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ABSTRACT: A simple method of channel passivation and
physical definition of solution-processed metal oxide thin-film
transistors (TFTs) has been developed for aluminum oxide
(AlOx) and indium oxide (InOx) thin films. A photoresist-free-
based ultraviolet (UV) patterning process was used to define
an InOx layer as the source/drain region and an AlOx layer as a
passivation layer on the InOx layer. The Al diffused into the
patterned InOx thin film during a thermal annealing step. As
an electrode, the patterned InOx thin film had low resistivity,
and as a channel, the Al-diffused InOx thin film had a low
carrier concentration. Furthermore, the diffused Al behaved as
a carrier suppressor by reducing oxygen vacancies within the InOx thin film. We succeeded in forming a coplanar homojunction-
structured metal oxide TFT that used the passivation-induced channel-defining (PCD) method with an AlOx/InOx bilayer. The
PCD TFT had a field-effect mobility of 0.02 cm2/V·s, a threshold voltage of −1.88 V, a subthreshold swing of 0.73 V/decade, and
an on/off current ratio of 2.75 × 106 with a width/length (W/L) of 2000 μm/400 μm.
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1. INTRODUCTION

Since the discovery of amorphous InGaZnO as a semi-
conducting material by Hosono et al. in 2004,1 metal oxide
semiconductors have attracted a great deal of attention as a
channel material. Metal oxide semiconductor-based thin-film
transistors (TFTs) have advantages such as high mobility (∼10
cm2/V·s) with good electrical uniformity for large area
deposition and high transparency in visible light. For these
reasons, they have emerged as candidates for next-generation
liquid-crystal displays and organic light-emitting diode displays.
Metal oxide semiconductor films can be formed by various
techniques such as pulse laser deposition,2 atomic layer
deposition,3 sputtering,4 and solution processing.5 Among
these methods, the solution process has many advantages,
including nonvacuum processing, selective deposition, and low
cost. However, it requires the use of conventional photo-
lithography for patterning. By using a photoresist (PR)-free-
based ultraviolet (UV) patterning process with photosensitive
solutions, we achieved a much simpler process than the
conventional patterning process, as reported previously.6

Many studies have reported using homojunction-structured
metal oxide TFTs.7−9 These structures had good electrical
performance. Two approaches are generally used for their
manufacture. One uses a plasma treatment to define the
electrodes,7,8 and the other applies transparent conducting
oxide source/drain electrodes on the channel with the
homojunction material.9 Typically, these methods require an
additional process, such as photolithography and specific
metallization, which adds cost and complexity to the TFT
fabrication. Here, we report a simple process to form coplanar

homojunction-structured aluminum oxide (AlOx)/indium
oxide (InOx) bilayer TFTs using a passivation-induced
channel-defining (PCD) method. Each layer was formed by a
solution-based process via a PR-free-based UV patterning
method.

2. EXPERIMENTAL PROCEDURE
Figure 1a is a schematic diagram of the PCD TFT discussed here. To
fabricate this structure, separate solutions were used to make the InOx
and AlOx layers. A 0.3 M solution of InOx was prepared by dissolving
indium nitrate hydrate [In(NO3)3·xH2O] in 2-methoxyethanol
(C3H8O2, 2ME). A 0.3 M solution of AlOx was prepared by dissolving
aluminum nitrate hydrate [Al(NO)3·9H2O] in 2ME. Benzoylacetone
(C10H10O2, BzAc) was used to photosensitize the two metal oxide
solutions.10−12 It was mixed separately into the InOx solution at a 1:1
molar ratio (In/BzAc) and into the AlOx solution also at a 1:1 molar
ratio (Al/BzAc). The process flowchart, including PR-free-based UV
patterning, is shown in Figure 1b. The BzAc/InOx solution was spin-
coated on SiO2/p

+-doped Si, in which SiO2 was used as the gate
insulator and p+-doped Si was used as the gate. The spin coating was
done at 3000 rpm for 30 s. The coated substrate was then soft-baked
for 90 s at 130 °C and irradiated by a UV lamp for 15 min with a line-
patterned mask to provide a source/drain width of 2000 μm. After
irradiation, the source/drain mask was removed and the substrate was
leached in 2ME for 1 min. The irradiated region did not dissolve in
2ME. The UV-patterned InOx layer was annealed for 1 h at 400 °C in
ambient air. The BzAc/AlOx solution was then spin-coated onto the
InOx layer at 1500 rpm for 30 s. The UV irradiation process was
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repeated with a line-patterned mask of width 400 μm to define the
channel/passivation. After the leaching process, the patterned AlOx
layer was annealed for 1 h at 400 °C in air. The PCD TFT was
fabricated in this manner (W/L = 2000 μm/400 μm). A Hall effect
measurement system (Ecopia HMS-3000) and a semiconductor
analyzer (Agilent 4145B) were used to measure the electrical
properties of the PCD TFT at room temperature. In the fabricated
structure, the InOx layer was annealed twice, i.e., during formation of
both the InOx and AlOx layers. Thus, the reference samples used for
measuring the InOx layer only were also annealed twice. The gate
voltage (Vgs) was swept from −25 to +25 V, and the drain voltage
(Vds) was applied at a constant 10.1 V for the transfer curve
measurement. For the output curve measurement, Vds was swept from
0 to 25 V, and Vgs varied from 0 to 25 V in 5 V increments. X-ray
photoelectron spectroscopy (XPS) data were acquired in depth-profile
mode with 1 keV Ar+-ion sputtering.

3. RESULTS AND DISCUSSION
During PR-free-based UV patterning, π−π* transitions
occurred in InOx and AlOx complexes that had been formed

in the presence of the added BzAc photosensitizer. The chelate
bonding was decomposed in these solutions during UV
irradiation. Hydrolysis and condensation reactions also
occurred.6,10−12 The UV-irradiated and nonirradiated regions

had very different solubilities in 2ME; i.e., the irradiated regions
were insoluble.
Table 1 lists the Hall effect data for the InOx and Al-diffused

InOx thin films for different annealing temperatures. For use as
an electrode, an InOx thin film must have a high carrier
concentration and low resistivity. The carrier concentration
decreased and the resistivity increased with decreasing
annealing temperature of the InOx thin film. For annealing
above 400 °C, the InOx thin film showed the electrical
characteristics of an electrode. The channel layer could be
affected by diffusion of a capping material, and this diffusant
could control the electric characteristics of the channel.13 A
lower carrier concentration, i.e., <∼1017 cm−3, and a higher
resistivity than the electrode are needed to use an Al-diffused
InOx thin film as a channel.14 Typically, a high annealing
temperature is required to obtain excellent electrical properties
when the solution process is used. It is essential to use the
proper annealing temperature to control Al-ion diffusion in the
PCD process. An Al-diffused InOx thin film annealed at 500 °C
was not suitable as a channel because the carrier concentration
was higher than that of a 400 °C-annealed thin film. The carrier
concentration and resistivity of the Al-diffused InOx thin film
were 3.18 × 1016 cm−3 and 3.68 × 104 Ω·cm for an annealing
temperature of 400 °C. The InOx and Al-diffused InOx thin

Figure 1. (a) Schematic diagram of a PCD TFT. (b) Formation of
PCD TFTs.

Table 1. Carrier Concentrations and Resistivities of InOx
and Al-Diffused InOx Thin Films as a Function of the
Annealing Temperature

400 °C annealing 500 °C annealing

carrier
concentration

(cm−3)
resistivity
(Ω·cm)

carrier
concentration

(cm−3)
resistivity
(Ω·cm)

InOx 8.19 × 1018 2.08 × 10‑1 4.45 × 1019 2.09 × 10‑2

Al-diffused
InOx

3.18 × 1016 3.68 × 104 1.24 × 1018 1.48 × 100

Figure 2. XPS data of the 400 °C-annealed PCD structure. (a) Depth
profile and (b) O 1s data as a function of the depth within the InOx
layer.
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films could be used as an electrode and a channel when they
were annealed at 400 °C because they had acceptable carrier
concentrations and resistivities.
XPS depth profiling of the PCD TFT fabricated at 400 °C

provided evidence of Al diffusion in the InOx thin film (Figure
2a). The In 3d peak appeared after 250−300 s of sputtering,
and the Al 2p peak showed a gradient distribution in the InOx
layer. A large amount of the Al diffused into the InOx layer
during the postannealing step of AlOx layer formation. Figure
2b shows the O 1s XPS spectrum as a function of the position
within the InOx layer. The O 1s peak of AlOx was observed at
∼532 eV, and the O 1s peak within the InOx layer showed the
harmonic peaks of AlOx and InOx.

15 For a more detailed
analysis, the O 1s spectra within the InOx layer were
deconvoluted using Gaussian distributions of three components
centered at 530.6, 531.9, and 533 eV (Figure 3). Region A,
having the lowest binding energy (BE), corresponds to O2−

ions associated with neighboring In atoms.16 Region B, having
mid-range BE, corresponds to O2− ions associated with
neighboring Al atoms.17 Region C, with the highest BE,
corresponds to O2− ions in oxygen-deficient environments.16

The relative areas of regions A and B changed with the Al:In

ratio in InOx. As this ratio decreased from 6:4 to 1:9, the area of
A increased from 32.4 to 63.2%, and the area of B decreased
from 51.1 to 14.8%. The area of C increased from 16.5 to 22%
as the Al:In ratio decreased. This result implied that the
diffused Al reduced the oxygen deficiency with respect to
oxygen vacancies (VO) in the InOx layer. Al has a lower
standard electrode potential (SEP) than In (Al, −1.662E°/V;
In, −0.4E°/V). Low-SEP materials, such as zirconium,18

lanthanum,19 yttrium,20 and hafnium,21 are well-known as VO-
suppressing materials in metal oxides. A low SEP value means
that the atom has a high tendency to lose electrons and to
combine with oxygen molecules. Considering the strong
oxidation characteristics of Al, diffused Al could remove VO
and VO-related oxygen deficiencies in the channel layer via
strong metal oxide bonding. In general, VO is the major source
of free carriers in metal oxide semiconductors;22,23 the
reduction of VO by Al diffusion leads to a decrease in the
carrier concentration in the InOx layer.
Figure 4a shows the transfer curve of the PCD TFT as a

function of the annealing time for varying amounts of diffused
Al. Without Al diffusion, the InOx thin film exhibited
conduction typical of an electrode. With application of an
AlOx layer onto the InOx thin film and annealing, the transfer
curve changed from conducting to semiconducting. Increasing
the annealing time from 30 to 60 min at 400 °C improved the
switching performance of the PCD TFT with an increased on/
off current ratio. This indicated that the carrier concentration of
the InOx region could be suppressed underneath the AlOx
capping layer and that this phenomenon originated from the

Figure 3. O 1s XPS data of the 400 °C-annealed AlOx/InOx structure:
(a) Al:In = 6:4; (b) Al:In = 1:9.

Figure 4. (a) Transfer curve of PCD TFTs as a function of the
annealing time for AlOx formation at 400 °C. (b) Output
characteristics of PCD TFTs with AlOx annealed for 1 h at 400 °C.
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diffusion of Al into InOx. Furthermore, PCD TFTs offer
advantages such as a passivation effect at the back-channel
region via ambient as well as reduced degradation of the TFT
performance due to reaction with H2O molecules in air. An
InOx film without diffused Al showed electrode-like high
conductivity. However, after annealing of AlOx at 400 °C for 60
min, the PCD TFT had a field-effect mobility of 0.02 cm2/V·s,
a threshold voltage of −1.88 V, a subthreshold swing of 0.73 V/
decade, and an on/off current ratio of 2.75 × 106 with aW/L of
2000 μm/400 μm. As shown in Figure 4b, our PCD TFT
showed a pinch-off and saturation behavior. This result is
consistent with our transfer modulation by a AlOx stacked InOx
TFT.

4. CONCLUSION
The fabrication of a solution-processed metal oxide TFT,
having a coplanar homojunction structure consisting of an AlOx
and InOx bilayer, using a PCD method has been demonstrated.
The source/drain region was identified using a conductive InOx
layer without the conventional source/drain formation process
that uses photolithography/etching. Thermal diffusion of Al
into the InOx layer occurred during annealing of the AlOx layer.
The diffused Al acted as a carrier suppressor, decreased the
carrier concentration, and also defined the channel region. This
simple and efficient method of selective Al diffusion enabled the
fabrication of metal oxide TFTs. We expect that the upper AlOx
layer would enable back-channel passivation of the InOx layer.
These results also demonstrate the potential of PCD for the
simple, cost-effective manufacture of metal oxide TFTs.
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