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ABSTRACT: We developed a facile and environmentally friendly solution-processed method for aluminum oxide (AlOx)
dielectrics. The formation and properties of AlOx thin films under various annealing temperatures were intensively investigated
by thermogravimetric analysis−differential scanning calorimetry (TGA-DSC), X-ray diffraction (XRD), spectroscopic
ellipsometry, atomic force microscopy (AFM), attenuated total reflectance−Fourier transform infrared spectroscopy (ATR-
FTIR), X-ray photoelectron spectroscopy (XPS), impedance spectroscopy, and leakage current measurements. The sol−gel-
derived AlOx thin film undergoes the decomposition of organic residuals and nitrate groups, as well as conversion of aluminum
hydroxides to form aluminum oxide, as the annealing temperature increases. Finally, the AlOx film is used as gate dielectric for a
variety of low-temperature solution-processed oxide TFTs. Above all, the In2O3 and InZnO TFTs exhibited high average
mobilities of 57.2 cm2 V−1 s−1 and 10.1 cm2 V−1 s−1, as well as an on/off current ratio of ∼105 and low operating voltages of 4 V
at a maximum processing temperature of 300 °C. Therefore, the solution-processable AlOx could be a promising candidate
dielectric for low-cost, low-temperature, and high-performance oxide electronics.

KEYWORDS: solution process, aluminum oxide, oxide thin-film transistors, environmentally friendly, low-temperature,
high-performance

1. INTRODUCTION

Metal oxide thin-film transistors (TFTs) have been extensively
studied for large-area flat-panel display applications over the
past decade, because of their high mobility, good uniformity,
and reasonable electrical stability.1−6 Unfortunately, most of
these high-performance oxide TFTs are usually manufactured
using costly vacuum-based techniques. To address this
problem, much effort has been devoted to fabricating TFTs
using alternative deposition methods based on solution-
processed oxide semiconductors.7−12

However, most of the reported work employs thermally
grown or vacuum-deposited SiO2 dielectrics. The development
of dielectrics by solution processing is somewhat overlooked,
even though the dielectric layer is as important as the
semiconductor layer and the semiconductor/dielectric interface

strongly affects the device performance. The development of
novel dielectrics that offer solution processing capability is an
important objective for the realization of low-cost oxide-based
electronics. For this reason, a few studies have investigated
solution-processed high-k dielectrics, such as Al2O3, HfO2,
ZrO2 and Y2O3.

13−39 Among them, Al2O3 is an excellent
candidate, because of its abundance in nature, low cost, good
chemical stability, high breakdown field, and low interfacial trap
density with oxide semiconductors.14,29,40,41 However, the high
annealing temperature, repeated spin-coating processes (usually
more than 5 times), or the use of hazardous solvent still inhibit
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the development of solution-processed high-k Al2O3 dielec-
trics.26,28,30,32−36,39

In this article, a simple and environmentally friendly method
is developed for AlOx dielectric using ethanol as solvent in a
single spin-coating process. The formation and properties of
AlOx thin films at different annealing temperatures were
intensively studied by thermogravimetric analysis−differential
scanning calorimetry (TGA-DSC), X-ray diffraction (XRD),
spectroscopic ellipsometry, atomic force microscopy (AFM),
attenuated total reflectance−Fourier transform infrared spec-
troscopy (ATR-FTIR), X-ray photoelectron microscopy (XPS),
impedance spectroscopy, and leakage current measurements.
The AlOx film exhibited a low leakage current and smooth
surface, which is used as a gate dielectric for a variety of low-
temperature solution-processed oxide TFTs. Above all, the
In2O3 and InZnO TFTs showed high average mobilities of 57.2
cm2 V−1 s−1 and 10.1 cm2 V−1 s−1, as well as on/off current
ratios of ∼105 and low operating voltages of 4 V, with a
maximum processing temperature of 300 °C.

2. EXPERIMENTAL SECTION
2.1. Precursor Solution Synthesis. All of the chemical

compounds were purchased from Sigma−Aldrich and used
without further purification. The AlOx precursor solution was
prepared by dissolving ∼4.5 g of aluminum nitrate nonahydrate
(Al(NO3)3·9H2O) in 20 mL of ethanol (an environmentally
friendly solvent) without any additives. For the In2O3 solution,
0.15 M indium nitrate hydrate (In(NO3)3·xH2O) was dissolved
in 2-methoxyethanol (2-ME). For the InZnO solution, 0.08 M
indium nitrate hydrate (In(NO3)3·xH2O) and 0.08 M zinc
acetate dihydrate (Zn(CH3COO)2·2H2O) were mixed with 2-
ME. All the solutions were stirred vigorously for 6 h under
ambient conditions and filtered through 0.2 μm polytetrafluoro-
ethylene (PTFE) syringe filters, respectively, before spin-
coating.
2.2. Device Fabrications. The gate dielectric and channel

layers were all achieved by single spin-coating processes. The
AlOx precursor solution was spin-coated onto an oxygen-
plasma-treated heavily doped Si substrate at 4000 rpm for 40 s
and annealed at the desired temperature (100, 130, 200, 300,
400, and 500 °C) for 30 min under ambient conditions. For the
metal−insulator−metal (MIM) devices, an Al electrode (100
nm) was deposited on the dielectric layer by thermal
evaporation. The area of the circular Al electrode was 0.03
mm2. To fabricate the TFTs with a bottom-gate top-contact
configuration, the semiconductor solutions (In2O3 and InZnO)
were spin-coated on AlOx (annealed at 300 °C) coated heavily
doped Si substrate at a speed of 3500 rpm for 35 s, respectively.
The coated In2O3 and InZnO layers were annealed at the
intended temperature (250 and 300 °C) for 50 min. The
thickness of the channel layers were 10 nm, as measured using a
spectroscopic ellipsometer. Subsequently, the Al source and
drain electrodes 100 nm thick were deposited by thermal
evaporation through the shadow mask to fabricate top-contact
transistors. The channel width (W) and length (L) are 1500
and 100 μm, respectively. It has been reported that a smallW/L
ratio of 5 may induce mobility overestimation up to ∼200%,
whereas the overestimation decreased to 10% as the W/L ratio
increased to 10.26 Herein, the large W/L ratio of >15 in this
work could efficiently limit mobility overestimation.
2.3. Characterization. The thermal behavior of the AlOx

precursor powder, which was dried at 100 °C for 12 h, was
measured by thermogravimetric analyzer (Perkin−Elmer,

Model TGA 6) and differential scanning calorimeter
(Perkin−Elmer, Model DSC 7) at a heating rate of 10 °C/
min from 50 °C to 500 °C. The crystallization and structural
information on the sol−gel-derived AlOx thin films were
obtained using X-ray diffraction (XRD) (Siemens, Model
D5005) with Cu Kα radiation. The thicknesses of the AlOx
films were measured via variable-angle spectroscopic ellipsom-
etry (SE) (J.A. Woollam Co., Inc.). The surface morphologies
of the AlOx films were observed by atomic force microscopy
(AFM) (Veeco Dimention V). The chemical characteristics of
the AlOx films were investigated by attenuated total
reflectance−Fourier transform infrared spectroscopy (ATR-
FTIR) (Bruker, Model Tensor 27). The chemical structures of
the AlOx films were characterized by X-ray photoelectron
spectroscopy (XPS) (VG Scientific, Model ESCALAB 250),
and all binding energies were referenced to the C 1s peak at
284.6 eV of the surface adventitious carbon. Impedance
spectroscopy measurements on MIM devices were performed
using a Model HP 4284A precision impedance analyzer at
frequencies between 20 Hz and 1 MHz. The leakage of the
AlOx films and the electrical characteristics of the TFTs were
measured with a precision semiconductor analyzer (Keithley,
Model 4200) in the dark at room temperature. The threshold
voltage (Vth) was extracted from measurements in the
saturation region by plotting (IDS)

1/2 vs VGS and extrapolating
to IDS = 0 plots. The mobility (μ) and subthreshold swing (S)
were calculated using the following formulas:
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where Ci is the capacitance of the gate dielectrics per unit area,
W the channel width, and L the channel length.

3. RESULTS AND DISCUSSION
To understand the conversion process from liquid precursor to
solid AlOx thin film, systematical investigations including TGA-
DSC, XRD, SE, AFM, ATR-FTIR, and XPS characterization
were carried out. Figure 1 shows the TGA-DSC of AlOx
precursor powder from 50 °C to 500 °C. Gradually weight
loss was observed up to 400 °C. The endothermic peak
accompanying weight loss at 133 °C can be attributed to the
evaporation of solvent and hydrolysis of the metal precur-
sors.20,33,42 The peak at 209 °C indicates the dehydroxylation

Figure 1. TG and DSC curves of AlOx precursor powder from 50 °C
to 500 °C.
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behavior of the hydrolyzed aluminum hydroxide, which reacts
with adjacent aluminum hydroxide molecules and form the
aluminum oxide clusters.20,33,42 Another peak at 238 °C may be
related to the decomposition of residual nitrate.20,33,42

Figure S1 in the Supporting Information shows the XRD
spectra of AlOx films at the different annealing temperature of
100, 130, 200, 300, 400, and 500 °C. The AlOx film was
identified as an amorphous phase up to the annealing
temperature of 500 °C. Previous studies have demonstrated
that the AlOx thin film showed high crystallization temperature
up to 1000 °C.41 Concerning the structures, amorphous
materials are preferred, because grain boundaries act as
preferential paths for impurity diffusion and leakage current,
resulting in inferior dielectric performance. Besides that,
amorphous films present smoother surfaces than polycrystalline
ones, which can render improved dielectric/channel interface
properties.31

The thicknesses of AlOx films annealed at 100, 130, 200, 300,
400, and 500 °C were 151, 89, 56, 52, 51, and 47 nm,
respectively, as summarized in Table 1. As the annealing
temperature increased, the thickness of AlOx thin film
decreased, which is due to the evaporation of solvent and the
densification process of the thin films. Figure 2 shows the AFM
images (5 μm × 5 μm) of AlOx thin films treated at different
temperatures. The root-mean-square (rms) roughness of AlOx

films annealed at 100, 130, 200, 300, 400, and 500 °C were
2.38, 1.33, 0.17, 0.15, 0.14, and 0.16 nm, respectively (see Table
1). The AlOx films showed an ultrasmooth surface as the
annealing temperature increased, up to 200 °C, consistent with
the amorphous structure, which is ideal for suppressing the
surface-roughness-induced leakage current and achieving
expeditious charge carrier mobility in the TFT channel.21,26,31

The thickness and surface roughness of AlOx films were greatly
reduced when the annealing temperature increased to 200 °C,
which is consistent with the TGA-DSC measurements. Besides,
the AlOx films maintain excellent surface roughness up to
annealing temperatures of 500 °C.
To investigate the formation of the solution-processed AlOx

thin films with aforementioned annealing conditions, ATR-
FTIR measurements were carried out, and the results are
shown in Figure 3. The broad peaks in the range of 3000−3500

cm−1 correspond to hydroxyl (OH) groups stretching
vibrations.20,33 The peaks in the 1300−1700 cm−1 range
indicate deformation vibrations from the nitrate (NO3

−)
groups.33 The peaks in the 600−900 cm−1 range are attributed
to Al−O vibrations.43 The peaks at 1240 cm−1 (with annealing
temperature reaching above 200 °C) could be related to the
substrate information (Si−O−Si (native oxide) vibrations),44,45
whereas it could not be detected for thick film. In the case of
100 °C annealed conditions, the Al−O bond was not formed
and a large amount of hydroxyl and nitrate groups remained.
The Al−O bond was configured at 200 °C and the hydroxyl
and nitrate groups gradually decomposed at temperatures up to
300 °C. At annealing temperatures of >400 °C, only Al−O
vibration peaks were observed.
To further investigate the evolution of solution-processed

AlOx thin film, XPS measurements were performed. The XPS
O 1s peaks of the AlOx films that were prepared at different
annealing temperatures are shown in Figure 4. They can be
deconvoluted into two peaks, corresponding to the fully

Table 1. Microstructural and Dielectric Properties of Solution-Processed AlOx at the Different Annealing Temperatures of 100,
130, 200, 300, 400, and 500 °C

Leakage (A/cm2)

annealing
temperature (°C)

thickness
(nm)

roughness
(nm) at 1 MV/cm at 3 MV/cm

capacitance (nF/cm2) at
100 Hz

dielectric constant at
100 Hz

dissipation factor at
100 Hz

100 151 2.38 79.6 >79.6 920 157.0 4.8 × 10−1

130 89 1.33 3.1 × 10−2 >3.1 × 10−2 1110 111.6 1.6 × 10−1

200 56 0.17 1.4 × 10−6 5.7 × 10−4 241 15.2 6.6 × 10−2

300 52 0.15 7.1 × 10−7 6.4 × 10−5 194 11.4 2.2 × 10−2

400 51 0.14 3.2 × 10−7 1.0 × 10−6 170 9.8 6.7 × 10−3

500 47 0.16 4.1 × 10−7 9.8 × 10−7 163 8.7 6.6 × 10−3

Figure 2. AFM images of AlOx films at different annealing
temperatures of (a) 100, (b) 130, (c) 200, (d) 300, (e) 400, and (f)
500 °C. Image dimensions are 5 μm × 5 μm.

Figure 3. FTIR spectra of AlOx films at different annealing
temperatures.
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oxidized states at 531.0 ± 0.1 eV and the oxygen associated
with hydroxyl (OH) group at 532.3 ± 0.2 eV.29,46 As shown in
Figure 5g, the oxygen lattice and OH-related peaks of the AlOx

film increased and decreased as the annealing temperature
increased, suggesting decomposition of the metal precursor and
conversion of the hydroxyl groups to form a metal oxide
framework. Besides, a large number of nitrogen peaks were
observed in the 100 °C-annealed AlOx film, whereas nitrogen
could not be detected when the annealing temperature up to
300 °C, which is consistent with the ATR-FTIR analysis. From
the TGA-DSC, ATR-FTIR, and XPS results, we can conclude
that the sol−gel-derived AlOx thin film undergoes the
decomposition of organic residuals and nitrate groups, as well
as conversion of aluminum hydroxides to form aluminum
oxide, as the annealing temperature increases. The proposed
mechanism of the conversion process from liquid precursor to
solid AlOx thin film was demonstrated in S1.
The dielectric properties of the solution-processed AlOx thin

film annealed at different temperatures were measured by MIM
structures and summarized in Table 1. Figure 5 shows the
current density versus electric field of AlOx films, as a function
of annealing temperature. It is clearly seen that the leakage
current of the AlOx thin films decreased as the annealing
temperature increased. The 100 °C- and 130 °C-annealed AlOx

thin films had very large leakage currents, since the existence of
large amounts of organic residuals, as well as nitrate and
hydroxyl groups, will lead to the conduction paths.20,31 The 200
°C- and 300 °C-annealed films showed significant improvement
in the leakage current (1.4 × 10−6 A/cm2 and 7.1 × 10−7 A/
cm2, respectively, at 1 MV/cm, and 5.7 × 10−4 A/cm2 and 6.4 ×
10−5 A/cm2, respectively, at 3 MV/cm), which is attributed to
the decomposition of metal precursor, as well as the formation
of a metal oxide framework.20,31 These results show that the
low-temperature solution-processed AlOx dielectric layer is
suitable for use in gate dielectrics for TFT applications. Besides,
the leakage current is smaller than the previously published
results of sol−gel-derived AlOx dielectrics.26,29,33,36,39 As the
annealing temperature increased to 400 °C and 500 °C, the
leakage current further reduced to 3.2 × 10−7 A/cm2 and 4.1 ×
10−7 A/cm2 at 1 MV/cm, and 1.0 × 10−6 A/cm2 and 9.8 × 10−7

A/cm2, respectively, at 3 MV/cm, which is ascribed to the
continued conversion of aluminum hydroxides to form
aluminum oxide.29

The capacitance−frequency and dissipation factor−fre-
quency curves of AlOx thin films are shown in Figure 6 in
the range from 20 Hz to 1 MHz. The 100 °C- and 130 °C-
annealed AlOx films exhibited anomalous capacitances and
dissipation factors because of the organic residuals, which is
consistent with the poor leakage current. The films annealed at
200, 300, 400, and 500 °C had capacitances of 241, 194, 170,
and 163 nF/cm2 at 100 Hz, corresponding to dielectric
constants of 15.2, 11.4, 9.8, and 8.7, respectively. The high
value of capacitance in the case of low-temperature-annealed
AlOx films is attributed to the existence of hydroxyl groups. In
general, hydroxyl groups easily absorb water molecules, which
can enhance the capacitance of the AlOx layer, because of their
high polarity (the dielectric constant of water is 81).29,33 The
dissipation factor of the films annealed at 200, 300, 400, and
500 °C were 6.6 × 10−2, 2.2 × 10−2, 6.7 × 10−3, and 6.6 × 10−3,
respectively. The reduced dissipation factor is consistent with
the low leakage current and weak frequency dependence of
capacitance.27,38 The dielectric properties and leakage current
are in good agreement with the above characterization of the
AlOx thin film.

Figure 4. XPS spectra of AlOx films at different annealing temperatures of (a) 100, (b) 130, (c) 200, (d) 300, (e) 400, and (f) 500 °C. The open
circles represent the experimental data, while the solid lines are the fitted peaks. (g) Percentage of oxide lattices and oxygen in hydroxide of AlOx
films.

Figure 5. Leakage current density versus electric field of AlOx films at
different annealing temperatures. The 400 °C- and 500 °C-annealed
curves are overlapped with each other.
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In order to avoid the miscibility phenomenon caused by the
annealing treatment of oxide semiconductors (such as indium
diffusion) and to guarantee a low-temperature process, we
conducted the annealing process for AlOx dielectric at 300 °C
for oxide TFTs.24 The performance of the AlOx thin film as a
gate dielectric was investigated in a bottom-gate, top-contact
TFTs architecture employing solution-processed In2O3 and
InZnO as channel layers, with the electrical performance
summarized in Table 2.
Figure 7 shows the representative transfer and output

characteristics of solution-processed In2O3 annealed at 250
and 300 °C with AlOx dielectrics. No evidence of current
crowding appears for the low VDS of the output curves,
indicating good ohmic contacts between the semiconductor
and the source−drain electrodes, and the contact resistance

does not limit the device performance.31 Because TFT
characterization was performed in direct voltage, the measured
capacitance value at a relatively low frequency was often
adopted for device mobility calculation. Therefore, the
capacitance at 20 Hz was used to eliminate mobility
overestimation.26,33 The In2O3 TFT annealed at 250 °C
exhibited a mobility of 1.71 ± 0.78 cm2 V−1 s−1, a subthreshold
swing of 0.29 ± 0.04 V/decade, a threshold voltage of −1.13 ±
1.02 V, and an on/off current ratio of 1.1 × 104. A remarkable
improvement is achieved for the 300 °C-annealed device,
showing a high mobility of 57.21 ± 16.91 cm2 V−1 s−1, a
subthreshold swing of 0.22 ± 0.05 V/decade, a threshold
voltage of 0.57 ± 0.67 V, and an on/off current ratio of 6.0 ×
104. The histograms of these parameters are shown in Figure S2
in the Supporting Information. It is known that the conduction

Figure 6. (a) Capacitance versus frequency and (b) dissipation factor versus frequency of AlOx films at the different annealing temperatures.

Table 2. Electrical Performance of Oxide TFTs with Solution-Processed AlOx Dielectric

channel material mobility(cm2 V−1 s−1) subthreshold swing (V/decade) threshold voltage (V) on/off current ratio

In2O3 (250 °C) 1.71 ± 0.78 0.29 ± 0.04 −1.13 ± 1.02 1.1 × 104

In2O3 (300 °C) 57.21 ± 16.91 0.22 ± 0.05 0.57 ± 0.67 6.0 × 104

InZnO (250 °C) 1.20 ± 0.23 0.29 ± 0.14 1.56 ± 0.50 1.4 × 104

InZnO (300 °C) 10.13 ± 2.86 0.17 ± 0.06 2.07 ± 0.42 2.9 × 105

Figure 7. (a) Transfer (IDS vs VGS)/gate leakage (IGS vs VGS) and (b) output characteristics of the In2O3/AlOx TFTs annealed at 250 °C. (c)
Transfer (IDS vs VGS)/gate leakage (IGS vs VGS) and (d) output characteristics of the In2O3/AlOx TFTs annealed at 300 °C.
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band minimum (CBM) in oxide semiconductors should be
primarily composed of dispersed vacant s-states with short
interaction distances for efficient carrier transport, which can be
achieved in ionic oxide lattices but not obviously in
hydroxide.47 Therefore, the dehydroxylation reaction of oxide
semiconductor at higher annealing temperature will enhance
the device performance. Besides, the In2O3/AlOx TFTs
exhibited a low operating voltage of 4 V, which is good for
low power consumption. The relatively high gate leakage
current of the device is ascribed to the nonpatterned channel
layer, which is consistent with the previous reports.26,31

However, the device performance is not affected by the gate
leakage current, since the leakage current is lower than the
drain current by at least a factor of 100.21,47 The high mobility
of the optimized In2O3 TFTs should be attributed to the
combined effect of a high-quality active layer, a high capacitance
dielectric layer, and a well-defined dielectric/semiconductor
interface (low interface roughness and trap density).26,29,31 This
high mobility, which is achieved by a simple and low-
temperature process, is comparable to the recently reported
high-performance solution-processed high-k dielectric/oxide
semiconductor TFTs.13,14,16,18−21,24,26−29,33

InZnO TFTs were also fabricated, again to highlight the
applications of solution-processed AlOx dielectrics. The transfer
and output characteristics of InZnO TFTs annealed at 250 and
300 °C are presented in Figure 8. The 250 °C-annealed device
showed a mobility of 1.20 ± 0.23 cm2 V−1 s−1, a subthreshold
swing of 0.29 ± 0.14 V/decade, a threshold voltage of 1.56 ±
0.50 V, and an on/off current ratio of 1.4 × 104. As in the case
of the In2O3 semiconductor, the 300 °C-annealed InZnO TFT
showed an improved mobility of 10.13 ± 2.86 cm2 V−1 s−1, a
subthreshold swing of 0.17 ± 0.06 V/decade, a threshold
voltage of 2.07 ± 0.42 V, and on/off current ratio of 2.9 × 105.
The histograms of these parameters are shown in Figure S3 in
the Supporting Information. The carrier concentration of In2O3
thin films is known to be easily controlled through the addition
of different-sized metal cations, such as Zn and Ga, which leads

to the reduction of mobility and off current, as well as the
positive shift of the threshold voltage.11,31

Our results showed that the solution-processed AlOx is a
general dielectric that can be used to achieve low-temperature,
high-performance oxide TFTs. We noticed clockwise hysteresis
for the 250 °C-annealed In2O3 and InZnO TFTs and small
counterclockwise hysteresis for the 300 °C-annealed devices.
The hysteresis may be related to the charge trapping/
detrapping behavior at the semiconductor/dielectric inter-
face.1,2,4 Besides, since our device is unpassivated, the
interaction between the back channel and the ambient
atmosphere will contribute to the hysteresis of the device.3,8

The reduction of the hysteresis and improvement of the device
stability could be achieved by optimization of the semi-
conductor/dielectric interface and the introduction of the
passivation layer; related studies are underway. Besides, the
annealing temperature (300 °C) is still somewhat high for a
flexible substrate. The electrical performance of our device
fabricated at low temperature is largely limited by the channel
layer. Since the oxide semiconductor is obtained using the
conventional sol−gel method, the high-annealing step is
inevitable for oxidation and impurity removal in the solution
process. Further reduction in the annealing temperature could
be achieved by using some novel methods such as sol−gel on
chip,10 combustion process,9 aqueous solution process,48

photochemical activation,11 and annealing in an O2/O3
atmosphere environment.49

4. CONCLUSION
In summary, we demonstrated a simple and environmentally
friendly solution-processed method for AlOx dielectrics. The
formation and properties of AlOx thin films under various
annealing temperatures were intensively studied using TG-
DSC, XRD, spectroscopic ellipsometry, AFM, ATR-FTIR, XPS,
impedance spectroscopy, and leakage current measurements.
As the post-annealing temperature increased, the solution-
processed AlOx thin film undergoes the decomposition of

Figure 8. (a) Transfer (IDS vs VGS)/gate leakage (IGS vs VGS) and (b) output characteristics of the InZnO/AlOx TFTs annealed at 250 °C. (c)
Transfer (IDS vs VGS)/gate leakage (IGS vs VGS) and (d) output characteristics of the InZnO/AlOx TFTs annealed at 300 °C.
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organic residuals and nitrate groups, as well as conversion of
aluminum hydroxides to form aluminum oxide. Finally, the
AlOx film is used as a gate dielectric for a variety of low-
temperature solution-processed oxide TFTs. Above all, the
In2O3 and InZnO TFTs exhibited high average mobilities of
57.2 cm2 V−1 s−1 and 10.1 cm2 V−1 s−1, as well as an on/off
current ratio of ∼105 and low operating voltages of 4 V at a
maximum processing temperature of 300 °C. Our study
presents a significant step toward the development of low-
cost, low-temperature, and high-performance oxide electronics.
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