d). These results were also confirmed by TEM
investigation (Figure 3d). The morphologies (Figure la—
c¢) also varied from circular wire (Figure 1a) to flake
(Figure 1b) and rectangular column (Figure 1c) with
different temperatures. These nanofibers are in diam-
eters of several tens to several hundreds nm and in
lengths of several um to tens even hundreds of um.
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Figure 1. Typical SEM images of the ITO nanofibers prepared from different deposition conditions: (a) 60 min (900 °C); (b) 60

min (1000 °C); (c) 60 min (1100 °C); and (d) 90 min (900 °C).
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Figure 2. XRD patterns of product 1.

XRD was used to examine the crystal and phase
purity of product 1 (Figure 2). We also measured the
XRD patterns of the other products. All the relatively
sharp diffraction peaks can be indexed to a body-
centered cubic (bcc) structure with lattice constant of a
=10.10 nm, which is consistent with the standard value
for bulk cubic-In,0O3 (JCPDS 6-0416). In addition,
comparing the intensities of the (400), (600), (800), and
(222) peaks of the nanofibers with those of the standard
bulk bce-1n203, we found that the relative intensities
of (400), (600), and (800) peaks have been dramatically
improved. These results indicate that the nanofibers
may have a preferential [100] growth direction. This can
be further confirmed by HRTEM and the corresponding
selected area electron diffraction (SAED).

The morphology, structure, and composition of the
individual ITO nanofibers have been characterized in

further detail using TEM and EDX. Figure 3a shows
several wire-like nanofibers and a representative image
of one nanofiber capped with a nanoparticle (insert in
Figure 3a) from product 1. The attached nanoparticles
show up dark. EDX analysis (Figure 3b and c) indicates
that the nanoparticles are composed of Sn 16.31 at. %,
In 23.92 at. % and O 59.77at. %, whereas the stem of
the nanofibers consists of Sn 4.63at. %, In 40.24at. %,
and O 55.13 at. %, in good agreement with the corre-
sponding ratio of ITO thin films (In/Sn, 9:1). The
presence of Sn-rich In—Sn—0 nanoparticles at the end
of the nanofibers represents strong evidence for a
growth process dominated by the VLS mechanism. A
typical TEM image of product 4, Figure 3d, reveals that
there are three smaller needles generated from the
larger one. This result also demonstrates that when the
nanofibers grow large enough some small needles will
generate from their surface. Furthermore, the corre-
sponding HRTEM image (Figure 4b) and SAED pattern
recorded along the [130] zone axis (inset in Figure 4b)
of an individual nanofiber (Figure 4a) reveal that the
ITO nanofiber is single-crystalline with [100] growth
direction, and also with a rough surface in atomic scale.
In this picture, the nanocrystal lattice fringes are spaced
0.253 nm apart. This finding is in agreement with the
d value of the (400) planes of the In,O3 crystal. We have
carried out extensive investigations on more individual
nanofibers from products 1, 2, 3, and 4 with HRTEM
and EDX, and the results demonstrate that the syn-
thesized ITO nanofibers have a preferable [100] growth
direction and composite of In, Sn, and O elements.

The VLS crystal growth mechanism, in which the
main feature is the presence of intermediates that serve
as catalysts between the vapor feed and the solid growth
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Figure 3. (a) TEM image of an individual ITO nanofiber ending with a nanoparticle from product 1; (b) and (c) are the EDX
analysis results of the nanoparticle and the stem of the nanofiber, respectively. (d) Three smaller nanofibers generating from the

larger one.

at elevated temperature, and the morphology feature
is a catalyst particle located at the end of the nanowire,
has been widely used for the growth of semiconductor
nanowires such as Si,® GaN,? GaAs, and InAs.3
Recently, oxide semiconductor nanowires such as ZnO
have also been synthesized via the VLS growth mech-
anism.13 In our experiment, the vapor molecules are In,
Sn, and O,. The In—Sn—0 ternary phase diagram shows
that both In,O3; and the Sn-rich liquid phase can
coexist.2* When a Sn-rich droplet is supersaturated by
the vapor molecules, In,O3 precipitates and In,03
whiskers can grow via VLS mechanism.2%21 |n the
present studies, the growth of ITO nanofibers may
involve the following steps. At the beginning, In—Sn
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liquid alloy can form at about 200 °C. As the tempera-
ture increased, more In and Sn vapors with high vapor
pressure are generated from the In and Sn liquid alloys.
Then, the oxidation process took place and formed In—
Sn—0O ternary phase. Subsequently, when a Sn-rich
droplet is supersaturated by the vapor molecules, 1n,03
precipitates, and crystalline nanofiber can grow, result-
ing in reducing the free energy of the liquid—solid
system. At the same time, some Sn atoms diffused and
doped into these In,03 nanofibers. Now, the concentra-
tion of Sn in the stem of the nanofibers (Figure 3b)
becomes lower than that on the tip droplet (Figure 3c).
These results demonstrate that 1n,O3s nanofibers are
doped by Sn, namely ITO nanofibers are formed.
Simultaneously, there are also some In,O3 molecules
detached from the surface of the nanofibers previously
formed, which may be responsible for the formation of
a nanofiber with rough surface as shown in the HRTEM
investigation. In addition, with the deposition time
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Figure 4. (a) TEM image of a single ITO nanofiber, and (b)
the corresponding HRTEM image. The inset is the SAED
pattern recorded along the [130] zone axis.

increasing, some small droplets deposit on the surface
of large nanofibers, directing the formation of smaller
needles on the surface of larger fibers. As for the growth
mechanisms for the products 2 and 3, these were
unclear. One plausible explanation is that VLS takes
place only at the droplet base, and this initiation core
develops through vapor—solid (VS) deposition from the
droplet to the fiber edges, thus forming the flakelike and
rectangle fibers.

XPS was also used to determine the composition of
our products. Figure 5 shows the corresponding XPS
spectra of Oy (Figure 5a), Insgs;2 (Figure 5b) and Snzgs/»
(Figure 5c). The spectrum (Figure 5a) is disconvoluted
into two peaks by the best fitting with Gassian function.
Peak 1 at 529.87 eV is due to bulk O2~ ions whose
neighboring In atoms had a full complement of six
nearest O2~ ions, and peak 2 at 532.38 eV is cor-
responded to O?~ ions in oxygen deficiency regions.2024
Thus, it can be concluded that oxygen deficiencies exist
in our ITO nanofibers. Furthermore, in Figure 5b, the
peak energy of Inszgs;2 was lowered slightly from 444.8
eV (Iny03), to 444.4 eV. The binding energy of Snsgs,
(Figure 5c¢) was 486.0 eV lower than that of tin oxide
(>486.4 eV). These results further confirmed that these
ITO nanofibers were oxygen deficient because the
oxygen deficiency decreases the binding energy of In and
Sn_20,24

In summary, we have synthesized ITO nanofibers by
using a thermal evaporation—oxidation method. The
growth involves a VLS crystal growth mechanism from
the Sn-riched In—O—Sn ternary alloys droplet. Not only
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Figure 5. XPS spectra (a) Oys, (b) Inzgsi2, and (c) Snagsy of the
ITO nanofibers prepared for 60 min at 900 °C.

the diameters, but also the surface morphologies, of ITO
nanofibers can be controlled by the deposition conditions
such as time and temperature. The XPS spectra of the
ITO nanofibers show that a large amount of oxygen
deficiencies exist in these nanofibers. The synthesized
ITO nanostructures with different morphologies should
have potential applications in optoelectronic nanode-
vices and nanosized gas sensors.
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