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Solution-Processed, High Performance Aluminum Indium
Oxide Thin-Film Transistors Fabricated at Low Temperature
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Thin-film transistors 共TFTs兲 with aluminum indium oxide channel layers were fabricated via a simple and low cost solution
process. The substitution of Al on In sites in the In2O3 lattice was verified by X-ray diffraction analysis. The maximum heattreatment temperature of these transistors was 350°C, and the resultant thin films were highly transparent 共with ⬎90% transmittance兲. The fabricated TFTs operated in an enhancement mode on a positive bias and showed an n-type semiconductor behavior.
They exhibited a channel mobility of 19.6 cm2 /V s, a subthreshold slope of 0.3 V/decade, and an on-to-off current ratio greater
than 108.
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Metal-oxide-semiconductors have many advantages such as
transparency due to their large bandgap, high uniformity in largescale fabrication applications, environmental stability, and high electron conduction property.1-4 Many transparent oxide semiconductors
共TOSs兲, such as zinc- and indium-based oxide materials, have been
reported for transparent channel layers in thin-film transistors
共TFTs兲.5-11 They exhibited mobilities and on-to-off current ratios in
the range of 5–100 cm2 /V s and 106–107, respectively. Most TOSs,
however, have been prepared by vacuum-deposition methods, such
as radio-frequency-magnetron sputtering and pulsed laser deposition, which enable low temperature processes 共even at room temperature兲 but require expensive equipments and result in high fabrication cost.
Solution-processed thin-film deposition techniques, such as spin
coating, dip coating, and roll coating, offer many advantages over
vacuum-deposition processes: simplicity, high throughput, and low
cost.12-14 They enable direct patterning that could replace conventional photolithographic techniques.15-17 Recently, indium oxide and
indium zinc oxide based TFTs have been fabricated by the solution
process. The TFTs show a high mobility of 16 cm2 /V s and an
ink-jet printability. However, most solution-processed TFTs require
a high temperature annealing process usually over 500°C and have a
high off-current and a low on-to-off current ratio of 106 compared to
the typical vacuum-processed TFTs, which reduce the effective
switching property.
Solution-processed oxide materials require an annealing process.
Anion groups, which induce hysteresis and reduce electrical stability, are removed, and bonds between cation and oxygen are generated during annealing. Hence, a high annealing temperature is usually required to remove unnecessary anion groups. A high annealing
temperature, however, limits the use of various substrates and restricts the applications. In this research, metallorganic precursors
were used to decrease the annealing temperature rather than metalchloride precursors, which are usually decomposed at higher temperatures than metallorganic precursors.12,18,19
We propose a multicomponent oxide, aluminum indium oxide
共AIO兲, to fabricate the high performance TFT through the solution
process. In2O3 has attracted a great deal of attention as a transparent
conducting oxide and a semiconducting oxide due to the good electron transport property.9,11 Hosono et al. reported that the overlapping of s orbitals of heavy-metal cations with 共n − 1兲d10ns0 共n
ⱖ 4兲 encourages high mobility even in the case of the amorphous
phase.8 Thus, metal cation species are the primary factors affecting
the electron-transport property in TOSs, and use of a large cation
such as indium is inevitable for high performance electrical
devices.20,21 Solution-processed In2O3 semiconductors by itself,
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however, could not achieve a sufficient low off-current and a high
mobility simultaneously.22 In this research, it was observed that the
electrical property of TFTs was improved by substituting Al on In
sites in the In2O3 lattice structure.
The metal precursor solution for the AIO channel layer was prepared by dissolving 0.04 M of aluminum acetylacetonate
关Al共C5H7O2兲3, Aldrich兴 and 0.1 M of indium acetate 关In共C2H3O2兲3,
Aldrich兴 in 2-methoxyethanol 关C3H8O2, Aldrich兴. To form a stable
solution, the indium acetate precursor was chelated with 0.4 M of
ethylenediamine 共NH2CH2CH2NH2, Aldrich兲. The solution was
stirred at room temperature for half an hour to make a transparent
and homogeneous solution. The amount of aluminum in the final
precursor solution was 40% of indium. After that, the solution was
filtered through a 0.22 m syringe filter 关poly共tetrafluoroethylene兲,
GE兴 and was spin coated at a speed of 5000 rpm atop the SiO2 /Si
substrate for 30 s. Fifty W of oxygen plasma treatment was applied
for 5 min just before spin coating to remove unnecessary organics
on the substrate using a conventional plasma cleaner. A 100 nm SiO2
layer, which served as a gate dielectric, was thermally grown on top
of the heavily boron 共p+兲-doped silicon wafer. After film deposition,
it was annealed on a hot plate at 350°C for 2 h in air. The resultant
annealed thin film contained ⬃10 atom % of aluminum compared to
indium characterized by the transmission electron microscopy
共TEM兲–energy-dispersive spectroscopy measurement due to the
volatilization of aluminum acetylacetonate during spin coating and
annealing.
Thermogravimetric analysis 共TGA兲 of the AIO precursor solution shows that thermal decomposition is completed before 350°C is
reached 共Fig. 1a兲. The TGA indicates that 350°C is enough annealing temperature to remove unnecessary organics in the film. The
maximum heat-treatment temperature of 350°C, which is still relatively low compared to those of other solution-processed metal oxide TFTs 共usually over 500°C兲,18,23 could allow for the use of low
cost substrates, such as soda-lime glass and plastic films, rather than
the high cost substrates commonly used for transparent electronics.
The initial weight loss below 150°C was due to the evaporation of
the residual solvent 共i.e., 2-methoxyethanol兲. The aluminum acetylacetonate began to decompose at ⬃160°C, and its decomposition
was completed at ⬃230°C. The abrupt weight loss at around
270–330°C was attributed to the decomposition of indium acetate.
The decisive effect of aluminum is apparent in the X-ray diffraction 共XRD兲 patterns of In2O3 and AIO films shown in Fig. 1b. It is
observed that the peak of AIO, which appears at 30.71°, is shifted to
a higher angle by 0.13° compared to 共222兲 of an In2O3 crystal,
which is shown at 30.58°. The shift in peak implies two important
features. First, aluminum and indium ions form multicomponent
composites rather than exist separately. Second, a shift to a higher
angle indicates that the lattice constant is decreased. Because the
ionic radius of Al3+ is smaller than that of In3+, the substitution of Al
on In sites in the In2O3 lattice could lead to a shrinkage of the lattice
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Figure 1. 共Color online兲 共a兲 TGA of AIO precursor solution under air at a
heating rate of 5°C/min. 共b兲 -2 XRD analysis of AIO films annealed at
300°C for 4 h and at 350°C for 2 h and that of In2O3 film annealed at 350°C
for 2 h on SiO2 /Si substrate.

and would be related to the reduction in the lattice constant.24 Furthermore, the broadened peak suggests that substitution of Al creates
more defect sites. Figure 2a and its inset present the cross-sectional
TEM image and the diffraction pattern 共DP兲 of the AIO thin film,
respectively. The thickness is about 10 nm, and the morphology is
uniform. A nearly discrete halo pattern is observed in the DP. The
pattern indicates that the film is in the transition state from the
amorphous phase, which is dominant in this film, to the crystalline
phase.
The optical transmittance was measured at 300–800 nm wavelengths. The transmission spectrum of the AIO thin film indicates
that it is optically transparent; more than 90% transmittance in most
of the visible-light region was observed 共Fig. 2b兲. The optical absorption coefficient, which was calculated from the transmittance,
was used to determine the optical bandgap. The resultant bandgap of
AIO is ⬃3.5 eV 共inset of Fig. 2b兲, while In2O3 fabricated by the
same procedure is ⬃3.4 eV. The shift in transmission spectra,
which originates from the enlarged band structure, also supports the
composite structure consisting of Al and In.24
After the fabrication of TFTs, the performances of the devices
were measured in a dark room under ambient atmosphere using an
HP 4145B semiconductor parameter analyzer. The AIO TFTs show a
sufficient electrical property to drive display devices with the 100
nm SiO2 gate dielectric layer, which can be easily deposited by
various methods and can be widely used. The structure used for
characterizing the fabricated TFTs was bottom-gate, top-contact
type. 100 nm of aluminum source and drain electrodes were deposited by an E-beam evaporator through a shadow mask under a pres-

Figure 2. 共Color online兲 共a兲 Cross-sectional TEM image and DP 共inset兲 of
AIO thin film annealed at 350°C for 2 h on SiO2 /Si substrate. 共b兲 Transmittance spectra of AIO 共blue line兲 and In2O3 共red line兲 thin films annealed at
350°C for 2 h deposited on quartz substrate and bandgap estimation of AIO
thin film 共inset兲.

sure of ⬃10−6 Torr. The fabricated channel length and width were
220 and 1000 m, respectively. Figure 3a shows the drain current
vs drain-to-source voltage 共ID-VDS兲 output characteristics of the AIO
TFT for various gate voltages 共VG兲. Transfer characteristic, ID and
1/2
vs VG at a fixed VDS = 40 V, is also displayed in Fig. 3b. BeID
cause clear pinch-off and current saturation behaviors were observed
in the output characteristics, it seems reasonable to adopt the standard TFT theory to explain the operation of the AIO TFTs.8 In terms
of quantifying the performance of the semiconductor channel layer,
specifically in terms of current driving capability and switching frequency, the most important TFT electrical property is channel mobility. The channel mobility and the threshold voltage were derived
from linear fits to the dependence of the square root of ID on VG
using the following equation in the saturation region
ID =

WCi
共VG − Vth兲2
2L

Here, W, L, , Ci, and Vth are the channel width, channel length,
channel mobility, capacitance per unit area of the SiO2 gate insulator
共dielectric constant ⬃3.9兲, and threshold voltage, respectively. The
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ment in mobility originates from the crystallization of the film. The
XRD patterns shown in Fig. 1b indicate that the AIO film annealed
at 300°C shows an amorphous phase, whereas a clear peak appears
at the 350°C annealed one, which results in a much higher electron
conduction property. As a result, it seems reasonable that the crystallization process starts at a certain critical temperature between
300 and 350°C and leads to a much better electrical property for the
350°C annealed case.
It was observed that the electrical property of TFTs was improved by substituting Al on In sites in the In2O3 lattice specifically
in terms of off-current, which originates from the controlling carrier
concentration, compared to that of the In2O3 TFTs. The incorporation of Al ions, which forms stronger chemical bonds with oxygen
than with In, suppresses carrier generation via the formation of oxygen vacancies.8 Thus, electron conduction is restricted and carrier
concentration is lowered under an insufficient electric field that
leads to a low off-current at an off-state. Consequently, we were able
to fabricate the TFT, which exhibits a low off-current with a high
mobility simultaneously.
In conclusion, we have investigated highly transparent multicomposite oxide, AIO, TFTs fabricated via a simple and low cost solution process. Substitution of Al on In sites in the In2O3 lattice is
verified by a shift in XRD peak and UV/visible absorption spectra.
Modification of the lattice structure strongly influences the property
of TFTs. They exhibit good electrical property and operate in the
accumulation mode on a positive gate bias with SiO2, which is a
commonly used gate dielectric in electrical devices. Their low heattreatment temperature 共350°C兲 allows for the use of various substrates. These results indicate that solution-processed AIO TFTs are
suitable devices for high performance display back-plane and transparent electronics.1
Acknowledgments
Figure 3. 共Color online兲 共a兲 Output characteristics of the AIO TFT annealed
at 350°C for 2 h with various gate voltages. 共b兲 Transfer characteristics of
AIO TFTs and indium oxide TFT for VDS = 40 V with structure of L
= 220 m and W = 1000 m.

resulting channel mobility is  = 19.6 cm2 /V s with an n-type
semiconductor behavior, which is competitive with vacuumprocessed oxide TFTs annealed at low temperature. The threshold
voltage is ⬃10 V operating in the accumulation mode on a positive
gate bias, the subthreshold swing is 0.3 V/decade, and the on-to-off
current ratio is about 1.7 ⫻ 108 with an especially low off-current of
8.1 ⫻ 10−12 A, as seen in Fig. 3b. The resultant electrical property
is superior to the result of solution-based oxide TFTs and even similar to vacuum processes.
Although thermal decomposition was not completed at 300°C,
basic TFT performances, such as current saturation and switching
behaviors, were observed even at the 300°C annealed case. The
summarized electrical properties for both cases, 300 and 350°C, are
shown in Table I. The similar subthreshold swing, which gives information on defects in a film, points out that organics are removed
well even at the 300°C annealing process. The dramatic improve-

Table I. Electrical property of AIO TFTs annealed at various
temperatures.
Temperature
共°C兲
300a
350
a

sat
共cm2 /V s兲

Ion /Ioff

Vth
共V兲

S
共V/decade兲

1.1
19.6

7.7 ⫻ 106
1.7 ⫻ 108

⬃25
⬃10

0.4
0.3

At a fixed VDS = 40 V with a structure of L = 220 m and W
= 1000 m.
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