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I
n recent years, great attention has been
paid to ultrathin one-dimensional (1-D)
nanostructures with diameters less than

10 nm. One feature of ultrathin 1-D nanos-
tructures is the significant increased surface
area, which in turn has great influence on
the performance of chemical/biosensors
and catalysts. Besides, due to the ultrathin
diameters, ultrathin 1-D nanostructures also
showed controlled surface charge, con-
trolled wettability, and quantum conduc-
tance and ballistic conduction.1�18 Many
methods have been developed to synthe-
size 1-D nanostructures, among which the
solution methods are the most commonly
used ones, which can be found in a recently
published review paper by Ozin et al.19

Many kinds of ultrathin 1-D nanostructures,
includingmetals, II�V and III�Vgroup semi-
conductors, etc., have been produced until
now. For example, Hyeon et al. reported the
synthesis of single unit cell thick samaria
nanowires and quantum well structured
CdSe nanoribbons.13 Liu et al. produced
ultrathin single-crystal ZnS nanowires with
diameters down to 1.2 nm.16 Wang et al.

synthesized ultrathin single-crystal ZnS
nanowires with an average diameter of
4.4 nm.17 Wang et al. synthesized ultrathin
InOOH nanowires with a diameter of about
2 nm and lengths up to 200 nm.18 Murray
et al. synthesized ultrathin PbSe nanowires
with diameters around 5 nm.20 Ultrathin Au
nanowires formed by the oriented attach-
ment reaction were reported by several
groups.21,22 Very recently, the high-tem-
perature vapor phase methods were also
developed to synthesize ultrathin 1-D na-
nostructures, which were able to produce

ultrathin nanostructures with better crystal-
linity and electronic properties.23,24 For ex-
ample, Lieber et al. reported the synthesis of
molecular-scale silicon nanowires using the
gold nanocluster-catalyzed vapor method.24

We previously reported the synthesis of ul-
trathin ZnO nanowires with diameters of
around 6 nm.4

Indium oxide (In2O3) is a wide band gap
transparent semiconductor with a direct
bandgap around3.6 eV and an indirect band
gap around 2.5 eV.25�27 It has been widely
used in electronic, optoelectronic devices,
such as transparent electronics, flat panel
displays, light-emitting diodes, solar cells,
and gas sensors. Over the past years, several
techniques have been developed to synthe-
size 1-D In2O3 nanostructures including na-
nowires, nanotubes, and nanobelts.28�40 For
instance, Ren et al. synthesized In2O3 nano-
wire networks via a vapor transport and
condensation process.29 Liang et al. synthe-
sized In2O3 nanofiberswith rectangular cross
sections via a rapid heating process.30 Zhou
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ABSTRACT Ultrafine one-dimensional (1-D) semiconducting nanostructures with diameters

below 10 nm are attracting great research attention. Using a laser-ablation chemical vapor

deposition (CVD) method, we reported the synthesis of single-crystal In2O3 nanowires with diameter

below 4 nm. The as-synthesized ultrathin In2O3 nanowires act as the ultrathin branches of

hierarchical In2O3 nanostructures and show fast photoinduced switching surface wettability

behaviors, and the contact angle decreased from 134.3 to 0� in 10 min. Transparent thin-film

transistors (TTFTs) were fabricated using the as-synthesized product, and the device conductance

was 1�2 orders higher than the average conductance of the In2O3 single nanowire devices,

revealing good opportunity in transparent electronics.
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et al. synthesized diameter-controlled In2O3 nano-
wires via a laser-ablation chemical vapor deposition
method.31 Yang et al. synthesized porous In2O3 nano-
tubes via a layer-by-layer assembly on carbon nano-
tube templates technique.33 Chern et al. reported the
synthesis of vertical In2O3 nanowires via an epitaxial
growth process.34 Meyyappan et al. produced In2O3

nanowires on a sapphire substrate.35 However, all of
these reported 1-D In2O3 nanostructures have dia-
meters beyond 10 nm, and to the best of our knowl-
edge, there is no report about ultrathin In2O3

nanowires with diameters less than 5 nm.
In this work, using a laser-ablation chemical vapor

deposition (CVD)method, we reported the synthesis of
single-crystal In2O3 nanowires with diameter below
4 nm. The as-synthesized ultrathin In2O3 nanowires
act as the ultrathin branches of hierarchical In2O3

nanostructures. In fact, hierarchical assembly of 1-D
nanostructures has become one of the hottest topics,
recently, due to the fact that hierarchical nanostruc-
tures may offer fundamental scientific opportunities
for investigating the influence of size and dimension-
ality with respect to their collective optical, magnetic,
and electronic properties and would provide possibi-
lities to probe brand new properties and applications
resulting from the spatial orientation and arrangement
of the 1-D building blocks.41,42 Our studies found that
the as-synthesized ultrathin nanostructures show fast
photoinduced switching surface wettability. Transpar-
ent thin-film transistors (TTFTs) were fabricated using
the synthesized product, revealing good opportunity
in transparent electronics.

RESULTS AND DISCUSSION

Ultrathin In2O3 nanowires were grown on In2O3

nanowire backbones, formed into hierarchical In2O3

nanostructures, via a one-step laser-ablation CVD
method using an InAs target. After synthesis, a wax-
like layer was found deposited on the silicon substrate.
The product was characterized by X-ray diffraction
(XRD), and the corresponding pattern is depicted in
the inset of Figure 1a. Except the peak marked with #
(coming from the silicon substrate), all of the other
detectable peaks can be indexed to In2O3 with cubic
phase (JCPSD Card, No. 65-3170), indicating the for-
mation of pure In2O3 product or the concentration of
the possible impurity is below the detection limit of the
XRD machine.
Figure 1a shows a general scanning electron micro-

scopy (SEM) image of the as-synthesized In2O3 nanos-
tructures. One-dimensional nanostructures were
found to deposit on a large scale. A higher-magnifica-
tion SEM image is demonstrated in Figure 1b. The as-
synthesized 1-D In2O3 nanostructureswere found to be
of hierarchical backbone branch structures. The back-
bone nanowires have diameters of around 20 nm and

lengths up to several tens of micrometers. Figure 1c
is a high-magnification SEM image of the ultrathin
In2O3 nanowire branches grown on the backbone
nanowire, where the ultrathin nanowires were found
to have very small diameters, smaller than 5 nm
according to the image.
To get more information on the obtained ultrathin

nanowires, transmission electron microscopy (TEM)
was performed. Figure 2a is a TEM image of the
ultrathin In2O3 nanowires. From the image, the nano-
wires were found to have diameters below 4 nm with
lengths up to 1 μm, indicating the formation of high
aspect ratio ultrathin nanowires. Figure 2b gives a
clearer TEM image of several typical as-synthesized
ultrathin In2O3 nanowires, indicating very small dia-
meters. Tens of as-synthesized nanowires were
checked, and the results indicate that more than 90%
of the nanowires have diameters below 4 nm
(Supporting Information, Figure S1), confirming the
formation of ultrathin nanowires. Figure 2c shows the
TEM image of the tip parts of several as-synthesized
ultrathin nanowires. From the image, we can clearly
see that dark nanoparticles were attached to their tips,
indicating the possible vapor�liquid�solid growth
mechanism.
High-resolution TEM (HRTEM) images of several

ultrathin In2O3 nanowires are shown in Figure 2d,e.
From these images, despite the ultrathin diameters of
the as-synthesized nanowires, they also have single-
crystalline nature, as illustrated by the well-resolved
lattice structure of an individual nanowire. The ob-
served lattice fringes in Figure 3d,e were calculated to
be around 0.25 nm, corresponding to the [100] plane of
cubic In2O3 phase. These results indicate that the
preferred growth direction of the ultrathin In2O3 na-
nowires is along the [100] orientation. Figure 2f shows
the TEM image of the junction part between the back-
bone nanowire and an ultrathin nanowire branch. The
resolved lattice fringe is calculated to be 0.25 nm for
both the backbone nanowire and the nanowire
branch, indicating that the growth direction for them
is [010] and [100], respectively. No obvious defect was
observed from the interface part from the image. To
get more clear information about the possible growth
mechanism, the composition and microstructures of
the nanoparticle and the ultrathin nanowire were
investigated in detail by using HRTEM. A higher-mag-
nification TEM image of the attached nanoparticle is
depicted in Figure 2g. Energy-dispersive X-ray spectro-
metry (EDX), detected by nanobeamwith a spot size of
20 nm, was used to check the composition of the
attached dark nanoparticle and the nanowire, respec-
tively. Figure 2h is the EDX spectra of the nanowire.
Besides the peaks of C and Cu (coming from carbon-
coated TEM grid), the presence of only In and O
indicates the formation of pure In2O3 phase. From
the spectrum, no peak from As was detected to the
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limit of our equipment, indicating that either there is
no As or the concentration of As is lower than the
detection limit of the TEMmachine. The EDX spectrum
of the attached nanoparticle is shown in Figure 2i,
which reveals that the nanoparticle is mainly com-
posed of Au. It confirms that the ultrathin nanowires
were governed by the VLS mechanism. The junction
part between the Au nanoparticle and the In2O3

nanowire was also studied, as depicted in Figure 2j
(obtained from the part framed in Figure 2g). The
observed lattice fringes from the ultrathin In2O3 nano-
wire and the Au nanoparticle were calculated to be
0.25 and 0.235 nmasmarked in the image, correspond-
ing to the [100] plane of cubic In2O3 phase and the
[111] plane of cubic Au phase, respectively.
Figure 2k is a TEM image of an individual backbone

In2O3 nanowire, which has a diameter of around 20 nm.
Au nanoparticle with a diameter of around 20 nm was
also observed to be attached to the backbone nano-
wire, also indicating that the backbone nanowireswere
governed by the VLS mechanism. The junction part
between the backbone In2O3 nanowire and the Au
nanoparticle was also studied by using HRTEM, and the
result is shown in Figure 2l. The calculated lattice
fringes from the backbone In2O3 nanowire and the

Au nanoparticle were also calculated to be 0.25 and
0.235 nm. Similar to the result from Figure 2g, the
lattices correspond to the [100] plane of cubic In2O3

phase and the [111] plane of cubic Au phase,
respectively.
From the above results, we can see that both the

backbone nanowires and the ultrathin nanowires are
governed by the VLS mechanism. The whole process
can be expressed as follows. During the reaction, InAs
was ablated and decomposed to generate In clusters/
droplets due to the high energy laser beam. The newly
generated In clusters/droplets were then oxidized by
the remaining oxygen to form In2O3 nanowires cata-
lyzed by 20 nm Au nanoparticles, resulting in the
formation of backbone nanowires with diameters
of ∼20 nm. At the same time, Au nanoparticles were
gradually evaporated and generated newAunanoclus-
ters, which then deposited on the newly formed back-
bone In2O3 nanowires. They acted as the catalysts for
the secondary growth of ultrathin In2O3 nanowire
branches. With prolonged reaction time, the density
of the ultrathin nanowires should gradually increase.
To confirm the speculation, we checked the intermedi-
ate products by collecting the samples at different
reaction times. Figure 3a,b shows the SEM results of

Figure 1. SEM images of the as-synthesized hierarchical In2O3 nanostructures, consisting of ultrathin In2O3 nanowires as the
branches. Inset is an XRD pattern of the product.

A
RTIC

LE

http://pubs.acs.org/action/showImage?doi=10.1021/nn2014722&iName=master.img-000.jpg&w=338&h=344


SHEN ET AL. VOL. 5 ’ NO. 8 ’ 6148–6155 ’ 2011

www.acsnano.org

6151

the samples after they were reacted for 25 and 45 min,
respectively. It clearly reveals that the density of the
branched ultrathin nanowires grown on the nanowire
trunks increased with prolonged reaction time, further
confirming the gradual deposition of Au nanoparticles
on the backbone nanowires as secondary catalysts. On
the basis of the above proposed growth mechanism,
we extended it to the synthesis of hierarchical In2O3

nanostructures in a conventional CVD system without
laser ablation. The results are shown in Figure S2 of the
Supporting Information. The backbone nanowires
were catalyzed by Au particles with large sizes, while
the branched nanowires were catalyzed by Au nano-
particles with diameters of around 100 nm.
The surface wetting behavior of nanostructured thin

films, especially nanowire films, has attracted great
interests in recent years.43�47 Contact angle (CA) was
usually measured to demonstrate whether the solid
surface is hydrophobic or hydrophilic. CA is thought to
be governed by two factors: the chemical composition

and the roughness of the surface. Herein, we also
investigated the surface wettability of the as-synthe-
sized ultrathin In2O3 nanowires. To exclude the effect
of possible contaminations in air, we measured the
contact angle in a clean room. Figure 4a shows a water
droplet shape on the nanowire films, revealing the CA
of 134.3�. The CA is much larger than that of smooth
In2O3 films with a CA of around 20�.40 According to
previous reports on nanowire films, it is thought that
the surface roughness of nanostructures contained
enough room to hold air in the troughs between
nanowires, thus resulting in the hydrophobic surface
properties.45

The photon-induced wettability conversion proper-
ties of the ultrathin In2O3 nanowires were further
explored. UV illumination was carried out using a UV
lamp with a wavelength of 254 nm. Figure 4 is the
photoinduced reversible wettability of the nanowire
film. It clearly reveals that, under UV irradiation, the CA
of the water droplet gradually decreased from 134.3 to

Figure 2. (a) TEM image of the ultrathin In2O3 nanowires. (b) TEM image showing the ultrathin diameters of around 4 nm.
(c) TEM image of several ultrathin nanowires, showing the attached nanoparticles. (d,e) HRTEM image of individual In2O3

nanowires, showing the formation of single-crystal nanowires. (f) HRTEM image showing the junction part between the
ultrathin nanowire branch and the nanowire backbone. (g) TEM image of a single nanowire, showing the attached
nanoparticle on its tip. (h,i) EDX spectra taken from the nanowire and the attached nanoparticles, revealing the formation of
In2O3, and the attachednanoparticle is Au. (j) HRTEM image taken from the interface part framed in panel g. (k) TEM imageof a
backbone In2O3 nanowire. (l) HRTEM image taken from the junction part between the backbone In2O3 nanowire and the
attached Au nanoparticle framed in panel k.
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0� in 10 min. According to previous reports, under UV
illumination, the surface roughness of nanoscale ma-
terials magnified the superficial acreage of In2O3 and
increased the chances of generation of electron�hole
pairs in the surface. Some of the holes could react with
lattice oxygen to form surface oxygen vacancies, which
are kinetically more favorable for hydroxyl (�OH)
adsorption, thus resulting in the wettability conversion
under UV illumination.43�47 The wettability conversion
from hydrophobic to hydrophilic of the present nano-
wires is much faster than that of aligned In2O3 nano-
wire arrays,47 which may be related to the ultrathin
diameters of the as-synthesized nanowires. After UV
exposure, the exposed ultrathin In2O3 nanowires were
stored in the dark for several hours, and it was found
that the wettability returns to hydrophobic again and
the cycles can be repeated. Figure S4 (Supporting
Information) is the cycle-related wettability changes

via UV illumination and dark storage, revealing rever-
sible wettability of the present nanowire films. The
phenomena can be explained by the replacement of
adsorbed hydroxyls by oxygen in air since oxygen
adsorption is thermodynamically more stable.19�21 It
makes the surfaces of the In2O3 nanowires return to the
initial state and the wettability of the films reconverts
to hydrophobic.
To get more information about the relationship

between the diameters and their corresponding con-
tact angles, we synthesized In2O3 nanowires with
diameters of 4, 20, 50, and 200 nm. Figure 5 shows
the SEM images of In2O3 nanowires with different
diameters and their corresponding CA values, which
are 143� for 4 nmnanowires, 129� for 20 nmnanowires,
88� for 50 nm nanowires, and 61� for 200 nm. The
results clearly revealed that the CA decreased with the
increase of the diameters of the nanowires. The differ-
ences in CA originated from the surface roughness of
nanostructure films. In2O3 nanowires with smaller dia-
meters contained more room to hold air in the troughs
between nanowires, thus resulting in the increase of
contact angles. The photon-induced wettability con-
version properties of In2O3 nanowires with different
diameters were also studied, which showed similar
trends with the change of CA for different nanostruc-
tures. That is to say, the bigger the diameter, the longer
the switching between hydrophobic and hydrophilic
behaviors. According to the above discussions, we
believed that it is related to the change of diameters.
With a wide band gap of around 3.6 eV, In2O3 has

great applications in transparent electronics because
of its high transparency in the visible light region.25�29

As an example, we demonstrate here the fabrication of
transparent thin-film transistors (TTFTs) using the pre-
sent ultrathin In2O3 nanowires grown on backbone
nanowires as the active device channel. Tomake TTFTs,
an ITO glass was used as the device substrate, which
was sputtered with a thin Al2O3 layer with 50 nm
thickness by an atomic layer deposition (ALD) method.

Figure 3. SEM imagesof the sampleafter reacting for (a) 25min
and (b) 45 min, respectively.

Figure 4. Photoinduced reversiblewettability of the In2O3 nanostructures. (a) Before and (b) after UV illumination. (c) Contact
angles obtained from different samples, showing the hydrophobic properties of the In2O3 nanostructures with an average
contact angle of about 135�. (d) Optical images showing the gradual decrease of water contact angles under UV illumination.
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The sputtered Al2O3 layer acts as the dielectric layer for
the transistor. The as-synthesized In2O3 nanostructures
were ultrasonicated in isopropyl alcohol (IPA) to yield
nanowire suspension, which was then dropped onto
the ITO glass substrate to form a nanowire thin film.
After being dried in vacuum, source and drain electro-
des were then patterned on the ITO glass by conven-
tional photolithography, followed by the ion-assisted
deposition of ITO. Figure 6a is an optical image of the
transparent device. The background photograph is
clearly visible through the transistor region, indicating
very good transparency. The device structure is de-
picted in Figure 6b, and a corresponding SEM image of
the device is also shown (Figure 6c), where hierarchical
nanowires were found gated by two electrodes. Op-
tical transmittance of the TTFTs was also measured,
and the data are shown in Figure 6d. It can be seen that
as-fabricated TTFTs show ∼80% optical transmittance

in the visible light range, confirming the good
transparency.
A schematic illustration of a typical TTFT device is

shown in the inset of Figure 7a. The channel width of
the device is around 2 μm. The electronic transport
behavior of as-fabricated TTFTs was also measured.
I�V curves of the device were recorded by sweeping
the gate voltage from�20 to 20 Vwith a step of 10 V, as
plotted in Figure 7a. From the data, one can see that
with substantially increased current channels, the

Figure 6. (a) Optical photograph of the fabricated device,
showing very good transparency. (b) Optical images show
the geometric layout of the transparent TFT devices. (c) SEM
image of a device. (d) Optical transmittance of ITO glass
substrates and the TTFTs.

Figure 5. Comparison of contact angles for In2O3 nanowires with different diameters.

Figure 7. Current�voltage data recorded from a TTFT built
on the thin film of hierarchical In2O3 nanostructures. The
curves correspond to the gate voltage from �20 to 20 V
with a stepof 10V. (a) IDS�VDS curves and (b) IDS�VG transfer
curves. Inset is a schematic illustration of the device
structure.
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transistor showed enhanced conductance, indicating
typical n-type semiconducting behavior. The conduc-
tance is measured to be about 10.8 μS at VG = 20 V,
8.4 μS at VG = 0 V, and 5.9 μS at VG =�20 V. The values
are 1�2 orders higher than the average conductance
of the In2O3 single nanowire devices,

23 whichmake the
ultrathin In2O3 nanowire-based TFTs more suitable for
high-performance device applications than single
nanowire devices. Compared with a single nanowire
device, it was found that the sensitivity to electrostatic
gating of the current TTFTs was significantly sup-
pressed. This can be clearly observed in the I�VG curve
shown in Figure 7b, where themaximum transconduc-
tancewas calculated to be around 0.006 μS and the on/
off ratio is around 2. The significantly reduced gating
effect might stem from the fact that each TTFT device
consisted of a large number of hierarchical In2O3

nanowires. Both the backbone nanowires and the
ultrathin nanowire branches tend to lay atop each
other, which resulted in the fact that the gate depen-
dence is weakened due to the increased average
gate�nanowiredistance. Similar resultwasalsoobserved
by other researchers when they tried to fabricate
multiwire devices.48,49 We believe that such effect
may be applied to make high-performance devices,
such as chemical sensors in terms of high stability.

In fact, Zhou et al. had already demonstrated that
multi-nanowire devices with reduced gate effect
worked for high-performance chemical sensors, which
were able to detect N2 down to 5 ppb level.50 Besides,
the hierarchical structure of the product made the
device fabrication much easier than single nanowires,
and the device yield is much better than previously
reported single nanowire transistors.28,50

In summary, we successfully synthesized ultrathin
In2O3 nanowires with diameters below 4 nm. As-
synthesized ultrathin nanowires were found grown
on backbone nanowires via a Au migrating catalyzed
VLS process. Surface wettability studies showed the
hydrophobic behavior with an average CA of about
135�. Besides, the ultrathin nanowires exhibited much
faster photoinduced reversible surfacewettability from
hydrophobic to hydrophilic than their bulk counter-
part. Transparent transistors were built on the pro-
duced nanostructures, showing a good transparency
of around 80% in the visible light region. Due to the
hierarchical nature and the ultrathin diameters of the
produced samples, the device yield was found to be
around 100%. Our results suggest that the current
ultrathin In2O3 nanowires may find applications in
transparent electronics, high-performance chemical
sensors, and so on.

EXPERIMENTAL SECTION
Ultrathin In2O3 manowires were grown on In2O3 nanowire

backbones via a laser-ablation chemical vapor deposition
method. An InAs tablet was used as the ablation target, and
Si/SiO2 wafer was used as the collecting substrate, which was
cleaned in acetone and isopropyl alcohol and then coated with
Au nanoparticles (20 nm in diameter) serving as the catalysts for
the growth of the backbone nanowires. Silicon substrate was
loaded into the middle part of a quartz tube of a furnace, and
the target was placed at the upper entrance of the furnace. The
system was first pumped to eliminate oxygen in the reaction
system, and then pure Arwas flown through the system at a rate
of 150 sccm. A pulsed Nd:YAG laser with a repetition rate of
10 Hz and a pulse power of 1.0 W was used. During the laser-
ablation process, the chamber was maintained at 770 �C under
atmospheric pressure, and the reaction time was 45 min. After
synthesis, a wax-like layer was found to be deposited on the
silicon substrate.
The product was characterized using an X-ray powder diffract-

ometer (RINT 2200), a Hitachi field-emission scanning electron
microscope (SEM, S-4800), and a JEOL field-emission transmission
electron microscope (TEM, JEM-2010). The surface wettability was
investigated by measuring the water contact angle by an SL200B
contact angle system (Solon Technology Science Co., Ltd.) at
ambient pressure and room temperature. The transparency of
the fabricatedTTFTswasmeasuredbyusingaUV/vis spectrometer
(UV-2550, Shimadzu). The electronic properties of as-fabricated
nanowire TTFTs were examined by using an Agilent 4156 B
semiconductor parameter analyzer.
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