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ABSTRACT In this report we review the growth of indium
oxide (In2O3) nanostructures, including octahedral nanocrys-
tals (NCs), nanobelts (NBs), nanosheets (NSs), and nanowires
(NWs), by hot-wall chemical vapor deposition (HW-CVD).
This system is highly controllable, allowing the user to easily
access different growth regimes – each corresponding to the
growth of a different nanostructure – by changing growth vari-
ables of the HW-CVD system. Hot-wall CVD produces crys-
talline nanostructures; here we present a survey of microstruc-
tural characterizations of the four types of In2O3 nanostructures
using transmission- and scanning-electron microscopy. Interest-
ingly, the In2O3 nanostructures have different preferred growth
directions: NCs have (111) faces, NBs are predominantly (200),
and NWs are predominantly (110). We end the review by dis-
cussing the current shortcomings of HW-CVD growth of In2O3
nanostructures.

PACS 61.46.-w; 61.82.Rx; 73.31.Hb; 81.02.-b

1 Introduction

Low-dimensional oxide nanostructures have been
shown to have densely packed oxygen vacancies on the sur-
face, large surface-area-to-volume ratios, and lateral dimen-
sions on the order of the thickness of the gating charge
layer in field-effect transistors (FETs) [1–5]. These nanos-
tructures have shown great promise as chemical and biolog-
ical sensors [6–10] and, as a result, have attracted great in-
terest in the nanostructure and sensing communities [11–20].
For example In2O3 NWs configured as gas sensors have
demonstrated greater room temperature sensitivity and se-
lectivity than their commercial tin oxide thin-film counter-
parts. In addition, they have shown to be effective ultraviolet
photodetectors [21].

High-yield growths, critical for subsequent device fab-
rication and electrical characterization, have been demon-
strated by both the HW-CVD [22–29] and laser-ablation-
assisted CVD (LA-CVD) methods [11–17, 30–37]. High
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yields are critical in order to successfully fabricate nanostruc-
tures into devices for electrical characterization [22, 38–40].
Alternative methods for In2O3 nanostructure fabrication in-
clude electro-deposition [41], electro-deposition and subse-
quent oxidation [42], co-precipitation and subsequent anneal-
ing [43], carbothermal reduction [44], carbothermal reduc-
tion and gold catalyst-mediated heteroepitaxial growth [43],
metalorganic chemical vapor deposition [45], hydrothermal
synthesis [46], and solvothermal and subsequent anneal-
ing [47]. In this review we focus on CVD-grown In2O3 nanos-
tructures and discuss the importance of growth parameters
on their properties. We then compare HW-CVD fabricated
NWs to their LA-CVD counterparts and present a structural
observation potentially explaining the observed difference
between HW-CVD and LA-CVD NW electrical transport
properties [22].

2 Nanostructure Growth

All In2O3 nanostructures discussed in this review
were synthesized in tube furnaces, with a laser by LA-CVD
or without one by HW-CVD. Nanocrystals (octahedrons)
and NBs have been grown without catalysts by the vapor-
solid (VS) mechanism [49, 50] on crystalline silicon sub-
strates [28], though detailed electronic measurements have
not yet been performed. Nanobelts, NSs, and NWs have been
grown with a gold catalyst by the vapor–liquid–solid (VLS)
mechanism [51, 52] on crystalline silicon substrates with in-
dium arsenide pellets as the source [22, 26, 27, 29]. Hybrid
NC-NW structures have been grown simultaneously by the
VS (NCs) and VLS (NWs) mechanisms.

Hao et al. [28] showed that for VS growths, the choice
of indium source was paramount for determining the syn-
thesized nanostructure type. Nanocrystals grew when indium
pellets were chosen for the source (Fig. 1a–d), while NBs re-
sulted from an In2O3 powder source (Fig. 1e). In both cases,
pure Ar was flowed at a rate of 50 standard cubic centime-
ters per minute (sccm) and the pressure was maintained at
1 atm during growth. It is important to note that structures
with rectangular cross-sections, though originally referred to
as NWs in the original study [28], are referred to as NBs in
this review; the term NWs is reserved for nanostructures with
circular cross-sections. High yields of octahedral NCs were
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FIGURE 1 Field emission- (FE-) SEM images
of In2O3 NCs and NBs on their growth sub-
strates. (a-d) Typical In2O3 NC octahedrons
with reaction temperatures of 950 ◦C, 1050 ◦C,
1200 ◦C, and 1300 ◦C respectively. (e) Typi-
cal In2O3 NBs; the inset shows the rectangular
cross-section. (reprinted from [28])

obtained on substrates close to the indium pellet source for
a variety of growth temperatures, Fig. 1. It was shown that the
NC diameters, which are highly uniform in each growth, de-
crease with increasing growth temperature, averaging 1 µm at
950 ◦C, 500 nm at 1050 ◦C, 300 nm at 1200 ◦C, and 100 nm
at 1300 ◦C (Fig. 1). As mentioned above, NBs were grown in
high yields when In2O3 was used as the source, Fig. 1e.

For growths based on the VLS mechanism, the choice of
indium source and the source-substrate distance (i.e., indium
partial pressure and flux) directed the nanostructure type.
When pure indium (spheres) were used as the source, a high
density of NCs (again, octahedrons), with interspersed NWs,
was obtained on substrates closest to the source (Fig. 2a),
while densely packed NWs of lengths approaching ∼ 100 µm
and average diameter ∼ 50 nm were found further from the
source, Fig. 2b. Interestingly, on the edge of the substrate clos-
est to the alumina boat as well as on the boat itself, VS-grown
NWs were observed, Fig. 2c. Chun et al. [29] used a simi-
lar setup to grow bicrystalline NBs, Fig. 2d; similar structures
have also been observed by our group.

With InAs as the source, NCs, NBs, and NWs all grew
in high yield on substrates closest to the source, Fig. 3a.
Additionally, triangular sheets termed NSs were observed
on these substrates connecting NBs lying at right angles,
Fig. 3b. On substrates further from the source, parallel NWs
were found to emanate from larger crystals (Fig. 3c), while
on substrates farthest from the source, densely packed, long
(∼ 10 µm), thin (average diameter ∼ 50 nm) NWs were ob-
served, Fig. 3d. For these growths, a mixture of 0.02% O2 in
Ar was flowed at 100 sccm at a pressure of 220 Torr and the
growth substrate zone temperature was 900 ◦C, with a source
zone temperature of 770 ◦C. These nanostructures were eas-
ily removed from the growth substrate for electrical device
fabrication.

A study by Lao et al. [26] showed the critical impact of
the presence of oxygen on determining nanostructure growth.
Using the VLS mechanism with a mixture of In2O3 and graph-
ite powders as the source, they were only able to obtain NCs
by flowing Ar during growth but were able to obtain densely
packed NWs by introducing air during the peak indium par-



CHENG et al. Indium oxide nanostructures 235

FIGURE 2 (a) FE-SEM image of NWs and
NCs on their growth substrate. (b) Optical mi-
crograph of NWs that are strongly adherent to
the growth substrate. (c) Optical micrograph of
an NW emanating from the edge of its growth
substrate. (d) SEM image of bicrystalline NBs on
their growth substrate (reprinted from [29])

FIGURE 3 (a) FE-SEM image showing NCs,
NBs, NSs, and NWs clustered on their growth
substrate. The NCs are the large, modular struc-
tures, the NBs are the ribbon-like structures, the
NSs are the triangle-like sheets, and the NWs
are the thin wires. (b) FE-SEM image show-
ing NWs (with catalysts at their tips) emanating
from NCs. (c) FE-SEM image showing densely
packed NWs at the edge of their growth substrate
(reprinted from [22]). (d) SEM image showing
densely packed NWs on their growth substrate
(reprinted from [29]). (e) SEM image showing
hybrid NC-NW structures on their growth sub-
strate (reprinted from [29]). (f) SEM image (and
inset) showing NWs on their growth substrate
(reprinted from [27])
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FIGURE 4 HR-TEM images of the In2O3 oc-
tahedral NCs (a,b) and hybrid NC-NWs (c). (a)
HR-TEM image with the electron beam parallel
to the 〈110〉 direction. The corresponding SAED
pattern, which indices the NC’s octahedral geom-
etry, is shown on the right (reprinted from [49]).
(b) HR-TEM image with the electron beam per-
pendicular to the {111} facet. The corresponding
SAED pattern, which indices the NC’s octahe-
dral geometry, is shown on the right (reprinted
from [28]). (c) HR-TEM of a hybrid NC-NW
structure showing the domain boundary between
two NCs. The diffraction pattern inset on the left
is that of the NC on the left, while that on the
right corresponds to the NC bordering the bound-
ary on the right (reprinted from [26])

tial pressure during growth to maintain a furnace pressure
of 1 Torr, Fig. 3d. Additionally, by introducing the air after
the indium partial pressure had peaked, hybrid NW-NC struc-
tures were obtained, Fig. 3e. In these structures, it is assumed
that the NWs grow by the VLS mechanism while the NCs
grow by VS. In agreement with these findings, Kim et al. [27]
used In2O3 powder or indium pellets with activated char-
coal as sources to produce densely packed NWs, Fig. 3f and
(inset), respectively. In their studies, oxygen was flowed at
10–25 sccm and Ar at 50–150 sccm.

High resolution-TEM (HR-TEM) imaging, capable of de-
termining crystal quality and growth direction, has been per-
formed to further study the nanostructures. Studies by Hao et
al. [49] performed on VS-grown NCs confirm the octahedral
geometries of these structures as well as their smooth surfaces
and perfect crystallinity. The lattice fringes of the (200) and
(011) planes, obtained when the crystal is normal to its (100)

plane, can be seen in Fig. 4a. Additionally, the lattice fringe
of the (011 plane, obtained when the beam is perpendicular
to the (111) plane, was observed and is shown in Fig. 4b. The
spacing of the (200) and (011) planes is 0.506 and 0.715 nm
respectively. Selected area electron diffraction (SAED) pat-
terns and the HR-TEM images verified the single-crystalline
nature of the NCs and, in addition, showed that the NC corners
were “cut” slightly and that the NCs were body-centered cubic
(BCC).

The NCs studied by Lao et al. were determined to have
either a [100] orientation, Fig. 4c (left inset), or a [210] orien-
tation, Fig. 4c (right inset). The HR-TEM in Fig. 4c highlights
the junction between these two crystals, the [100] oriented one
on the left and the [210] one on the right.

In order to understand the growth mechanism of the NCs,
Hao et al. determined the relationship of the surface en-
ergies of the three lowest-indexed crystallographic planes,
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FIGURE 5 Different morphologies of octahe-
drons are shown in FE-SEM images, and the
corresponding sketches are illustrated (reprinted
from [28])

FIGURE 6 (a) TEM image of an In2O3 NS-NB
interface. It should be noted that the sonication
required to lift the samples from the growth sub-
strate routinely breaks these joints. (b) EELS
characterization validating the indium and oxy-
gen composition of the NB. (c) HR-TEM image
and electron diffraction pattern (inset) of an NB.
(d) TEM and HR-TEM (inset) indicating the
bicrystalline structure of the NBs grown by Chun
et al. (reprinted from [29])

with the idea that the crystal growth rate (r) perpendicu-
lar to each plane would be proportional to the plane’s sur-
face energy. They found γ {111} < γ {100} < γ {110} and
that when r{100}/r{111} ∼ 1.73, perfect octahedrons ap-
peared, whereas when 0.87 < r{100}/r{111} < 1.73, trun-
cated octahedrons were obtained, Fig. 5. Additionally, the
formation of edge-cut octahedrons (Fig. 5) is due to the
change of the crystal growth rate perpendicular to the {110}
facet.

As mentioned above, we have observed that NBs emanate
from the acute angles of a pseudo-two-dimensional right tri-
angle (NS), Fig. 6a. Each NB typically contacts two NSs, cre-

ating an NB-NS chain, similar to the NC-NW chain observed
by Lao et al. [26]. Electron energy loss spectroscopy (EELS),
Fig. 6b, and HR-TEM microscopy have shown that the NB is
single-crystal, dislocation-free, BCC In2O3, with a dominant
(200) growth direction. High-resolution TEM imaging of the
NS, Fig. 6c, illustrates its single-crystallinity and shows it lies
perpendicular to the 〈001〉 axis. A TEM and HR-TEM image
of the structures grown by Chun et al. [29] is given in Fig. 6d.
The boundary between the crystalline layers (labelled B) is
evident and diffraction patterns show the growth direction of
the left is [310] with 0.51 nm fringe separation while that on
the right is [611] with 0.41 nm fringe separation {it should be
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FIGURE 7 TEM images of the central part (a)
and end (b) of representative In2O3 NWs. The in-
set in (a) shows the electron diffraction pattern.
Note the presence of the growth catalyst of the tip
of the NW in (b) (reprinted from [22]). (c) EDS
characterization indicating the presence of oxy-
gen, silicon, argon, and indium in NWs adherent
to their growth substrates (reprinted from [22]).
(d) TEM image of the end of a NW grown by
Lao et al. showing the metal catalyst at the tip
(reprinted from [26])

FIGURE 8 (a) HR-TEM image of an In2O3 NW with the beam along the [111] direction. The inset electron diffraction pattern reveals the single crystal
nanowire nature. The amorphous coating is visible flanking the crystalline core. (b) HR-TEM image of the tip of an In2O3 NW showing the gold catalyst
(reprinted from [26]). (c) HR-TEM image of the body In2O3 NW, again showing an amorphous coating at the NW edge (reprinted from [27])

noted that other bicrystalline NBs examined in their study had
growth directions of [310] and [411]}.

The dominant (110) growth direction of the BCC NWs
was indexed by TEM imaging along the 〈001〉 (Fig. 7a and
b) and 〈111〉 (Fig. 8) axes. Energy dispersive spectroscopy
(EDS), Fig. 7c, shows the presence of indium and oxygen in
the central region of a NW; as is generally the case, the sub-
strate material peak (silicon) and residual carrier gas peak
(argon) are present [22, 38–40]. The TEMs of the central and
end regions of the In2O3 NWs indicate that the NW core is
∼ 30 nm in diameter with a ∼10 nm amorphous coating and
the diffraction pattern (inset, Fig. 7a) verified the (110) NW
growth direction as well as its single-crystallinity. The gold
catalyst at the tips of the NWs in 7b and d (from Lao et al. [26])
suggests VLS growth. The HR-TEMs in Fig. 8 of a similar
VLS-grown NW [again with (110) growth directions] shows
that the nanostructures are single-crystal and dislocation-free.
The HR-TEM in Fig. 8a verifies the NW’s crystalline core

as well as its amorphous coating. The NW in Fig. 8b has
a thinner amorphous coating, though it is indeed present. Fur-
thermore, the interface between these regions in both NWs is
seen to be relatively smooth. High resolution-TEM imaging
performed by Kam et al. [27] in their study verifies the (110)
growth direction and the presence of an amorphous layer coat-
ing a crystalline NW core, Fig. 8c.

The similar appearances of NBs and NWs in SEM and
TEM images led us to use HR-TEM to scan their respec-
tive thickness profiles, Fig. 9. The plateau is typical of
a rectangular-cross section NB, while the curve is indicative
of a cylindrical NW. These data verify that an inherent differ-
ence exists between NBs and NWs.

3 Conclusions

We have reviewed the growth of NCs, NBs,
NSs, and NWs by the VS and VLS mechanisms with
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FIGURE 9 Thickness profile scans of a representative NB and NW during
HR-TEM imaging

FIGURE 10 TEM image of a representative LA-CVD In2O3 NW

HW-CVD. As discussed by Lao et al. [26], indium par-
tial pressure is the main determinant of nanostructure type
for HW-CVD growth. Despite the high crystalline qual-
ity of HW-CVD NWs, we have previously observed that
NWs grown by the VLS mechanism with LA-CVD have
superior transport properties [22]. Though the cores of LA-
CVD and HW-CVD derived NWs are similar, the amorph-
ous coating of LA-CVD NWs is thinner, and may be re-
sponsible for the observed diminished electrical transport
properties.
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