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In this study, indium oxide (In2O3) thin-film transistors (TFTs) are fabricated by two kinds of low temperature
solution-processed technologies (Ta ≤ 300 ◦C), i.e., water-based (DIW-based) process and alkoxide-based (2-ME-based)
process. The thickness values, crystallization properties, chemical structures, surface roughness values, and optical prop-
erties of In2O3 thin-films and the electrical characteristics of In2O3 TFTs are studied at different annealing temperatures.
Thermal annealing at higher temperature leads to an increase in the saturation mobility (µsat) and a negative shift in the
threshold voltage (VTH). The DIW-based processed In2O3-TFT annealed at 300 ◦C exhibits excellent device performance,
and one annealed at 200 ◦C exhibits an acceptable µsat of 0.86 cm2/V·s comparable to that of a-Si:H TFTs, whereas the
2-ME-based TFT annealed at 300 ◦C exhibits an abundant µsat of 1.65 cm2/Vs and one annealed at 200 ◦C is inactive. The
results are attributed to the fact that the DIW-based process induces a higher degree of oxidation and less defect states than
the 2-ME-based process at the same temperature. The DIW-based process for fabricating the In2O3 TFT opens the way for
the development of nontoxic, low-cost, and low-temperature oxide electronics.

Keywords: water-based process, alkoxide-based process, annealing temperature, thin-film transistors
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1. Introduction

The development of thin-film transistors (TFTs) based
on transparent oxide semiconductors (TOSs) such as zinc ox-
ide (ZnO), indium–zinc oxides (IZO), indium–gallium–zinc
oxide (IGZO), and other transparent oxides has attracted a
great deal of attention as the next-generation circuitry for dis-
plays and energy devices due to their high electron mobil-
ity and good transparency in the visible spectral region com-
pared with α-Si:H TFTs.[1–8] Among the methods to fabri-
cate the TOSs, the solution-based process has drawn tremen-
dous research attention due to its low-cost, high-throughput
and large area deposition compared with the vacuum-based
process. Unfortunately, the traditional solution-processed con-
densation, densification, and impurity removal typically re-
quire a high-temperature annealing step (Ta > 400 ◦C), which
is one major obstacle in using flexible substrates to fabri-
cate the devices.[9] In an alkoxide-based precursor solution,
the organic solvents have the advantages of good solubility
and coating property. However, the removal of the organic
group requires additional thermal energy, resulting in high pro-
cess temperature. To achieve high-performance oxide TFTs
at low temperature (Ta ≤ 300 ◦C), such methods as sol–gel
on a chip,[10] combustion process,[11] deep-ultraviolet photo-

chemical activation,[12] high-pressure annealing under an O2

atmosphere,[13] doping with suitable dopants,[14] the single
precursor and solvent system,[15] and aqueous routes[3] have
been investigated. Compared with the above mentioned meth-
ods, the water-based process is very appealing for its economic
and ecological advantages.

Pure In2O3 is a typical n-type TOS material with a wide
bandgap of about 3.60 eV–3.75 eV. In particular, the bottom
of the conduction band of In2O3 consists of the single free
electron-like band of In 5s states hybridized with highly dis-
persed O 2s states, and the valence band edge that arises from
the O 2p states hybridized with In 5d states. This unique
band structure results in a uniform distribution of the charges
and reduces the scattering to a minimum,[16] which makes the
In2O3 thin-films exhibit high intrinsic mobility. These mer-
its make In2O3 a more promising candidate for practical tran-
sistors. In the early studies, In2O3 thin-films were primar-
ily prepared using vacuum-based processes.[17–19] In recent
years, solution processes have been extensively studied.[20–22]

In consideration of all these cases, there are few contrastive
investigations of water-based processed devices and alkoxide-
based processed devices whose performances are dependent
on annealing. In fact, as is well known, the precursor solvent
and annealing temperature, as the main process parameters,
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have crucial effects on device performances.
In this paper, considering the practical applications of

In2O3 thin-films in the electronic industry, we demonstrate
here the fabrication of solution-processed In2O3 TFTs by us-
ing deionized water (DIW) and 2-methoxyethanol (2-ME) as
the precursor solvent, respectively. The emphasis of this work
is to contrastively investigate the characteristics of TFTs by
using water-based (DIW-based) processed and alkoxide-based
(2-ME-based) processed In2O3 thin-films annealed at different
temperatures as the channel layer, respectively. Understanding
of the mechanisms responsible for different performances and
the different dependence on the annealing temperature for the
two approaches would be the main contribution of this paper.

2. Experimental details
2.1. Precursor solution synthesis

All reagents were purchased from Alfa Aesar. The DIW-
based and 2-ME-based precursor solutions were synthesized
by dissolving 0.2 M In(NO3)3 · xH2O (99.999%) in deion-
ized water (DIW, ACS Reagent) and 2-methoxyethanol (2-
ME, 99%), respectively. All the precursor solutions were vig-
orously stirred for 6 h and aged for 12 h at room temperature
to obtain a clear, colorless, and homogeneous solution.

2.2. Fabrication of transistors

A bottom-gate and top-contact device structure was
adopted for the DIW-based and 2-ME-based In2O3 TFTs.
Heavily doped p-type Si wafer with 100 nm thermally grown
SiO2 layer (SiO2/p+-Si) was used as the substrate of TFT. The
Si wafer and SiO2 layer served as the gate electrode and di-
electric layer of TFT, respectively. Prior to coating, the solu-
tions were filtered through a 0.22 µm syringe filter to remove
dust. The SiO2/p+-Si substrates were cleaned for 10 min in
acetone, ethanol, and DIW in sequence with ultrasonic vibra-
tion and dried with blowing nitrogen gas, and then exposed
to O2 plasma for 10 min to enhance the hydrophilicity. The
DIW-based In2O3 precursor solution and 2-ME-based In2O3

precursor solution were spun on the substrates at 4500 rpm
for 30 s, and directly placed on a hot plate for pre-annealing
at 150 ◦C for 10 min. After that, the samples were annealed
in a muffle furnace at various temperatures (200 ◦C, 250 ◦C,
300 ◦C, 350 ◦C) under ambient atmosphere for 2 h. For con-
venience, the DIW-based (2-ME-based) In2O3 thin-films an-
nealed at 200 ◦C, 250 ◦C, 300 ◦C, and 350 ◦C, hereafter, were
abbreviated as DIW(2-ME)-200, DIW(2-ME)-250, DIW(2-
ME)-300, and DIW(2-ME)-350, respectively. A 100-nm-thick
Al thin film was deposited on the In2O3 channel layer as
source and drain electrodes by thermal evaporation through
a shadow mask with a channel length (L) of 100 µm and chan-
nel width (W) of 1000 µm. For thin-film performance test, the

aforementioned preparation parameters were adopted to fab-
ricate DIW-based and 2-ME-based In2O3 thin-films on glass
substrates and lightly doped Si substrates, respectively.

2.3. Characteristics of solutions, thin-films, and thin-film
transistors

Thermal characteristics of the precursor solutions were
performed by thermogravimetric and differential scanning
calorimetry (TGA-DSC, Germany, NETZSCH, STA449F3)
with a 10-◦C/min heating rate up to 400 ◦C under ambient
atmosphere. The thickness values and refractive indices of
thin-films were analyzed by a spectroscopic ellipsometer (SE,
USA, J. A. Woollam Co, Inc., VASE) with a spectrum re-
sponse range from 400 nm to 1000 nm. The crystallization
properties of thin-films were examined by x-ray diffractome-
ter (XRD, Netherlands, PANalytical, Empyrean) with Cu–Kα

radiation at 40 kV and 40 mA over a 2θ range from 10◦ and
60◦. The chemical structures of thin-films were investigated
by x-ray photo-electron spectroscopy (XPS, Japan, ULVAC-
PHI, Inc., PHI QUANTERA-II SXM) with Al–Kα as x-ray
source. The surface morphologies and roughness values of
thin-films were observed via atomic force microscopy (AFM.
USA. Veeco Instruments Inc. DimensionTM 3100). The op-
tical transmittances of thin-films were investigated in a wave-
length range from 200 nm to 800 nm by UV-vis spectropho-
tometer (Japan, Shimadzu, UV-2550). The current–voltage
(I–V ) characteristics of TFTs were carried out using a semi-
conductor parameter analyzer (USA, Keithley, 2612A) under
ambient condition. Saturation mobility (µsat) and subthresh-
old swing (SS), the TFT performance parameters, were eval-
uated with the conventional metal–oxide–semiconductor field
transistor (MOSFET) model described in Eqs. (1) and (2), the
threshold voltage VTH was calculated by fitting a straight line
of the square root of IDS versus VGS.[11]

µsat =
(

∂
√

IDS/∂VG

)2
(2L/WCi), VDS >VGS −VTH, (1)

S = dVG/d(log ISD), (2)

where Ci, W , and L are the capacitance per unit area of the
gate insulator, the channel width, and the channel length, re-
spectively.

3. Results and discussion
The combination of metal nitrate and 2-ME or DIW with-

out any additional additives or catalysts provides a simple and
unique structure in a solution state. Stable 2-ME-based In2O3

precursor solution can be formed by the covalent bonds. As a
single precursor in a single solvent system, 2-ME-based In2O3

precursor solution can minimize the carbon based impurities,
therefore it can be used to fabricate In2O3 thin-films at low
temperature.[23] Water is an impurity-free solvent with a high
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static dielectric constant over 60, which favors the dissocia-
tion of ionic species and acts as the σ -donor molecule that
serves as a nucleophilic ligand.[24] When the metal nitrate is
dissolved in water, the ionized metal cation is solvated by the
neighboring water molecule and performs a hydrolysis reac-
tion to produce metal hydroxide, and thus stable DIW-based
In2O3 precursor solution can be formed by the coordinating
bonds and be used to fabricate In2O3 thin-films at low temper-
ature.

The thermal behaviors of the (a) DIW-based and (b) 2-
ME-based In2O3 precursor solutions are analyzed and shown
in Fig. 1. Solvent evaporation is identified as an endothermic
event for all solutions, with correspondent weight loss above
90%, which occurs below 105 ◦C and 110 ◦C for DIW-based
and 2-ME-based In2O3 precursor solutions, respectively.[25]

Because the 2-ME has a higher boiling point than the DIW, the
2-ME-based In2O3 precursor solution requires higher temper-
ature than DIW-based In2O3 precursor solution to evaporate
solvent. The TGA-DSC curve of DIW-based In2O3 precursor
solution shows a weight loss from 105 ◦C to 215 ◦C with two
exothermic events at 147 ◦C and 189 ◦C, which represent the
decomposition of residual nitrate, and the de-hydroxylation
and condensation reaction, respectively.[26] The TGA-DSC
curve of 2-ME-based In2O3 precursor solution shows a weight
loss from 110 ◦C to 325 ◦C with three exothermic events at
120 ◦C, 165 ◦C, and 260 ◦C, which represent the hydrolysis
reaction, the decomposition of residual nitrate, and the de-
hydroxylation and condensation reaction, respectively.[27] On
the basis of the thermal behaviors, the annealing condition for
In2O3 thin-film is optimized in a temperature range between
200 ◦C and 350 ◦C. The thermal decomposition of DIW-based
and 2-ME-based In2O3 precursor solutions are completed ap-
proximately at 215 ◦C and 325 ◦C, respectively. It is found
that the final decomposition temperature for DIW-based In2O3

precursor solution is lower than that for 2-ME-based In2O3

precursor solution, which can be attributed to the fact that the
coordination bond between the cation and neighboring aquo
ion in DIW-based In2O3 precursor solution is relatively weak
and easily broken with low thermal energy, compared with the
covalent bond in 2-ME-based In2O3 precursor solution; in ad-
dition, 2-ME needs relatively high temperature to decompose
and exclude carbonyl groups approximately at 300 ◦C.[14]

To confirm the condensation and densification behaviors
of In2O3 thin-films, spectroscopic ellipsometer measurements
were performed. Figures 2(a) and 2(b) show respectively the
thickness values and the refractive index values of DIW-based
and 2-ME-based In2O3 thin-films at different annealing tem-
peratures, which are summarized in Table 1. The thickness of
the DIW-based (2-ME-based) In2O3 thin-film decreases from
9.52 nm (14.62 nm) to 6.99 nm (12.03 nm) accompanied by

the refractive index increasing from 1.786 (1.724) to 1.961
(1.893) as the annealing temperature increases from 200 ◦C to
350 ◦C. These results represent that higher annealing tempera-
ture creates higher density thin-films with fewer impurities.[13]

At a fixed annealing temperature, the DIW-based thin-film
shows a larger refractive index than the 2-ME-based sample,
indicating that the former has fewer impurities and higher den-
sity than the latter, because the film density is positively cor-
related with the refractive index.[28] The film thickness of the
2-ME-based sample is thicker than that of the DIW-based film
due to higher viscosity and organic impurity. The results are
in agreement with the TGA-DSC analyses that the decompo-
sition and condensation reaction of 2-ME-based thin-film re-
quire higher temperature than that of the DIW-based one.
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Fig. 1. (color online) TGA-DSC analyses of (a) DIW-based and (b)
2-ME-based In2O3 precursor solutions.

Figure 3 shows the crystalline properties of (a) DIW-
based and (b) 2-ME-based In2O3 thin-films on Si substrates
annealed at different annealing temperatures. The results re-
veal that the DIW-based and the 2-ME-based thin-films are
amorphous up to 200 ◦C and the crystallization behavior oc-
curs at 250 ◦C. The cubic In2O3 phase (JCPDS, No. 65-3170)
shows (200), (222), (400), and (440) peaks at 21.5◦, 30.6◦,
35.5◦, and 50.94◦, respectively. The sharp peak at 33.1◦ is
attributed to the Si substrate. This result indicates that the
DIW-based and 2-ME-based In2O3 thin-films have the same
crystalline properties.
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Fig. 2. (color online) Plots of (a) thickness and (b) refractive index versus temperature of DIW-based and 2-ME-based In2O3 thin-films
at different annealing temperatures.
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Fig. 3. (color online) XRD patterns of (a) DIW-based and (b) 2-ME-
based In2O3 thin-films at different annealing temperatures.

Figure 4 shows the XPS O 1s peaks of (a) DIW-based and
(b) 2-ME-based In2O3 thin-films on Si substrates annealed at
different temperatures, and the dependence of (c) the relative
peak area of the lattice oxygen (M–O–M) and (d) the mobility
of In2O3-TFT on annealing temperature. All the XPS peaks
are calibrated by taking C 1s reference at 284.6 eV to com-
pensate for any charge-induced shift. The broad asymmetric

O 1s signal envelopes of In2O3 can be fitted by three nearly
Gaussian peaks centered at 529.8±0.1 eV, 531.3±0.1 eV,
532.4±0.1 eV, respectively. The dominant peak centers at
529.8 eV and 531.3 eV could be assigned to M–O–M and ei-
ther surface or bulk hydroxide species (M–OH), respectively.
The peak with the high binding energy component at 532.3 eV
could be assigned to surface absorbed oxygen species (e.g.,
–CO3, H2O or O2).[11,22] The relative peak areas of the M–
O–M, M–OH, and surface absorbed oxygen species of DIW-
based and 2-ME-based In2O3 thin-films on Si substrates at
different annealing temperatures are calculated and summa-
rized in Table 1. For DIW-based and 2-ME-based In2O3 thin-
films, as the annealing temperature increases, the relative peak
area of the M–O–M significantly increases and those of the
M–OH and surface absorbed oxygen species gradually de-
crease. In addition, for the thin-films annealed at a temper-
ature over 300 ◦C, only a small quantity of surface absorbed
oxygen species (≤ 5%) are indicated by XPS analysis. This
phenomenon is mainly because the M–OH bonds and surface
absorbed oxygen species are gradually converted into the M–
O–M bonds via the thermal-driven condensation process by
increasing temperature.

The residual hydroxide groups not forming oxide link-
ages in the M–O–M network can form the localized defect
states, having an electron trapping nature.[15] The conduc-
tion band minimum in the metal oxide semiconductor is pri-
marily composed of dispersed vacant s-states with short in-
teraction distance for efficient carrier transport, which can
be achieved in ionic oxide but not obviously in hydroxide.[3]

Therefore, to maximize the mobility, In2O3 thin-film requires
an appropriate carrier concentration for percolation conduc-
tion and a small number of trap states for the carrier trans-
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port, which are represented by increasing the relative peak
area of the M–O–M and reducing the relative peak area of
the M–OH, respectively.[26] Through the comprehensive anal-
ysis of XPS data (Fig. 4), it can be believed that the enhance-
ment of mobility of In2O3 TFTs is attributed to the variations
of relative peak areas of the M–O–M and M–OH. As shown
in Fig. 4(c), the relative peak area of the M–O–M has the
order of DIW-350>DIW-300>2-ME-350>2-ME-300>DIW-
250>DIW-200>2-ME-250>2-ME-200. The oxidation de-
gree of DIW-based thin-film is higher than the 2-ME-based
one at a fixed annealing temperature. Even, the relative peak
areas of the M–O–M of 2-ME-350 and 2-ME-250 are smaller
than those of DIW-300 and DIW-200, respectively. The re-
sults clearly indicate that the residual organic impurities in-
terrupt the formation of M–O–M at low temperature, and the

high thermal energy is required for decomposition and M–O–

M formation in a 2-ME-based process. Meanwhile, the DIW-

based process accelerates M–OH to convert into M–O–M by

lowering the activation energy of de-hydroxylation and con-

densation reaction. These results are consistent with the vari-

ation trend of mobility of DIW-based and 2-ME-based In2O3

TFTs with different annealing temperatures, which proves the

relationships between the mobility and the relative peak ar-

eas of the M–O–M and M–OH. In addition, the 2-ME-based

In2O3 thin-films annealed at 200 ◦C are primarily composed of

M–OH, which indicates that the intermediate compounds do

not undergo transformation into M–O–M. This is also in good

agreement with the result that the 2-ME-based In2O3 TFT is

not electrically active at 200 ◦C.
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Fig. 4. (color online) XPS data of O 1s analysis of (a) DIW-based and (b) 2-ME-based In2O3 thin-films at different annealing temperatures, and the
dependence of (c) the relative peak area of the M–O–M and (d) the mobility of In2O3-TFT on annealing temperature.

The AFM images of the DIW-based and 2-ME-based
In2O3 thin-films on SiO2/p+-Si substrates annealed at differ-
ent temperatures are shown in Fig. 5. The root-mean-square
(RMS) values of the surface roughness of DIW-200, 2-ME-
200, DIW-250, 2-ME-250, DIW-300, 2-ME-300, DIW-350,
and 2-ME-350 are 0.161 nm, 0.190 nm, 0.179 nm, 0.271 nm,
0.247 nm, 0.319 nm, 0.254 nm, and 0.329 nm, are shown in
Table 1. For DIW-based and 2-ME-based In2O3 thin-films, as
the annealing temperature increases, the RMS of the surface
roughness gradually increases, which is attributed to the slight
increase of grain size. The RMS of the surface roughness of 2-
ME-based thin-film is higher than that of the DIW-based one
at a fixed annealing temperature. The maximum RMS of the
surface roughness is only 0.329 nm, which indicates that the
DIW-based and 2-ME-based In2O3 thin-films are quite smooth
and uniform. These small surface roughness values result from

the smooth surface of the SiO2/p+-Si substrate and the ultra-
thin film thickness with continuous coverage and negligible
porosity.[11]

Figure 7 shows the transfer and output characteristics of
TFTs based on DIW-based and 2-ME-based In2O3 channel
layers at different annealing temperatures. The transfer char-
acteristics are measured using a semiconductor parameter an-
alyzer with a drain voltage (VDS) of +20 V, and gate volt-
age (VGS) swing from −20 V to 40 V. It is found out that all
the devices exhibit n-type behaviors with clear pinch-off and
current saturation. In addition, DIW-based and 2-ME-based
In2O3 TFTs are active at low annealing temperatures of 200 ◦C
and 250 ◦C, respectively. Except for the inactive 2-ME-based
In2O3 TFTs annealed at 200 ◦C, the other TFTs each show a
continuous increase in µsat and a negative shift in VTH with the
increase of the annealing temperature. The detailed electrical
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characteristics of the DIW-based and 2-ME-based In2O3 TFTs
are summarized in Table 2.
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Fig. 5. (color online) AFM morphologies of (a) DIW-200, (b) DIW-250,
(c) DIW-300, (d) DIW-350, (e) 2-ME-200, (f) 2-ME-250, (g) 2-ME-300, (h)
2-ME-350.

Transmission optical spectra of DIW-based and 2-ME-
based In2O3 thin-films on the Corning eagle-2000 glass at dif-
ferent annealing temperatures are shown in Fig. 6. All the
thin-films show high optical transparencies in the visible re-
gion with the transmittances over 90%.

It is known that the de-hydroxylation reaction at high an-
nealing temperature could lead to the creation of charge carri-
ers in the channel layers,[3] and the carrier transport in semi-
conductor film is governed by percolation conduction over trap

states and is enhanced at high carrier concentration by filling
the trap states.[26] The mobility of the semiconductor channel
layers together with the electrical performance of as-integrated
TFTs depend on the carrier concentration. As a result, the
gradual increase of the µsat value can be attributed to the for-
mation of the M–O–M as well as the decomposition of the M–
OH with the increasing annealing temperature.[14] Meanwhile,
the negative shift in VTH is due to the high intrinsic carrier
concentration for the thin-film annealed at high temperature
and few lattice defects acting as carrier traps. Consequently, a
small gate voltage is required to induce carriers to prefill the
traps, leading to the decrease of VTH.[15]
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Fig. 6. (color online) Transmission optical spectra of DI-In2O3 and 2-
ME-In2O3 thin films on Corning eagle-2000 glass at different annealing
temperatures.

Comparing the electrical properties of the DIW-based and
2-ME-based In2O3 TFTs annealed at the same condition, the
DIW-based In2O3 TFTs show significant mobility increase
and VTH negative shift, and the 2-ME-based In2O3 TFTs dis-
play the distinct falls of both mobility increase and VTH neg-
ative shift. In addition, for the 2-ME-based In2O3 TFTs an-
nealed at 250 ◦C and 300 ◦C, the negative slope of the output
characteristic curves are observed in the saturation region as
shown in Fig. 7(d), which indicates that lots of electrons are
trapped within the In2O3 thin-film. The trapped charges act
as scattering centers for electrons, thus reducing the saturation
current.[29]

Table 1. Summary of the thickness values, the refractive indices, and the relative peak areas of the M–O–M, M–OH, and absorbed oxygen
species of DIW-based and 2-ME-based In2O3 thin-films on Si substrates at different annealing temperatures.

Solvent Annealing temperature/◦C Thickness/nm Refractive index M–O–M/% M–OH/% Absorbed oxygen/% RMS/nm

DIW 200 9.52 1.786 48.5 42.4 9.1 0.161
DIW 250 7.74 1.891 55.8 37.5 6.7 0.179
DIW 300 7.11 1.954 62.8 34.2 3.0 0.247
DIW 350 6.99 1.961 64.2 33.6 2.2 0.254
2-ME 200 14.62 1.724 43.1 49.1 7.8 0.190
2-ME 250 12.77 1.836 45.3 49.6 5.1 0.271
2-ME 300 12.50 1.887 56.9 38.1 5.0 0.319
2-ME 350 12.03 1.893 61.7 33.9 4.4 0.329

048504-6



Chin. Phys. B Vol. 27, No. 4 (2018) 048504

-20 0 20 40
10-12

10-10

10-8

10-6

10-4

10-2

(a)

VDS=20 V

 200 C
 250 C
 300 C
 350 C

I
D

S
/
A

I
D

S
/
A

I
D

S
/
m
A

I
D

S
/
m
A

VGS/V

VDS/V VDS/V VDS/V

VDS/VVDS/V VDS/V VDS/V

VGS/V
-20 0 20 40

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

(b)

0 5 10 15 20
0

20

40

60

80

100

0 5 10 15 20

0

30

60

90

120

150

180

0 5 10 15 20

0

250

500

750

1000

1250

1500

0 5 10 15 20

0

500

1000

1500

2000

2500

3000
Ta=200 C Ta=300 C Ta=350 C

0 V
10 V
20 V
30 V
40 V

(c)
Ta=250 C

Ta=300 C Ta=350 CTa=250 C

0 V
10 V
20 V
30 V
40 V

0 V
10 V
20 V
30 V
40 V

0 V
10 V
20 V
30 V
40 V

0 5 10 15 20

0

1

2

3

4

5

6

7

0 5 10 15 20

0

20

40

60

80

100

120

140

0 5 10 15 20

0

30

60

90

120

150

180

210

240(d)
0 V
10 V
20 V
30 V
40 V

0 V
10 V
20 V
30 V
40 V

0 V
10 V
20 V
30 V
40 V

VDS=20 V

 200 C
 250 C
 300 C
 350 C

Fig. 7. (color online) Transfer characteristics of TFTs based on (a) DIW-based and (b) 2-ME-based In2O3 channel layers at different annealing temperatures.
The output characteristics of TFTs based on (c) DIW-based and (d) 2-ME-based In2O3 channel layers at different annealing temperatures.

Table 2. Electrical properties of TFTs.

Solvent Annealing temperature/◦C µsat/(cm2/V·s) Ion/Ioff VTH/V SS/(V/dec) Von/V

DIW-IO 200 0.86 9.10×106 10.48 0.44 3.03
DIW-IO 250 1.15 1.96×106 5.61 0.55 –1.82
DIW-IO 300 8.30 1.89×108 4.73 0.64 –6.67
DIW-IO 350 11.90 1.08×107 1.06 0.86 –9.70
2-ME-IO 200 – – – – –
2-ME-IO 250 0.38 7.29×105 7.20 0.82 –0.61
2-ME-IO 300 1.65 3.31×107 7.08 0.41 –1.21
2-ME-IO 350 2.52 1.08×107 6.73 0.55 –3.64

DIW-I5Z2O 300 2.55 1.21×107 3.53 0.46 –2.50
DIW- I5G1Z2O 300 1.79 6.25×107 3.45 0.35 –3.00

It can be clearly seen from Table 2 that the 2-ME-based

In2O3 TFT at 300 ◦C exhibits excellent device performances,

including abundant µsat of 1.65 cm2/V·s, SS of 0.41 V/dec,

VTH of 7.08 V, and on/off current ratio of 3.31×107. Com-

paratively, the DIW-based In2O3 TFT annealed at 200 ◦C ex-

hibits an acceptable µsat of 0.86 cm2/V·s comparable to that

of α-Si:H TFTs,[10] and the DIW-based In2O3 TFT annealed

at 300 ◦C presents excellent device performances, consisting

of distinguished µsat of 8.3 cm2/V·s which is 5 times that of

the 2-ME-based In2O3 TFT at the same annealing tempera-

ture, SS of 0.64 V/dec, VTH of 4.73 V, and on/off current ratio

of 1.89×108.

In this study, both the DIW-based and 2-ME-based In2O3

TFT exhibit acceptable µsat values (larger than 1 cm2/V·s,)

and on/off current ratio of (larger than 1×106) at anneal-

ing temperature (Ta = 300 ◦C): these characteristics are suf-
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ficient for display and basic circuitry applications. Especially,
the electrical performance of the DIW-based In2O3 TFT an-
nealed at 250 ◦C exhibits an acceptable saturation mobility of
1.15 cm2/V·s and on/off current ratio of 1.96×106, which in-
dicates that the DIW-based process allows the fabrication of
In2O3 TFT at much lower temperature than the 2-ME-based
process.
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Fig. 8. (color online) Transfer characteristics of IZO and IGZO TFTs.

Finally, we fabricate indium zine oxide (I5Z2O) and in-
dium gallium zine oxide (I5G1Z2O) TFTs via DIW-based pro-
cess at an annealing temperature of 300 ◦C. The transfer char-
acteristics of IZO and IGZO TFTs are shown in Fig. 8. The
IZO-TFT and IGZO-TFT annealed at 300 ◦C exhibit accept-
able µsat values of 2.55 cm2/V·s and 1.79 cm2/V·s, respec-
tively.

4. Conclusions
In conclusion, the performances of In2O3 thin-films and

TFTs fabricated by the DIW-based process and 2-ME-based
process are investigated as a function of the annealing tem-
perature. All thin-films show higher density, higher degree
of oxidation and less defect states as the annealing tempera-
ture increases. In addition, all thin-films have quite smooth
and uniform surfaces and high optical transparencies. All
TFTs show a continuous increase in µsat and a negative shift
in VTH as the annealing temperature increases. The DIW-
based processed and 2-ME-based processed In2O3-TFTs an-
nealed at 300 ◦C exhibit excellent device performances, and
the former shows µsat of 8.3 cm2/V·s which is 5 times that
of the latter (µsat of 1.65 cm2/V·s). The DIW-based pro-
cessed TFT annealed at 200 ◦C exhibits an acceptable µsat of
0.86 cm2/V·s comparable to that of α-Si:H TFTs, whereas the
2-ME-based processed In2O3-TFT annealed at 200 ◦C is in-

active. These results suggest that the DIW-based and 2-ME-
based processed In2O3-TFTs could potentially be used for fab-
ricating the low-cost, low-temperature, and high-performance
electronic devices. Especially, the DIW-based process could
fabricate In2O3 thin-film at an annealing temperature as low
as 200 ◦C, which reveals a feasible route to the development
of nontoxic, low-cost, and low-temperature oxide electronics.
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