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Abstract

A simple low-temperature thermal evaporation method was utilized for a large-scale synthesis of In2O3/Sb core-shell

cable-like nanostructures by co-evaporating In and Sb. An X-ray diffraction, transmission electron microscopy, and

electron energy loss spectroscopy study revealed the formation of In2O3 nanowires at 540 1C with unique structures of

rectangular turning and a co-axis structure with an amorphous Sb shell layer surrounding the In2O3 wires. The

amorphous Sb layer was found to undergo a crystallization phase transition under a 200 keV focused electron beam

irradiation. An epitaxial relationship was found to exist between the crystallized Sb and In2O3.

r 2005 Elsevier B.V. All rights reserved.
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1. Introduction

One-dimensional nanostructured materials,
such as nanowires, nanotubes, and nanobelts have
drawn much attention due to their unusual
properties and potential applications in optical
e front matter r 2005 Elsevier B.V. All rights reserve
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and electronic devices [1–4]. As the development
of nanoscale electronics approaches a practical
stage, it is essential to assemble known functional
materials in a radial direction within a single
nanoscale building block to form heterostructures,
namely coaxial nanocables. Nanocables can ex-
hibit novel functional properties compared to the
individual materials that constitute them. Thus
far, many studies have focused on semiconductor
core nanoscale heterostructures [5–7]. In2O3 is an
d.
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important transparent semiconducting oxide ma-
terial with a wide direct bandgap (3.6 eV) that has
been widely used in solar cells, organic light-
emitting diodes, and gas sensors. In2O3 nanowire
can exhibit better sensitivity than the bulk due to
enhanced surface-to-volume ratio, leading to im-
provements in the performance of sensors [8,9].
The performance of field effect transistors utilizing
In2O3 nanowires is also expected to improve
greatly [10,11].
In2O3 nanowires and other nanostructures have

been synthesized by several techniques, such as
the thermal evaporation method [12–16] and
the carbothermal reduction method [17,18]. An
ordered In2O3 nanowires array was synthesized
by the oxidation of indium metal embedded by
electrodeposition in anodic alumina membranes
[19,20]. The diameter-controlled growth of the
In2O3 nanowires was also achieved on Si/SiO2

substrate covered with Au film as a catalyst using
the laser ablation of the InAs target [10]. These
methods generally require high temperatures and
complicate steps. On the other hand, manipulating
the nanowires into position and providing elec-
trical contacts pose a challenge because of their
small dimensions. In this letter, a novel low-
temperature thermal evaporation growth method
was developed for in situ growing of a core-shell
structure of single crystalline In2O3 nanowire with
an amorphous Sb sheath. The amorphous Sb
sheath was found to undergo a crystallization
phase transition under a 200 keV focused electron
beam irradiation. The morphology, composition
profiles, and growth mechanism of the nanostruc-
tures were also discussed.
1 µm

Fig. 1. SEM image of the as-synthesized a wool-like product.
2. Experimental procedure

The In2O3/Sb nanowires were synthesized by
simple physical vapor deposition method. The
mixture of indium granulars (99.999% purity) with
a diameter of 1–3mm and a small amount of
antimony metal powder (98% purity) was posi-
tioned at the center of an alumina tube with a
diameter of 6 cm and a length of 80 cm. Before
heating, the alumina tube was filled with nitrogen
gas with a flow rate of 200 sccm. The temperature
of the furnace was increased from room tempera-
ture to 540 1C with a heating rate of 25 1C/min,
and the furnace was kept at this temperature for
6–10 h. After the system was cooled down to room
temperature, a black wool-like product was
observed on the surface of indium granulars. The
crystal structure of the product was identified by
X-ray powder diffraction (XRD). The morphol-
ogy and the composition of the products were
examined by scanning electron microscopy (SEM).
The structure and composition of the products
were investigated by transmission electron micro-
scopy (TEM) with a field emission gun operated at
200 keV and equipped with an energy dispersive X-
ray (EDX) detector and with an electron energy
loss spectroscopy (ELLS) analyzer.
3. Results and discussion

Fig. 1 shows the in situ SEM images of the
wool-like product, revealing a formation of
nanowires on a mass scale. It is apparent that
the nanowires present a rectangular turning
feature, and their diameter ranges from a few tens
of nanometers to a few hundreds of nanometers,
with a length of 10 mm and more. Fig. 2 depicts the
corresponding XRD spectrum. The reflection
peaks of the body-centered cubic structured
In2O3 are distinguishable, and can be indexed to
the In2O3 crystal structure with a lattice constant
of a ¼ 1:012 nm.
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Fig. 2. XRD pattern of the as-synthesized product.
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Fig. 3. (a) Typical low-magnification TEM image of the In2O3 nanowi

(b) enlarged image of the circled area in (a) (c); ‘‘T’’-shaped In2O3 na
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We further investigated the morphology, struc-
ture, and composition of the synthesized product
by TEM, EDX, and EELS analysis. Fig. 3 shows
the low-magnification TEM images of the nano-
wires. A selected-area electron diffraction (SAED)
pattern from one of the nanowires could be
indexed as a single-crystal cubic structured
In2O3, with the growth direction along h1 0 0i.
The In2O3 nanowires present typical morphologies
of ‘‘L,’’ ‘‘T,’’ and ‘‘H’’ shapes as shown in Figs.
3(c) and (d). In these structures, the turning
directions are identified as being consistently along
the h1 0 0i directions with a rectangular turning
angle. The easily 901 turning of the In2O3

nanowires is due to the easy growth direction of
h1 0 0i of the cubic structure of In2O3. It is worth
In2O3

Shell layer

(d)

(b)

res; the inset shows the selected area electron diffraction pattern;

nowires; and (d) ‘‘H’’-shaped In2O3 nanowires.
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noting that the In2O3 nanowires exhibit a rough
surface. As shown in Fig. 3(b), a shell layer around
the In2O3 nanowires can be seen forming a co-axis
structure. Careful observation by TEM revealed
that some In2O3 nanowires contain a head with
darker contrast, as indicated by a circle in Fig.
3(a). A nano-sized electron beam EDX analysis
showed that the tip contains mainly Sb with less
amount of In and O. A further examination by
SAED and by high-resolution TEM revealed that
the sheath possesses an amorphous structure. A
nano-sized electron beam EDX analysis revealed
that the shell layer is composed of Sb only. This is
further illustrated by the EELS analysis, with a
nano-sized electron beam focused on the center
and edge of the wires, respectively, as shown in
Fig. 4. Checking with the EELS atlas, it is certain
that the shell does not contain any indium. It is
also not likely that the shell contains any oxygen,
as the Sb M4,5 has a pre-edge feature similar to
what we have. An EELS of the Sb oxide is also
shown in Fig. 4 as a reference to illustrate that the
amorphous shell layer is not Sb oxide, but Sb.
The preparation of In2O3 nanowires by thermal

evaporation methods has been widely reported
and the mechanism of the processes has also been
postulated. Most of the processes that use a
catalyst were explained in terms of the vapor–li-
quid–solid (VLS) mechanism. In previous reports,
450 500 550 600 650 700 750

OK

Sb M4,5

Sb M4,5

OK

In M4,5

Energy Loss (eV)

In
te

n
si

ty
 (

a.
u

.)

shell

Core

Fig. 4. EELS of the In2O3 nanowires from the core region,

outside amorphous layer, and a reference Sb oxide.
the product area was somewhat remote from the
source area, and the temperature in source area
was usually above 800 1C and much higher than
that in the cold product area. A process to
transport vapors from the hot area to the cold
area is necessary. In our experiment, the situation
is quite different because the whole synthesis
process happened in situ directly. An explanation
of the nanowire growth mechanism must remain
speculative. In the reaction process, the In liquid
should be formed first because of its low-melting
point; then, the oxygen dissolves into the liquid.
After the In alloy is saturated with oxygen, the
In2O3 will form. Some Sb may also dissolve into
the In alloy, especially in the interface area
between the Sb and In. But it is impossible to
form Sb2O3 at such low temperatures, because the
Gibbs energy of formation (DG1f,540K) of Sb2O3

(�485.11 kJmol�1) is much smaller than that of
In2O3(�669.6 kJmol

�1) [21]. However, we found
that the existence of Sb was essential to obtain
In2O3 nanowires at a low temperature of 540 1C.
Without the presence of Sb, no In2O3 nanowire
formed at this temperature. Furthermore, we have
observed that some of the nanowire tips contain
mainly Sb. Therefore; we believe that Sb acts as a
catalyst to direct the growth of the In2O3

nanowires through a VLS growth mechanism.
The residual oxygen gas inside the tube furnace
provides the necessary oxygen for the formation of
In2O3 nanowires. Due to the insufficient amount
of oxygen, Sb is not oxidized and forms into an
amorphous structure outside the In2O3 nanowires,
and acts as surfactant to confine the size of the
In2O3 nanowires to prevent them from growing
laterally. It is suggested that the growth mechan-
ism of the In2O3/Sb nanostructures is determined
by the following factors: (1) the catalytic effect of
the Sb sheath on the nanowire tips; and (2) the
{1 0 0} surface, which has the lowest surface energy
among the In2O3 surfaces and plays an important
role during the nanowire growth. Since the surface
energy is more important when the crystal size is
reduced to nanoscale, it is believed that the
absorbance of the Sb layer can reduce the system
energy.
Fig. 5(a) is a typical HRTEM image of the

surface of an In2O3 nanowire showing that the
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Fig. 5. HREM images of the In2O3 nanowires: (a) and (c) are the images at the initial state, (b) and (d) are the images after more than

10min. of focused electron beam irradiation. The observation direction is along [0 0 1] of In2O3, and the outlined square in (a)

illustrates a unit cell of In2O3 lattice.
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In2O3 nanowires grow along the h1 0 0i direction
with a single-crystalline nature, and that the surface
of the wire is parallel to {1 0 0} planes. It is apparent
that an atomic layer of steps is usually present at the
surface. The presence of a large amount of atomic
steps, and their accumulation, provides nucleation
for the rectangular turning of the In2O3 nanowires.
A round rectangular turning matches this explana-
tion. The Sb shell layer of the In2O3 nanowire is in
an amorphous structure, and it is interesting to be
noted that, under the irradiation of an electron beam
for more than 10min, this amorphous layer
gradually crystallized as shown in Fig. 5(b). A large
number of experiments revealed that the crystallized
Sb can be cataloged into a face center cubic (fcc)
structure with a lattice constant of around 0.55nm.
An epitaxial relationship can be identified in some of
the crystallized Sb with the In2O3 core structure.
Figs. 5(c) and (d) are HRTEM images of another
area showing that the amorphous structure changes
to a crystalline structure with an epitaxial relation-
ship with In2O3, i.e., ð1 0 0ÞIn2O3==ð1 0 0ÞSb and
½0 0 1�In2O3===½0 0 1�Sb. It has been reported that
amorphous Sb film can easily form by low-energy
cluster beam deposition or by vacuum evaporation
[22,23], and some results regarding the crystal
growth have been achieved. Concerning the activa-
tion energy for crystal growth in amorphous films,
values from 0.32 to 0.55 eV have been obtained,
depending on the thickness of the film [24]. However,
few studies have been conducted on the crystal-
lization of nanometer-sized particles. Here, the
crystallization of Sb during the electron irradiation
can be understood from a thermodynamic point of
view. The crystallization of Sb under electron beam
irradiation is thought to be due to the electron beam-
induced heating effect. However, when the growth
temperature was increased, the amorphous Sb out-
side the In2O3 nanowires evaporated, leaving the
In2O3 nanowires with a reasonable clean surface.
Therefore, we conclude that the crystallization of the
amorphous Sb sheath is induced by electron beam
irradiation instead a thermal effect. The epitaxial
relationship between the crystallized Sb and In2O3

indicates that the surfaces of In2O3 provide the
nucleation sites and determine the crystalline
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orientations of Sb. Therefore, the existence of an
epitaxial relationship between the crystallized Sb and
In2O3 provides a possibility to make a core-shell
cable structure containing the Sb nanotubes sur-
rounding the In2O3 nanowires. Sb is a semimetal
containing electron and holes as charge carriers, and
also a good superconductor material. The core-shell
structure of In2O3/Sb provides a junction between
the oxide semiconductor and semimetal, and may
find its application in the fabrication of nanodevices.
4. Conclusion

The mass product of the In2O3/Sb core-shell
cable-like nanostructures was synthesized by a
thermal evaporation method by co-evaporating In
and Sb catalyst at 540 1C. The nanowires present a
rectangular turning feature with typical morphol-
ogies of ‘‘L,’’ ‘‘T,’’ and ‘‘H’’ shapes, and amor-
phous Sb shell layers around the In2O3 nanowires
forming co-axis structures. Under focused electron
beam irradiation, the amorphous Sb layer crystal-
lized into a cubic structure. An epitaxial relation-
ship was found to exist between the crystallized Sb
and In2O3.
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