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a b s t r a c t

We report on the fabrication of bottom-gate thin-film transistors (TFTs) using indium-oxide (In2O3) thin
films as active channel layers. The films were deposited on thermally grown silicon dioxide (SiO2)/n-type
silicon (Si) at room temperature (RT) by radio-frequency (RF) magnetron sputtering. The effect of depo-
sition pressure on the performance of In2O3-TFTs was investigated in detail. A significant improvement of
the device performance was observed for In2O3-TFTs with the decrease of the working pressure, which is
attributed to enhanced densification, better surface morphology of the In2O3 channel layers prepared at
lower deposition pressure. The fabricated TFT with optimal device performance exhibited a field-effect
mobility (lFE) of 31.6 cm2 V�1 s�1, a drain current on/off ratio of �107, a low off drain current of about
10�10 A and a threshold voltage of 7.8 V. Good device performance and low processing temperature make
the In2O3-TFTs suitable for the potential applications in the transparent electronics.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Very recently the development of TFTs based on transparent
oxide semiconductors (TOSs) such as zinc oxide (ZnO), tin dioxide
(SnO2), indium–zinc oxides (IZO), indium–gallium–zinc oxide
(IGZO) [1–6] and other transparent oxides have attracted consider-
able attention from researchers. The main advantages of TOSs used
as active channel layers are their high electron mobility and good
transparency in the visible spectral region. These excellent features
make TOSs a promising candidate for replacing amorphous and
poly-silicon thin films that have been widely used as the channel lay-
ers in active matrix liquid crystal displays (AMLCDs). Furthermore,
owing to low processing temperature of TOSs, TFTs based on TOSs
also show potential applications in the transparent flexible electron-
ics. ZnO, a well-known representative of TOSs, has been recognized
as a suitable material for TFTs. In order to optimize device perfor-
mance, ZnO-TFTs have been widely studied via various processing
techniques such as substrate heating, post-rapid thermal annealing
(RTA) treatment and so on [7–9]. In2O3 is also a typical TOS material
with a direct wide band gap of about 3.6 eV. In particular, the bottom
of the conduction band of In2O3 consists of single free electron-like

band of In 5s states hybridized with highly dispersed O 2s states,
while the valence band edge arises from the O 2p states hybridized
with In 5d states. This unique band structure results in uniform dis-
tribution of the charges that reduces the scattering to a minimum
[10], which makes the In2O3 thin films exhibit high intrinsic mobil-
ity. These merits make In2O3 a more promising candidate to be used
in practical transistors. Wang et al. [11] have reported high-perfor-
mance transparent inorganic–organic hybrid n-type TFTs. In2O3 thin
films were grown by ion-assisted deposition. Dhananjay et al.
[12,13] have prepared In2O3 thin films by reactive evaporation of in-
dium in ambient oxygen. The effect of various annealing treatments
on the conductivity of the films for TFTs has been investigated. Wang
et al. [14,15] have reported on the fabrication of In2O3-TFTs by reac-
tive ion beam assisted deposition and conducted an investigation of
material properties as a function of primary deposition parameters
such as ion flux and deposition rate. Regarding all these cases, there
are few investigations of device performance as a function of work-
ing pressure. In fact, it is well known that working pressure, as one of
the main deposition parameters, has crucial effect on device
performance. In this paper, we report on the fabrication and
characterization of In2O3-TFTs. In2O3 channel layers were deposited
on thermally grown silicon dioxide (SiO2)/n-type silicon (Si) at room
temperature (RT) by radio-frequency (RF) magnetron sputtering.
Herein, the emphasis of this work is to study the effect of deposition
pressure of In2O3 channel layers on the performance of In2O3-TFTs.
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2. Experimental details

A typical bottom gate structure was used for the fabrication of
In2O3-based TFTs. N-type Si(111) coated with a thermally grown
300 nm thick SiO2 layer (capacitance per unit area Ci = 10 nF/cm2)
was selected as substrate. Si (q < 0.01 X cm) and SiO2 acted as gate
and gate dielectric layer, respectively. Indium was welded to n-type
Si substrate as gate electrode by removing some part of SiO2 layer.
The contact between n-type Si and In electrode pad was confirmed
to be ohmic contact. The In2O3 active layers were deposited on
SiO2/n-type Si substrates by a RF magnetron sputtering (ULVAC
JSP-8000) using a commercially available 2 in. undoped In2O3 target
(4 N) at RT. Before depositing the films, the substrates were ultra-
sonically cleaned with acetone, ethanol and deionized water for
30 min in each solution. Sequentially, the In2O3 target was pre-sput-
tered with a RF power of 100 W for 20 min in order to clean the tar-
get surface. Prior to deposition, the chamber was evacuated to
�10�4 Pa. In this work, four samples were prepared, marked as A,
B, C, and D. A, B and C samples were deposited for 50 min with a
RF power of 100 W at the same Ar/O2 flow rate ratio (3/1) but with
various total gas-flow rate of 14 sccm, 10 sccm, and 6 sccm (corre-
sponding to the total deposition pressure of 0.65, 0.45, 0.25 Pa),
respectively. The D sample was deposited for 35 min at the same
deposition condition as C. Some main deposition parameters are
summarized in Table 1.

After deposition of the In2O3 channel, Ti/Au (50/100 nm) con-
tacts as source and drain electrodes were subsequently deposited
on the In2O3 channel layer through the shadow mask by electron
beam evaporation (ULVAC MUE-ECO-EB). The channel width and
length of In2O3-TFTs were 400 lm and 80 lm (W/L = 5), respec-
tively. Finally, TFTs were treated by rapid thermal annealing
(RTA) (RTP-500 V) at 300 �C for 1 min in air. The thickness and
refractive index (n) of In2O3 thin films were analyzed by a spectro-
scopic ellipsometer (SE) (J.A.Woollam Co., Inc., M-2000DI) with a
spectrum response range of 190–1700 nm. The crystallization
property of In2O3 thin-film was evaluated by X-ray diffraction
(XRD) measurement using D8 Advance spectrometer of Bruker
AXS with Cu Ka (k = 1.5418 Å) radiation in h–2h scan mode. The
surface morphology and roughness of In2O3 films were observed
via a scanning probe microscopy (SPM) (Veeco Dimention 3100).
The electrical properties of In2O3-TFTs were measured using a
semiconductor parameter analyzer (Keithley 4200) and the electri-
cal contact to the DUT (Device Under Test) was connected through
tungsten probes using a PM5 (SÜSS) micro-probe station. Hall-ef-
fect measurements were performed at room temperature using
the Van der Pauw method (Ecopia hall-effect measurement system
HMS-3000).

3. Results and discussion

3.1. Structural characteristic of In2O3 film

The crystallization properties of a typical sample were analyzed
by the XRD technique, as shown in Fig. 1. (The other samples
exhibited the same trend.)

It can be clearly seen that the as-deposited In2O3 thin-film
shows amorphous feature, while the post-RTA-treated In2O3 thin
film is polycrystalline without obvious preferred orientation. The
diffraction patterns are in a good agreement with the cubic bixby-
ite structure of In2O3 film, which exhibit obvious peaks located at
30.78�, 35.70�, 51.27�, and 61.01�, corresponding to the (2 2 2),
(4 0 0), (4 4 0) and (6 2 2) planes of In2O3 (standard PDF card No.
06–0416) [10], respectively. However, in comparison with the
standard value, there is a slight shift to higher diffraction angle
for the peak position, revealing the presence of stress in the post-
RTA-treated In2O3 film.

3.2. Surface morphology of In2O3 film

The surface morphologies of as-deposited and post-RTA-treated
In2O3 films deposited at different deposition pressure were exam-
ined via the SPM. SPM images of all samples were collected over a
scanning area of 1 lm � 1 lm. Root-Mean-Square (RMS) rough-
ness of all In2O3 films is presented in Table 2.

It is evident that RMS roughness decreases with the reduction of
deposition pressure. Moreover, there is an increase in the RMS
roughness of all post-RTA-treated films compared with as-depos-
ited ones. The In2O3 thin films deposited at low deposition pres-
sure exhibit very good surface morphology, as shown in Fig. 2.

The surface roughness of post-RTA-treated D-sample with opti-
mal device performance and post-RTA-treated A-sample with poor
device performance are 0.44 nm, 1.67 nm, respectively, which
would be explained further in the subsequent section.

3.3. Thickness and refractive index characterization of In2O3 film

The thickness and refractive index of In2O3 thin films were ob-
tained by fitting the ellipsometry spectra ranging from 190 to
1700 nm. Fig. 3 depicts the spectra of refractive index of the
In2O3 films as a function of wavelength k. The physics and disper-
sion model for the SE analysis are shown in the insets to Fig. 3.

It can be seen from the spectra that D-sample exhibits almost
the same refractive index as C-sample, despite their different film
thickness. It reveals that the refractive index is mainly affected by
deposition pressure, rather than thin-film thickness. The refractive
index at 500 nm is shown in Table 2. It is clear that the refractive
index increases as deposition pressure decreases. The packing den-
sity was calculated using the following expression [16]:

Table 1
Some main deposition parameters of In2O3 channel layers.

Sample
no.

Base
pressure
(Pa)

Ar:O2 Deposition
pressure (Pa)

Deposition
time (min)

Thickness
(nm)

A 2.0 � 10�4 3:1 0.65 50 57
B 1.0 � 10�4 3:1 0.45 50 68
C 1.2 � 10�4 3:1 0.25 50 85
D 1.8 � 10�4 3:1 0.25 35 54

Fig. 1. The XRD pattern of D-sample (a) as-deposited and (b) post-RTA-treated.
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vn2

s

ð1þ pÞn2
v þ ð1� pÞn2

s
; ð1Þ

where nf is the refractive index of the film at a specific wavelength,
here k = 500 nm, nv the index of the voids (nv = 1 for air), ns the bulk
value of refractive index and p the packing density. The calculated
values of p are also presented in Table 2. It is speculated that the
high packing density of the In2O3 film deposited at low deposition
pressure would correlate well with the device performance, which
would be explained in detail later on.

3.4. Electrical characterization of In2O3-based TFTs

The output characteristics (ID–VDS) and transfer characteristics
(log10 IDsat–VGS and

ffiffiffiffiffiffiffiffiffi

IDsat
p

–VGS) of A sample and D sample are illus-

trated in Fig. 4. The electrical properties of all devices are calcu-
lated and summarized in Table 2.

Field-effect mobility (lFE) and subthreshold voltage swing (S)
are two important performance parameters for TFTs applications.
The lFE of In2O3-TFTs operating in the saturation region was ex-
tracted by taking the slopes of

ffiffiffiffiffiffiffiffiffi

IDsat
p

–VGS curves in Fig. 4, using
the following equation:

ID ¼
WCilFE

2L
ðVGS � VTÞ2; ð2Þ

where Ci is the capacitance per unit area of the gate dielectric, VT the
threshold voltage obtained from the x-axis intercepts of

ffiffiffiffiffiffiffiffiffi

IDsat
p

–VGS

plot, lFE the field-effect mobility, W and L are the channel width
and length and VGS is the gate-source voltage. The lFE was extracted
from the unpatterned In2O3-TFTs without considering the fringing
electric field effect [17]. The S values of In2O3-TFTs were extracted
from the subthreshold region in the log10 IDsat—VGS plot, which is
the voltage required to increase the drain current by a factor of 10:

S ¼ dVGS

d logðIDSÞ
: ð3Þ

As mentioned in the previous section, the post-RTA-treated
In2O3 thin film is polycrystalline. Amorphous channel layer is gen-
erally superior to polycrystalline for practical application, however,
there are higher density of point defects within the as-deposited
films compared with post-RTA-treated ones and those point
defects may act as deep-level traps, as reported in ZnO films
[18,19], which would significantly affect the device performance.
In our experiment the as-deposited and RTA-treated device perfor-
mance was compared. It was found the post-RTA-treated In2O3-TFT
exhibited obviously good performance compared with as-depos-
ited In2O3-TFTs. So, all our TFTs employed a post-rapid thermal
annealing treatment in this work.

It can be seen from Table 2 that the In2O3-TFTs deposited at
lower deposition pressure exhibit obvious higher lFE values than
those prepared at higher deposition pressure. Especially, the S
value is 50.0, 27.0, 8.0 and 5.7 V/decade for A, B, C, and D sample,
respectively, revealing significant improvement in the S parameter

Fig. 2. SPM images of In2O3 films: (a) as-deposited A-sample (b) post-RTA-treated A-sample (c) as-deposited D-sample (d) post-RTA-treated D-sample with a scanning area of
1 lm � 1 lm.

Fig. 3. The spectra of refractive index as a function of wavelength k and the insets:
(a) dispersion model (b) physics model for SE date analysis.
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with the decrease of the deposition pressure. Why the In2O3-TFTs
fabricated at lower deposition pressure exhibit better device per-
formance? On one hand, the surface morphology has an important
effect on the device performance, i.e., smooth surface morphology
leads to a good interface between the source/drain electrodes and
the In2O3 channel layers. Good interface ensures a reduced role of
surface and interface states on carrier transport across the drain
and source [13], resulting in an increased field-effect mobility.
The surface morphology of In2O3 channel layers has been greatly
improved with the reduction of deposition pressure, as shown in
Fig. 2, resultantly presenting better device performance. On the
other hand, it is generally believed that the lFE is greatly governed
by the density of the tailing state near the conduction band
(shallow trap), while the S is determined by the deep-level trap
density. And the total trap (shallow trap and deep-level trap)
density of the channel layer is well correlated with its densifica-
tion [20]. In this study, it was found that the In2O3 channel
layers deposited at lower deposition pressure exhibited higher
refractive index and packing density, indicating an increase of
densification and a corresponding decrease of total trap density
in the bandgap of the In2O3 channel layer, which could further

explain why TFTs prepared at lower deposition pressure exhibited
better performance.

The effect of channel layer densification and surface morphol-
ogy on the device performance can be confirmed by electrical
properties of the indium oxide itself obtained through hall-effect
measurement. The carrier concentration, resistivity and lHall of
sample A is 8.6 � 1019 cm�3, 1.1 � 10�1 X cm, 0.7 cm2 V�1 s�1,
and those of sample D is 1.9 � 1018 cm�3, 1.8 � 10�1 X cm,
18.2 cm2 V�1 s�1, respectively. Although all TFTs were fabricated
in the same Ar/O2 flow ratio, sample A was prepared in higher total
working pressure compared with sample D. In general, higher
working pressure increases the scattering of the sputtered species,
resulting in a decrease in mean free path of the incident atoms,
which would lead to the less densification and poorer surface mor-
phology of In2O3 channel layer as confirmed by the SE and SPM re-
sults. In addition, higher deposition pressure will induce a
relatively larger number of intrinsic donor defects in the uninten-
tional doped channel layer, which would cause an increase in the
carrier concentration. Therefore, sample A presents a higher elec-
tron concentration compared with sample D. However, the large
electron concentration will make it difficult for the TFT to operate

Fig. 4. (a) The output characteristics (ID–VDS) and (b) transfer characteristics (log10 IDsat � VGS and
ffiffiffiffiffiffi

IDS
p

� VGS) of A-sample; (c) the output characteristics (ID–VDS) and (d)
transfer characteristics (log10 IDsat � VGS and

ffiffiffiffiffiffi

IDS
p

� VGS) of D-sample.

Table 2
Refractive index, packing density, roughness and some main performance parameters for all samples prepared at different deposition pressure.

Sample no. Refractive index
(at 500 nm)

Packing
density

As-deposition SPM RMS
roughness (nm)

Post-RTA SPM RMS
roughness (nm)

lFE

(cm2 V�1 s�1)
S (V/decade) Ion/off ratio Vth (V) Ioff (nA)

A 1.91 0.93 1.35 1.67 0.02 50 2.1 � 102 �10 7.5
B 1.96 0.95 1.37 1.46 0.01 27 2.0 � 102 �37 4.1
C 2.10 1.02 0.93 0.99 34.8 8.0 3.7 � 105 �3.2 6.7
D 2.10 1.02 0.43 0.44 31.6 5.7 1.0 � 107 7.8 0.1
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in saturation region and it is well consistent with no strong satura-
tion in the output characteristics (ID–VDS) of sample A, as shown in
Fig. 4. Moreover, a large number of intrinsic donor defects will act
as the electron scattering centers, giving rise to the increase of S
and decrease of both lHall and lFE. From the above mentioned, it
is concluded that the surface morphology along with the densifica-
tion of the channel layer could account for the variation of device
performance.

4. Conclusions

We have performed the fabrication and characterization of bot-
tom-gate-type In2O3-based TFTs. The In2O3 channel layers were
deposited on the thermally grown SiO2/n-type Si substrates by
RF magnetron sputtering at different deposition pressure. The
XRD pattern reveals that the post-RTA-treated In2O3 film is poly-
crystalline without obvious preferred orientation. The performance
of TFTs can be improved by decreasing the deposition pressure of
channel layers, since low deposition pressure results in low surface
roughness, high densification and enhanced electrical property of
In2O3 channel layers. The fabricated TFT with optimal electrical
performance exhibited a field-effect mobility (lFE) of 31.6
cm2 V�1 s�1, a drain current on/off ratio of �107, a low off-current
of about 10�10 A and a threshold voltage of 7.8 V.
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