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a b s t r a c t

In2O3 pyramids and octahedrons were synthesized on a silicon substrate by catalyst-free and improved
chemical vapor deposition in order to reduce the influence of undesired doping or impurities on the
observed properties, directly from metallic indium by controlled oxidation. These single crystalline In2O3

structures have potential use in ultra-sensitive gas and chemical sensors.
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. Introduction

Metal oxides semiconductors have stimulated great interest
nd extensive research due to their novel electronic and optical
roperties [1–5]. Among them, indium oxide (In2O3), is an exceed-

ngly important wide bandgap (3.6 eV) oxide material and has been
idely used for ultra-sensitive toxic gas detectors, chemical sensors

nd optoelectronic devices [6–9]. There have been an increasing
umber of reports on the synthesis of In2O3 structures by using
arious methods such as carbothermal reduction, thermal evapora-
ion, chemical vapor deposition, laser ablation, etc. [10–13]. In spite
f favoring high-quality In2O3 structures these techniques remain
onstrained by the use of catalyst, high reaction temperature and
igh vacuum system. Wei et al. reported the growth of In2O3 octa-
edrons on indium tin oxide (ITO) substrate at low temperature
14]. They used ITO as seed layer to precipitate In2O3 octahedrons.
umar et al. also reported the synthesis of In2O3 octahedrons using
ctive carbon at higher temperature and at longer reaction time of
2 h [11]. However, controlled-synthesis of the In2O3 at low tem-
erature is still a challenging task. The present letter reports on
atalyst-free, low temperature and controlled growth of In O pyra-
2 3
ids and octahedrons by improved chemical vapor deposition. The

hape of In2O3 structures was modulated by regulating the reaction
emperature.

∗ Corresponding author. Fax: +81 76 445 6882.
E-mail address: yamazaki@eng.u-toyama.ac.jp (T. Yamazaki).
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2. Experimental details

The synthesis of In2O3 structures was performed in an improved chemical vapor
deposition system. The schematic diagram for chemical vapor deposition is shown
in Fig. 1. The one end of quartz tube made the airflow reverse and increased the satu-
ration ratio of the reagent species and the other end was kept open with small outlet,
and the location of the source under the substrate, which was placed properly and
not down stream like conventional CVD systems. In a typical experimental procedure
0.5 g of high-purity indium grains was put under a silicon wafer placed in an alumina
boat. Before heating, the tube chamber was purged for 30 min with 100 mL/min−1

high purity Ar, and then the furnace was heated to 800 ◦C at a rate of 25 ◦C/min and
kept at this temperature for 60 min. After the reaction, a layer of yellow product was
found deposited on the silicon wafer. In order to study extensively the effect of reac-
tion temperature on the morphology and shape of In2O3 structures, the synthesis
was also carried out at 700 and 900 ◦C. The crystalline phase and morphological and
structural features of the products were investigated by X-ray diffraction (XRD) (Shi-
madzu XRD 6100 Cu K� (0.15419 nm) radiation), field emission scanning electronic
microscope (FESEM), and high-resolution transmission electron microscopy (TEM
TOPCON EM-002B).

3. Results and discussion

Fig. 2 shows XRD pattern of In2O3 structures grown at 800 ◦C. All
the peaks are indexed to the pure cubic phase with lattice parameter
a = 1.011 Å (JCPDS No. 89–4595), indicating that pure phase of In2O3
is obtained under prevailing conditions. However, no impurities

existed in the sample under the prevailing reaction conditions.

Fig. 3 shows the FESEM images of the In2O3 crystals formed
at 700 ◦C, pyramids formed at 800 ◦C and octahedrons formed
at 900 ◦C. Fig. 3(a and b) shows high density In2O3 triangular
shaped In2O3 crystals. Fig. 3(c) reveals that the product consists

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yamazaki@eng.u-toyama.ac.jp
dx.doi.org/10.1016/j.jallcom.2009.01.112
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(2 0 0) is equal to 0.50 nm due to In2O3 structure for pyramids ori-
Fig. 1. Schematic diagram of chemical vapor deposition system.

f high-density pyramids grown on the entire surface of the sub-
trate at 800 ◦C. Fig. 3(d) shows high magnification FESEM image
f single pyramids. The pyramids have four equilateral triangles
nd a square. In Fig. 3(e) one can observe high-density octahe-
rons at 900 ◦C. Fig. 3(e) shows high magnification FESEM image
f an octahedron. A regular In2O3 octahedron is composed of eight
ell-faceted equilateral triangles, four of which meet at each nano-

ertex. Each side of triangle has length ∼1.5 �m. All the surfaces of
yramids and octahedrons are smooth and there are no obvious
tructural defects.
Further structural characterization of In2O3 structures was per-
ormed by TEM analysis. For the TEM analysis, the as-grown
yramids and octahedrons were ultrasonically dispersed from the
ubstrate into acetone. A drop of suspension was placed on a TEM

Fig. 3. Low and high magnification FESEM images of In2O3 cryst
Fig. 2. XRD spectra of In2O3 pyramids.

grid. Fig. 4(a and b) shows the TEM images of single In2O3 pyra-
mid and octahedron, respectively. The SAED pattern in Fig. 4(a)
shows single crystalline In2O3 with cubic structure and indicates
that pyramids grow along [0 0 1] direction. The lattice spacing of
ented along [0 0 1] direction. The EDX spectrum (Fig. 4(d)) shows
the appearance of In and O peaks from pyramids, thus confirm-
ing that faceted single crystalline pyramids and octahedrons do not
include impurities.

als (a and b) pyramids (c and d) and octahedrons (e and f).
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ig. 4. (a and b) Are high magnification TEM images of pyramids and octahedrons re
d) shows an EDX spectrum for pyramids.

.1. Growth mechanism of In2O3 pyramid and octahedron
tructures

In the absence of the catalyst, In2O3 pyramids and octahedrons
ere growing via a vapor–solid (VS) mechanism. A schematic illus-

ration for the formation of In2O3 pyramids and octahedrons is
hown in Fig. 5. Initially the melting of indium starts at 156.6 ◦C,
nd then the indium vapor combine with the residual oxygen to
orm oxidized In cluster Fig. 5(b). The saturated vapor pressure
f In is much higher than that of In O at the same temperature.
2 3
s a result, such circumstances lead to a higher super saturation
atio of oxidized In vapor in the surrounding area of central heat-
ng region. When the reaction temperature further increases, these
xidized In clusters act as the nucleation centre for the anisotropic

Fig. 5. Schematic illustration of growth mechan
vely. The insets of (a and b) show SAED patterns. (c) is a HRTEM image for pyramids.

growth of In2O3 nuclei Fig. 5(c). In principle, crystal growth and
morphology are directed by extrinsic and intrinsic factors. We pre-
sume that the saturated vapor pressure of liquid state In metal
increased remarkably, whereas the saturated vapor pressure of
solid-state In2O3 increased unobtrusively during the elevated reac-
tion temperatures. Consequently, the supersaturation ratio of the
oxidized In vapor increased conspicuously. The growth of these
In2O3 nuclei leads to the formation of anisotropic In2O3 struc-
tures with increasing elapsed time and increasing temperature. We
obtained distinct morphologies of triangular crystals, pyramids and

octahedrons under distinct reaction conditions. In2O3 triangular
crystals were formed at low temperature of 700 ◦C while as pyra-
mids and octahedrons obtained at 800 and 900 ◦C. The faces contain
the crystals habit corresponds directly with most energetically

ism of In2O3 pyramids and octahedrons.
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romised stable atomic planes in the lattice. These planes have low
iller indices (h k l). Low index faces are normally stable because

hey contain tightly packed arrays of sturdily bonded atoms. The
agnitude relation between the surface energies of low index crys-

allographic planes of In2O3 with a bcc structure is expressed by
{1 1 1}< �{1 0 0}< �{1 1 0} [15]. The anisotropic crystal growth

ate (r) perpendicular to a plane is proportional to their surface
nergies. The evolution of triangular shaped In2O3 crystals occurs
t low temperature (700 ◦C) due to an increase in the area of {1 1 1}
elative to {1 0 0} plane. The pyramid shape is consistent with the
ubic crystal structure of In2O3. In the In2O3 cubic structure, the
0 0 1} family planes contain the three equivalent planes (1 0 0),
0 1 0), and (0 0 1), which are perpendicular to the three directions
1 0 0], [0 1 0], and [0 0 1] respectively. Pyramids bounded by {1 1 1}
acets with the highest (1 1 1) to that of (1 0 0) surface energy ratio
ossess the lowest surface energy [16]. The difference of surface
nergies among {1 1 0}, {1 0 0}, {1 1 1} facets can lead to their dif-
erent growth rates [17–19]. Thus, the high supersaturation ratio
ue to higher temperature (900 ◦C) makes the substantial effect of
he surface energy difference on the growth and morphology. As a
esult, the crystal growth rates perpendicular to {1 1 1}, {1 0 0}, and
1 1 0} facets become quite close, and growth of octahedrons crys-
als can be realized. It is assumed that due to higher temperature
he species absorbed on the side surface had high surface energy.
he results mentioned above demonstrated that elevated reaction
emperature favored high growth rate and appearance of low sur-
ace energy {1 1 1} planes. This behavior was further clarified by
he fact that amorphous shape In2O3 crystals were obtained at a
emperature of 700 ◦C. Thus the low surface energy planes at higher

emperature guided the formation of well-faceted highly crystalline
nd anisotropic pyramids and octahedrons respectively.

In conclusion, catalyst-free synthesis of pyramids and octahe-
rons were carried out on silicon substrate. Structural analysis
eveals that In2O3 structures are single crystalline with cubic

[

[

[
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structure. We believe that these In2O3 structures with special mor-
phology can be potentially useful in fabricating high sensitivity gas
sensors, where well-defined crystal surface is essential.
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