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ABSTRACT: Solution-processed In2O3 thin-film transis-
tors (TFTs) were fabricated by a spin-coating process using
a metal halide precursor, InCl3, dissolved in acetonitrile. A
thin and uniform film can be controlled and formed by
adding ethylene glycol. The synthesized In2O3 thin films
were annealed at various temperatures ranging from 200 to
600 �C in air or in an O2/O3 atmospheric environment. The
TFTs annealed at 500 �C under air exhibited a high field-
effect mobility of 55.26 cm2 V�1 s�1 and an Ion/Ioff current
ratio of 107. In2O3 TFTs annealed under an O2/O3 atmo-
sphere at temperatures from 200 to 300 �C exhibited
excellent n-type transistor behaviors with field-effect mobi-
lities of 0.85�22.14 cm2 V�1 s�1 and Ion/Ioff ratios of
105�106. The annealing atmosphere of O2/O3 elevates
solution-processed In2O3 TFTs to higher performance at
lower processing temperature.

Transparent oxide semiconductors have been studied exten-
sively as active layers in thin-film transistors (TFTs). Oxide-

based semiconductors have performance advantages relative to
hydrogenated amorphous silicon and organic semiconductors.1

However, most oxide TFTs are fabricated by vacuum deposition
techniques such as pulsed laser deposition and radio-frequency
magnetron sputtering. Recently, a great deal of effort has been
devoted to the advancement of solution-processed oxide
semiconductors.2 In our previous work, we developed a general
chemistry capable of forming high-mobility metal oxidematerials
as channel layers for TFTs.1d,2b,2c,2i However, the reported
process used a high-temperature annealing step. In order to
fabricate solution-processed oxide TFTs on flexible polymeric
substrates, it is desirable to reduce the process temperature and
enable greater process flexibility due to the lower thermal budget.

Indium oxide exhibits a variety of electrical properties, including
metallic, semiconducting, and insulating characteristics depending
on stoichiometry and defects in the material. Indium oxide is an
insulator in its stoichiometric form, In2O3. However, it is an n-type
semiconductor in the oxygen-deficient form In2O3�δ. With increas-
ing oxygen deficiency, it acquires metallic characteristics. Indium
oxide has high optical transparency with wide band-gap values bet-
ween 3.5 and 4 eV. Because of these properties, the electronic device
characteristic of indium oxide can be tuned by controlling defects
in thematerial, including oxygen vacancies and indium interstitials.

A variety of techniques have been used for the preparation of
high-quality indium oxide thin films, including evaporation,3

sputtering,4 spray pyrolysis,5 atomic layer deposition (ALD),6

ion-assisted deposition (IAD),7 pulsed laser deposition (PLD),8

and plasma-enhanced chemical vapor deposition (PECVD).9

Recently, there have been efforts to fabricate transparent oxides
via solution-based processes.2 Lee et al.2b reported a general and
low-cost solution route for the fabrication of high-mobility metal
oxide semiconductors. A variety of thin-film metal oxide semi-
conductors including binary compounds (ZnO, In2O3, SnO2,
Ga2O3), ternary compounds (ZIO, ITO, ZTO, IGO), and
quaternary compounds (IZTO, IGZO) have been fabricated
successfully using this route.10 Here we report a novel annealing
strategy that results in high-performance TFTs using solution-
processed In2O3 channel layers at lower temperatures. The effect
of the annealing atmosphere on the In2O3 film's optical, mor-
phological, chemical, and electrical properties as well as the TFT
performance was studied. High-performance indium oxide TFTs
were successfully fabricated at low temperatures (<250 �C).

The In2O3 precursor solution was prepared using InCl3 and
ethylene glycol (EG) in acetonitrile. InCl3 was dissolved in
acetonitrile at 0.05 M, and EG was subsequently added. We
found that EG enhanced the formation of thin, uniform films. An
EG/acetonitrile volume ratio of 1:50 was used in these studies.
Both microscope glass slides and oxidized silicon substrates were
used for fabricating In2O3 thin films. The synthesized In2O3 thin
films were annealed at various temperatures from 200 to 600 �C
under different atmospheric conditions, including air andO2/O3.
The In2O3 active layers were patterned to avoid fringing current
artifacts. The detailed fabrication procedure for the indium oxide
TFTs is illustrated in Figure 1 and described in the the Support-
ing Information.

In2O3 thin films annealed in air or under an O2/O3 atmo-
sphere were amorphous as determined by X-ray diffraction
(XRD), similar to other oxide semiconductors fabricated using
the same route.2e,f The spin-coated In2O3 thin films showed very
uniform morphologies, with an average roughness of 0.27 (
0.04 nm as measured by tapping-mode atomic force microscopy
(AFM) (Figure S1 in the Supporting Information). They were
highly transparent in the visible wavelength range with a trans-
mittance larger than 98%; optical band gap and transmittance
data for films annealed under different atmospheres at tempera-
tures are shown in Figure S2. The band-gap values for films
annealed in O2/O3 (3.5�3.7 eV) were found to be slightly lower
than the values for films annealed in air (3.7 � 3.85 eV). X-ray
photoelectron spectroscopy (XPS) O 1s spectra (Figure 2a)
could be deconvoluted into two peaks, one located at 530.6 eV
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and the other at∼532.8 eV. Prior studies of In2O3 suggested that
the peak at 530.6 eV corresponds to O2� ions with neighboring
indium atoms having their full complement of six nearest-
neighbor O2�.11,12 The peak at higher binding energies near
533 eV corresponds to O2� at an oxygen-deficient indium site or
to a hydroxyl group.11,12 The In/O atomic ratios of films annealed in
air and ozone at 300 �Cwere investigated, and the results are shown
in Table S1 in the Supporting Information. Comparison of the
ratio of the O 1s peaks at 530.6 eV for films annealed in ozone and
air indicated that the films annealed in ozone have more oxygen
with such binding. In contrast, films annealed in ozone have
larger total In/O ratios than those annealed in air, as shown in
Table S1 and Figure 2b,c. An O 1s peak shift at binding energy

near 533 eV was found for comparing films annealed in air and
ozone (Figure 2a). The O 1s peak of films annealed in ozone at
533 eV indicates that these films contain more oxygen-deficient
sites than films annealed in air, which have more hydroxyl groups
and fewer oxygen-deficient sites. The XPS results suggest that
the films annealed in O2/O3 contain more fully coordinated
indium sites with six nearest-neighbor oxygens andmore oxygen-
deficient sites, and the air-annealed films contain less fully
coordinated indium sites and more hydroxyl groups. Figure 2b,
c also shows that the highest-mobility TFTs have an In/O atomic
ratio of∼0.8 under both sets of annealing conditions, indicating
that ozone annealing leads to lower processing temperatures with
high performance in TFT fabrication. This is a very interesting
finding, but it is not yet fully proven.

The TFT performance was characterized in an ambient
environment. Shown in Figure 2b,c are the resulting field-effect
mobilities for devices annealed under different atmospheric
conditions and temperatures of the TFT with a patterned
In2O3 active layer. The indium oxide TFTs show good gate-
modulated transistor characteristics for films annealed in air for
temperatures between 300 and 600 �C. The highest mobility of
55.26 cm2 V�1 s�1 along with an excellent Ion/Ioff current ratio of
107, was achieved for indium oxide films annealed in air at
500 �C, as shown in Figures 2b and 3a,c. The TFTs fabricated
from In2O 3 films annealed in oxygen-rich atmosphere (i.e.,O 2/O3)
also demonstrated excellent output and transfer characteristics,
with a highmobility of 22.14 cm2 V�1 s�1 along with an excellent
Ion/Ioff ratio of 106, as shown in Figures 2c and 3b,d. The
thickness of films annealed under different atmospheric condi-
tions at various temperatures was investigated by cross-sectional
transmission electron microscopy (TEM), and TEM images are
given as insets in Figure 3c,d. The observed difference in the
thickness of these films is likely caused by the different annealing
temperatures. The film annealed at a higher temperature (i.e.,
500 �C) is thinner than the film annealed at a lower temperature
(i.e., 280 �C). We plan to perform additional physical and
chemical characterizations to further understand the cause and

Figure 1. Schematic illustration of the fabrication of TFT devices: (a) film
deposition by a spin-coating process; (b) annealing under different
atmospheric conditions; (c) patterning of the photoresist layer and
etching of the In2O3 thin film; (d) deposition of source and drain
electrodes by Al evaporation.

Figure 2. (a) O 1s XPS spectra of the In2O3 thin films annealed in air
and an O2/O3 environment at 300 �C for 2 h. The oxygen amounts at
530.6 eV for annealing in air and O2/O3 were 63.4 and 71.3 atom %,
respectively, giving an air/ozone ratio of 0.889. (b, c) Total In/O atomic
ratios and field-effect mobilities as functions of annealing temperature
(b) in air and (c) in anO2/O3 atmosphere. The In/O atomic ratio was∼0.8
at the highest point, which presents the lowest oxygen ratio and indicates
the highest mobility under both sets of atmospheric conditions).

Figure 3. (a, b) Output and (c, d) transfer characteristics of In2O3

TFTs for devices annealed (a, c) at 500 �C under air and (b, d) at 280 �C
under O2/O3. The insets in (c) and (d) show TEM cross-sectional
images of films annealed under each set of conditions.
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nature of this difference. The corresponding device character-
istics are summarized in Table S2 forVds = 40 V. A comparison of
the device performance of In2O3 films annealed in air and O2/O3

at 300 �C is presented in Figure S3. The TFTs fabricated from
indium oxide thin films annealed under an O2/O3 atmosphere at
temperatures lower than 300 �C showed excellent n-type transistor
behavior with a field-effect mobility as high as 22.14 cm2 V�1 s�1

and an Ion/I off ratio of 10
5�106. The lowest processing tempera-

ture for indium oxide TFTs that showed reasonable field-effect
properties (μ FE = 0.85 cm2 V�1 s�1, Ion/Ioff ratio = 105) was
achieved by annealing under an O2/O3 atmosphere at 200 �C.

The output and transfer characteristics of an indium oxide
TFT annealed in O2/O3 at 230 �C are shown in Figure 4a,b. This
low-temperature-fabricated indium oxide TFT had a mobility of
1.05 cm2 V�1 s�1, an Ion/Ioff ratio of 106, and a positive Von,
which are well-suited for TFT LCDs (see Figure S4 for Von as
function of annealing temperature under air and O2/O3).
Recently, Jeong et al.12 reported the effect of oxygen deficiencies
and the role of gallium in dramatically lowering the processing
temperature for solution-derived indium zinc oxide TFTs. A
field-effect mobility of 0.05 cm2 V�1 s�1 and Ion/Ioff ratio of 10

5

were achieved for IGZO TFTs at a processing temperature of
250 �C.12 Kim et al.2f reported high-performance solution-pro-
cessed indium oxide TFTs for which a field-effect mobility of up
to 0.7 cm2V�1 s�1 and an Ion/Ioff ratio of 10

6 were achieved using
a combination of solution-processed intrinsic In2O3 (400 �C air
annealing) and SiO2 as a gate dielectric layer. In contrast, a field-
effect mobility of up to 43.7 cm2 V�1 s�1 and an Ion/Ioff ratio
of 106 were achieved when high-k organic nanodielectrics were
used as a gate dielectric layer. These results suggest that further
improvements in TFT performance can be achieved for these
low-temperature solution-processed indium oxide thin films by
optimizing the semiconductor/dielectric layers and interfaces.

In conclusion, high-performance solution-processed indium
oxide TFTs were successfully fabricated. Field-effect mobilities as

high as 55.26 cm2 V�1 s�1 were achieved, which is significantly
higher than those for other solution-processed semiconductors
and even higher than previously reported vacuum-processed
indium oxide TFTs using SiO2 as a gate dielectric layer.

7,9 More
importantly, TFTs fabricated from In2O3 films annealed at
lower temperatures (<250 �C) under an oxygen-rich atmosphere
(i.e., O2/O3) also showed good output and transfer character-
istics. This work demonstrates a general low-temperature solu-
tion route for fabrication of transparent oxide TFTs.
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