
Photoresponse of indium oxide particulate-based thin films fabricated using milled nanorods

grown by the self-catalytic vapor–liquid–solid process

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2012 Semicond. Sci. Technol. 27 045005

(http://iopscience.iop.org/0268-1242/27/4/045005)

Download details:

IP Address: 128.113.122.141

The article was downloaded on 20/04/2012 at 21:59

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0268-1242/27/4
http://iopscience.iop.org/0268-1242
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING SEMICONDUCTOR SCIENCE AND TECHNOLOGY

Semicond. Sci. Technol. 27 (2012) 045005 (6pp) doi:10.1088/0268-1242/27/4/045005

Photoresponse of indium oxide
particulate-based thin films fabricated
using milled nanorods grown by the
self-catalytic vapor–liquid–solid process
L Qin, P S Dutta and S Sawyer

Electrical, Computer, and Systems Engineering Department, Rensselaer Polytechnic Institute, Troy,
NY 12180, USA

E-mail: ssawyer@ecse.rpi.edu

Received 28 November 2011, in final form 30 January 2012
Published 22 February 2012
Online at stacks.iop.org/SST/27/045005

Abstract
Indium oxide (In2O3) nanorods were grown on silica substrates by using the self-catalytic
vapor–liquid–solid growth process. The photoresponse of the nanorods was compared to that
of the thin film, tin-doped indium oxide (ITO). The nanorods demonstrated a
wavelength-dependent photoresponse with high responsivity of 1.82 A W−1 at 405 nm. In
contrast, the conductive ITO thin film did not show a photoresponse to light. Analysis results
showed that different surface states of materials as well as doping in ITO contributed to the
significant difference in the photoresponse of samples.

(Some figures may appear in colour only in the online journal)

1. Introduction

Indium oxide (In2O3) is an amphoteric oxide of indium
with bixbyite-type cubic crystals. Its documented bandgap
value has recently been revised from the old value 3.7
to 2.9 eV [1, 2]. As an intrinsic n-type semiconductor,
In2O3 has been used as a resistive element in integrated
circuits and heterojunction structure with indium phosphide
(InP) and gallium arsenide (GaAs) [3]. In combination with
tin dioxide (SnO2), In2O3 forms tin-doped indium oxide
(ITO), a material used for transparent conductive coatings.
The performance of In2O3 as a conductive material is well
studied. However, its semiconductor properties are not fully
understood. Many previous studies mainly focused on the
preparations and optical properties (especially light emission)
of In2O3 nanomaterials due to their beneficial properties,
such as quantum confinement effect, high surface area to
volume ratio, better absorption than bulk material and high
quantum efficiency [4–6]. Currently, electrodeposition by
anodic alumina nanoporous structure templates, laser ablation
and sol–gel techniques have been used in the synthesis of
In2O3 nanostructures [1, 4–6]. Research on electrical and
optical properties of In2O3 nanomaterials is growing [7–12];

however, the photoelectric performance of In2O3, to the best
of our knowledge, has not been studied yet.

In this paper, In2O3 nanorods are synthesized by the
self-catalytic vapor–liquid–solid (VLS) growth process. The
photoresponse characteristics of In2O3 nanorods are measured
and compared to those of In2O3 thin films with different
conductivities. The following analysis shows that surface
states in the nanorods cause a change in the Schottky
barrier height resulting in a difference in the photoresponse
performance.

2. Sample preparation

The In2O3 synthesis using a VLS technique was carried out at
1200 ◦C in continuously flowing oxygen ambient in a tubular
furnace. The precursors used for the growth of nanorods
were high purity (7N pure) indium films coated around a
silica (quartz) tube. The entire growth process occurred within
3–4 h after the furnace reached the growth temperature of
1200 ◦C. At the end of the growth process, loosened yellow
colored In2O3 nanorods were grown along the silica tube. The
XRD pattern of as-grown nanorods was taken by a Bruker
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Figure 1. XRD patterns of as-grown In2O3 nanorods.

Figure 2. SEM images of In2O3 nanorods before and after grinding
(inset).

D8 Discover x-ray diffractometer, as shown in figure 1. The
crystalline peaks match with the diffraction data of cubic
indium oxide (AMCSD 0017267, a = b = c = 10.12 Å,
α = β = γ = 90◦) of high purity. It confirms that the as-grown
nanorods are indeed In2O3.

The structure and morphology of the In2O3 nanorods
were then further analyzed by using a Carl Zeiss Ultra 1540
dual beam scanning electron microscope with an accelerating
voltage of 5 kV. The images are shown in figure 2, from which
we can see that the as-grown nanorods have a wide range
distribution in size and length. To prepare shorter nanorods
to better deposit onto any substrate for electrical and optical
measurements, the synthesized nanorods were ground. After
grinding (inset of figure 2), the nanorods were broken into
smaller rods significantly, but more surface defects were
introduced during the grinding. An attempt to eliminate some
of those surface defects was made through annealing in air at
1200 ◦C for 2–6 h.

Table 1. Parameters of LEDs used in the experiment.

Peak wavelength Total optical power
(nm) within active area (mW)

280 nm 0.3364
340 nm 0.2168
405 nm 0.0358
470 nm 0.0237

The nanorods were then divided into three batches. The
first batch (sample A) was dispersed in DI water, coated onto
the quartz substrate and then naturally dried in air. A thin film
with uniformly distributed In2O3 well attached onto the quartz
was formed. The second (sample B) and the third (sample C)
batches were dispersed in a polyvinyl alcohol (PVA) solution
(at 100 ◦C) with a weight ratio of In2O3 to PVA equal to 100:1
and 10:1, respectively. These mixtures were deposited onto
quartz substrates and dried in air. Sample B produced a thin
film with non-uniform distribution of In2O3 though the thin
film attached well to the quartz substrate. Sample C produced
a uniform plastic thin film with In2O3 uniformly distributed, but
the film was completely separated from the quartz substrate. A
picture of the three samples is shown in figure 3(a). The surface
morphology and particle distribution of the three samples are
shown in the SEM images in figure 3(b).

3. Results and discussion

UV–Vis absorption spectra were recorded using a Shimadzu
UV–Vis 2550 spectrophotometer in the wavelength range
of 200–800 nm. As demonstrated in figure 4, the cut-off
wavelengths of In2O3 nanorods before and after grinding are
the same, about 425 nm (2.9 eV), which is also the same
wavelength as that of bulk material. The In2O3 nanorods
after grinding exhibit an increase in the absorption intensity
since smaller size materials are easily attached to and more
uniformly distributed onto the quartz substrate.

As shown in the inset of figure 5(a), point contact
current–voltage (I–V) characteristics and the time-resolved
photocurrent of samples were measured using a HP4155B
semiconductor parameter analyzer under dark and illumination
conditions at room temperature in air. The light sources used
were light-emitting diodes (LEDs) with parameters listed in
table 1. The active areas of samples were 0.007 85 cm2.
Figures 5(a)–(d) represent the typical I–V curves of samples
A, B, C and ITO, respectively, with cut-off wavelength at
300 nm which is shown in the inset of figure 5(d). Figure 5(e)
shows a rough spectral responsivity of sample A biased
at −20 V based on the information given by figure 5(a).

The nonlinear I–V responses in figures 5(a)–(c) show
signatures of rectifying effects between the In2O3 nanorods and
the tungsten needles of the semiconductor parameter analyzer.
This rectifying behavior decreases as the conductivity of
sample increases (due to the presence of PVA connecting the
nanorods, as shown in figures 1(b) and (c)). The contacts
between ITO and tungsten are ohmic as expected. These
results indicate that the current conduction mechanism in ITO
is different from that in samples A, B and C.
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(a)

(b)

Figure 3. (a) Picture and (b) SEM images of samples A (In2O3), B (In2O3 : PVA = 100:1) and C (In2O3 : PVA = 10:1) (from left to right).

Figure 4. Absorption spectra of In2O3 nanorods demonstrate a
cut-off wavelength at 425 nm (2.9 eV).

One important parameter to represent the rectified effect
of Schottky contact is the barrier height φB. Based on the
thermal emission assumption, the barrier height is given by

φB = −kT

q
ln

(
Is

AA∗T 2

)
, (1)

where Is is given by the average dark currents when the applied
voltage is 0 [13]. The active area A is 0.007 85 cm2. The
Richardson constant of In2O3 is given by

A∗ = 120 α
me

m0

(
A

cm2 K2

)
, (2)

where α is an empirical factor on the order of unity, me is the
effective mass of In2O3 and equals 0.3m0. Assuming that the
empirical factor is 1, for sample A, the barrier height is 0.95
eV which is listed in table 2 with the results of other samples.

For sample A, significant differences between the dark
current and photogenerated currents are observed. With 280
nm LED illumination, the ratio of photogenerated current to

Table 2. Comparison of the results of three In2O3 samples and ITO.

Sample Sample Sample
Parameters A B C ITO

Barrier height 0.95 0.86 0.76 0
(eV)
Dark current at −1.8 −40 −9000 −1.286 × 108

−20 V bias (nA)
Photogenerated 470 nm 3.2 6 No response
current to dark 405 nm 36.3 15
current ratio, 340 nm 82 12
at−20 V bias 280 nm 120 12

dark current (on/off ratio) is about 120 at –20 V bias. The ratios
of different samples under different illumination situations are
listed in table 2. In addition, the wavelength-dependent rough
spectral response of sample A is observed, with responsivity
as high as 1.82 A W−1 (biased at −20 V) under 405 nm LED
illumination.

For sample B, at −20 V bias, the dark current increases
to 40 nA compared to 1.8 nA of sample A, although the
photogenerated currents are still hundreds of nanoamperes.
The photogenerated current to dark current ratios of sample B
are significantly reduced.

For sample C, nonlinear I–V curves are still observed
as shown in figure 5(c), although the rectification behavior
becomes less significant. In this case, the dominant current
conduction mechanism over the barrier by thermal emission is
accompanied by tunneling through the barrier. This effectively
reduces the barrier height as shown in the following analysis.
In addition, there are no significant photogenerated currents
and the dark current of sample C increases to 9 μA at −20 V
bias.

For commercial ITO-coated quartz with sheet resistance
about 30 � cm−2, the linear I–V plot indicates that a good
resistance element is shown in figure 5(d) and the barrier height
here is zero. The tunneling model is dominating in this sample
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(a) (b)

(c) (d )

(e)

Figure 5. I–V plot of (a) sample A (In2O3), (b) sample B (In2O3: PVA = 100:1), (c) sample C (In2O3: PVA = 10:1) and (d) ITO with
absorption curve in the inset, and (e) the rough spectral responsivity of sample A. The inset in (a) is the schematic structure for the I–V
measurement.

instead of the thermal emission model. The dark current of
ITO increases to 6.43 mA when the bias is −1 V. Also no
significant photoresponse is observed.

In the order of samples A, B, C and ITO, the dark current
increases notably, the samples become more resistive and the
photoresponse becomes less significant until it disappears. The
Schottky barrier formation mechanism in these samples is
under investigation. A schematic diagram of the change of
barrier height among these samples is shown in figure 6. It
appears that imperfections at the semiconductor surface as
well as the capping layer such as PVA play an important

role during contact formation. Here, the imperfection of
In2O3 nanorods helps to form the Schottky contacts and creates
a MSM photodetector with significant photoresponse. When
the barrier heights are lowered like in sample C or commercial
ITO, the dark currents become large and dominate the total
current even when they are under illumination of LEDs, so the
small photogenerated currents are not noticeable compared
to large dark currents. Besides that, the high surface area to
volume ratio of nanorods increases the absorption of light
over traditional bulk or epitaxial grown materials. Hence, the
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Figure 6. Schematic diagram of the Schottky barrier height of
samples A (In2O3), B (In2O3: PVA = 100:1), C (In2O3: PVA = 10:1)
and ITO.

Figure 7. Time-resolved photocurrent of In2O3 nanorods.

detector sensitivity can be enhanced by using nanorods as
opposed to thin films or bulk materials.

As indicated in figure 7, at 20 V bias, the time response
of sample A is close to the reported value [14–16] of more
than 35 s. The rising time follows exponential law with
a time constant of 48 s. The falling time consists of two
exponentials including a fast and slow component with time
constants of 35 and 250 s, respectively. The long time response
precludes it from high-speed applications. This is a common
problem of nanomaterial photodetectors [14–21]. In these
devices, the oxygen is absorbed and catches the free electron
to form ionized oxygen on the surface of nanomaterials.
When light within the band gap of material illuminates the
thin film formed by nanomaterials, part of photogenerated
holes neutralize the ionized oxygen and release oxygen, while
the other photogenerated carriers are collected by the terminals
under the electrical field created by the applied voltage. The
absorption and release process of oxygen in the surface of
nanomaterials is very slow, which dominates the time response
of these detectors. But the high ratio of photocurrent to dark
current is very attractive for high-sensitivity optical sensors.

In addition, completely depleted vertical Schottky device
structures have been studied to increase the time response
while maintaining the good photoconductive performance of
nanoparticle photodetectors [22].

4. Summary

In conclusion, the photoresponse of In2O3 nanorods has been
studied. The results show that the surface of nanorods plays
an important role in the formation of Schottky contact and
the absorption of light, which contributes to the significant
photoresponse of nanorods compared to thin film and bulk
materials. The rough responsivity of In2O3 nanorods in the
wavelength range of 280–470 nm has been observed. Although
the time response needs to be significantly improved for
use in high-speed applications, the wavelength-dependent
photocurrent as well as the high ratio of photocurrent to dark
current is very attractive for the design of high-sensitivity
optical sensors.
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