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ABSTRACT We have successfully synthesized one-dimensional
(1-D) indium oxide (In2O3) arrays by the metalorganic chem-
ical vapor deposition (MOCVD) method. We have character-
ized the products by means of X-ray diffraction (XRD), field-
emission scanning electron microscopy (FE-SEM), and trans-
mission electron microscopy (TEM). The SEM images showed
that the 1-D materials with serrated surfaces had cross-sections
in the shape of an acute triangle. The XRD and TEM studies
revealed that the 1-D materials possessed a single-crystalline
cubic structure and that the growth occurred preferentially along
the [111] direction.
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1 Introduction

One-dimensional (1-D) materials have attracted
considerable attention because of their novel physical and
chemical properties, which are different from those displayed
by the same materials in the bulk state, and which give them
the potential to be used for developing new types of devices [1,
2]. Since indium oxide (In2O3) is a transparent semiconduct-
ing oxide material, and, in particular, is an n-type semicon-
ductor with a wide band gap, it has been extensively studied
for many applications, such as photovoltaic devices, electro-
optical devices, and sensors for oxidizing gases [3–8].

Up to the present, In2O3 1-D materials including nano-
wires, nanobelts, nanofibers, and nanotubes have been mainly
synthesized by the thermal heating or evaporation of In2O3

powders [9–12], In [13, 14], a mixture of In and In2O3 [15],
and InP substrates [16]. In addition, various techniques, such
as laser ablation [17], electrodeposition [18] sol–gel deposi-
tion [19], and nanocasting [20] have been successfully em-
ployed to make In2O3 1-D materials.

Although the metalorganic CVD (MOCVD) method is
supposed to be one of the simplest methods of the growing
high-quality nanostructures, to the best of our knowledge, the
production of In2O3 1-D materials by the MOCVD technique
has not previously been reported. In this paper, we investi-
gate the possibility of growing single crystalline In2O3 1-D
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structures using a triethylindium (TEI) as a precursor in the
presence of oxygen.

2 Experimental

The experiments were conducted in an MOCVD
reactor and the schematic diagram of the reactor was previ-
ously reported [21]. A silicon (Si) (001) wafer (20×20 mm)
was used as the deposition substrate. The substrate was
cleaned in organic solvents and dried before loading it into the
system.

High-purity Ar (99.999% purity) was passed through the
TEI bubbler so as to deliver TEI vapor to the reactor. The TEI
bubbler was maintained at a temperature of 35 ◦C. The In2O3

was synthesized by supplying O2 and Ar gases, respectively,
with flow rates of 5 and 20 standard cubic centimeters per
minute (sccm). During the deposition process, the chamber
pressure was maintained at 0.9 Torr. The heating process was
continued for 60 minutes. Our previous experiments indicated
that at the above process condition, the 1-D structure and the
film-like structure were produced at substrate temperatures in
the range of 350–375 ◦C and below 325 ◦C, respectively. The
substrate temperature in this study was set to 350 ◦C.

The structural characterization of the products was per-
formed by a Hitachi S-4200 field-emission scanning electron
microscope (SEM), a Philips X’pert MPD X-ray diffractome-
ter (XRD) with Cu Kα radiation, and a Philips CM-200 trans-
mission electron microscope (TEM). The chemical composi-
tions of the products were determined by an energy dispersive
spectroscope (EDS) equipped in TEM. The TEM sample was
prepared by stripping off and dispersing the substrate in ace-
tone with the aid of ultrasonic vibration, and subsequently, by
transferring a drop of solution onto a holey carbon film sup-
ported on a copper grid.

3 Results and discussion

Figure 1a shows the cross-sectional SEM image of
the as-synthesized products. Close examination reveals that
the products consist of a rod-like structure vertically aligned
on the substrate. We observe that there is a film-like struc-
ture with a thickness of about 1–2 µm between the substrate
and the rod-like structures. The average vertical growth rate
is ∼ 14 µm/h. Figure 1b shows the plan-view SEM image,
indicating that the products are almost uniformly distributed



1136 Applied Physics A – Materials Science & Processing

FIGURE 1 (a) Cross-sectional and (b) plan-view SEM images of the
products

FIGURE 2 (a) Cross-sectional and (b) plan-view SEM images of the
products from a closer view

over the entire substrate. Figure 2 shows the high magnifica-
tion SEM images of the products. The cross sectional image
(Fig. 2a) indicates that the products consist of 1-D materials
with serrated surfaces. Although some of the 1-D materials
were broken during the cross-sectional SEM sample prepar-
ation, we observe that the serrated surface of the stems of
the 1-D material corresponds to arrays of “nanobumps”. The
plan-view SEM image (Fig. 2b) reveals that the 1-D materi-
als have triangular cross sections with acute angles. From the
top view, we reveal that the side length of the triangular cross
section ranges from 200 to 700 nm.

Figure 3 shows the XRD pattern of the product. The θ–2θ

scan data exhibit a main peak at 30.58◦ and a smaller peak
at 63.67◦, respectively, corresponding to the (222) and (444)

diffraction peaks of the cubic bixbyite In2O3 phase (JCPDS
44-1087). Since the (222) and (444) diffraction peaks are
significantly stronger than the neighboring diffraction peaks
representing the other crystalline directions, which are invisi-
ble in this spectrum, we reveal that the product has a preferred
orientation along the [111] direction. In addition, the θ–2θ

scan data exhibit 2θ peaks at 69.13◦, corresponding to the
(004) peak of Si, which originates from the substrate.

The EDS analysis indicates that the 1-D materials consist
of only In and O elements, regardless of position in the 1-D
materials, from the stems to the ends. The typical EDS spec-
trum, recorded from a single 1-D material, is shown in Fig. 4a.
The C- and Cu-related signals, are respectively, caused by
contamination with C while preparing the TEM specimens
and by the presence of Cu grids.

Figure 4b shows the side-view schematic drawing of a typ-
ical single 1-D material obtained in this study, with the length
direction of the 1-D material and the nanobumps indexed.

FIGURE 3 XRD patterns of the products

Figure 4c shows a TEM image of the tip of the 1-D mate-
rial, indicating the rough surface. The 1-D material tapers
gradually near the tip. No nanoparticles are found at the tip.
Selected area electron diffraction (SAED) patterns, with the
incident electron beam parallel to the [12̄1] direction, were
recorded perpendicular to the long axis of the structure. The
typical SAED pattern, which was found to be independent
of the position in the 1-D structure, is shown in the inset.
The reflections in the SAED pattern correspond to the lattice
planes of bulk In2O3, indicating that the 1-D materials are sin-
gle crystalline. Figure 4d shows the lattice resolved HRTEM
image of the rectangular box marked in Fig. 4c. The interpla-
nar spacings are approximately 0.29 nm and 0.72 nm, respec-
tively, corresponding to the (222) and (101̄) planes of cubic
In2O3. Figure 4e is a TEM image showing the nanobumps
residing along the exterior of the 1-D material stem. The
corresponding SAED pattern, recorded perpendicular to the
nanobumps long axis, can be indexed for the [213̄] zone axis
of crystalline In2O3. It is noteworthy that the length direc-
tion of the nanobump is along the [21̄1] direction and inclined
at approximately 62◦ to the main axis direction of the 1-D
materials. Figure 4f shows a lattice resolved HRTEM image
representing the rectangular box marked in Fig. 4e. The inter-
planar spacings corresponding to the (222), (21̄1), and (031)

planes of cubic In2O3 are approximately 0.29 nm, 0.41 nm,
and 0.32 nm, respectively, revealing that the nanobumps are
single crystalline.

Since the SEM images, TEM images and EDS measure-
ment coincidentally indicate that all of the structure tips are
free of metal nanoparticles, we surmise that the growth of
the In2O3 structures in the present route is not dominated by
a tip-growth vapor–liquid–solid mechanism. The 1-D mate-
rial arrays may not grow directly from the Si substrate, but
from the layer of In2O3 predeposited on top of the Si sub-
strate (Fig. 1a). Our preliminary experiments confirmed that
an approximately 1 µm-thick film without the 1-D material
was fabricated with a deposition time of 5 minutes, and that
the 1-D materials started to appear on the film-like structure
after a deposition time of 10 minutes (not shown here). The
transition from two- to three-dimensional growth may occur
in the initial stages of the deposition process. We suppose
that, in the present case, the synthesis of 1-D materials con-
sists of several growth phases, such as nucleation, thin film



KIM et al. An MOCVD route to In2O3 one-dimensional materials with novel morphologies 1137

FIGURE 4 (a) Typical EDS spectrum and
(b) side-view schematic drawing of a single 1-D
material. (c) TEM image showing the tip part of
an individual 1-D material. The inset shows a typ-
ical SAED pattern taken perpendicular to the stem
of the 1-D materials. (d) Lattice-resolved HRTEM
image of the rectangular box marked in Fig. 4c.
(e) TEM image showing nanobumps residing
along the exterior of an individual 1-D material.
The inset is a SAED pattern taken perpendicular
to the stem of the nanobumps. (f) Lattice-resolved
HRTEM image corresponding to the rectangular
box marked in Fig. 4e

formation, rod-like structure elongation and nanobump for-
mation. However, when the rod-like structures reach a certain
height, the underlayer thickening process ceases, due mostly
likely to the limited mass transfer of the In and O species.
An intensive investigation is required to determine the exact
mechanism for the formation of In2O3 1-D materials in the
present work.

Up to the present, several researchers have reported the
preparation of the In2O3 1-D structures with conventional
morphologies such as the nanotubes with a hollow cav-
ity [15, 19], the nanobelts or nanofibers which have rect-
angular cross-sections with different width-to-thickness ra-
tios [9, 14, 16], and the solid nanowires with a circular cross-
section [10, 11, 13, 17, 18, 20]. Nguyen et al. reported the
preparation of the aligned 1-D structures with novel mor-

phologies, consisting of square columnar vertical bodies [12].
On the other hand, the 1-D structures produced in the present
work consist of columnar vertical bodies with an acute-angled
triangular cross-section. Therefore, to the best of our know-
ledge, this is the first report on the production of the aligned
1-D In2O3 structures with a triangular cross-section.

4 Conclusion

In summary, we demonstrated the production of
dense arrays of well aligned In2O3 1-D materials using an
MOCVD method. These 1-D materials are vertically aligned
on the substrate. Each individual 1-D material has a cross sec-
tion in the shape of an acute triangle with a typical side length
of less than 1 µm, and has a serrated surface, consisting of
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single crystalline nanobumps. These 1-D materials consist of
single-crystal cubic structures with their axis directions in the
[111] direction.
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