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ABSTRACT The low-temperature annealing process has a critical impact on the electrical performance
of thin-film transistors (TFTs). This paper reports significant performance enhancements of TFTs using a
femtosecond laser pre-annealing (FLA)-based preparation method. The solution-processed In2O3 films were
fabricated by FLA at various laser irradiation times and then annealed on a hot-plate at 230 ◦C. When the
FLA time was set to 30 s, the device exhibited high saturation mobility of 10.03 ± 0.64 cm2/Vs, Ion/Ioff
of 3.4 × 105, low VTH of 0.14 ± 0.64 V, and small SS of 1.44 ± 0.37 V/dec. The FLA process improved
the formation of M-O lattices effectively, which led to an improvement in mobility. Furthermore, the gate-
bias-stress stability and time-dependent environmental stability were improved considerably by the FLA
process. These results show that high-performance In2O3 TFTs can be prepared at low temperatures using
FLA-centered annealing technology. This work suggests that the FLA preparation method has tremendous
potential for the fabrication of low-cost, high performance, and flexible TFT devices.

INDEX TERMS In2O3, thin-film transistors, solution process, femtosecond laser, low-temperature, anneal-
ing process.

I. INTRODUCTION

Over the past decade, amorphous metal oxide semiconduc-
tors (AMOS) [1]–[3] have been studied widely as channel
materials for thin-film transistors (TFTs) [4] in active-matrix
displays [5], [6], biochemical sensors [7], logic circuits [8],
and flexible displays owing to their superior effective electron
mobility, high transparency (> 80 %) in the visible region,
good atmospheric stability, excellent uniformity compared to
polysilicon TFTs, and low-temperature processing [1], [2]
Recently, research into TFTs based on metal oxide mate-
rials has focused mainly on amorphous binary, ternary and
quaternary metal oxide materials, such as indium zinc oxide
(IZO) [9], indium gallium zinc oxide (IGZO) [10], [11], zinc
tin oxide (ZTO) [12], [13], indium zinc tin oxide (IZTO) [14],
and indium oxide (In2O3). These materials can also be used
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as solution-processable materials for oxide-based TFTs that
can provide a viable route for low-cost TFT applications.
In particular, the binary In2O3 has tremendous potential in
various applications that because of its excellent electron
conductivity [15], [16], single-crystal mobility of up to
160 cm2V−1s−1 grown from the vapor-phase at 1000 ◦C [17],
high optical transparency [18] in the visible range (> 90%)
given by its wide bandgap between 3.6 and 3.75 eV [19], [20],
and large-area uniformity [21].
In2O3-based TFTs are popular for high-resolution active-

matrix displays owing to its solution processing, which
offers a scalable and cost-effective route for low-cost, equip-
ment simplicity, high throughput, low material waste, and
large-area deposition [3], [22], [23] compared to other
deposition techniques, such as evaporation [24], sput-
tering [25], chemical vapor deposition [19], [26], and
atomic layer deposition [27], [28]. In addition, the prepa-
ration of In2O3 thin films is entirely independent of
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2-methoxyethanol/acetonitrile-based liquid precursor solu-
tions. Therefore, high-temperature annealing processing,
which aims to remove volatile organics and achieve full
oxide lattice condensation, is not an essential step, which
would result in less damage to the environment[29] Sim-
ple solution processing also avoids the retention of organic
residues following the subsequent low-temperature anneal-
ing process, which affects the metal thin film formation
and the electrical performance of TFTs devices [30], [31]
Most studies of solution-processed TFTs have shown that a
high-temperature annealing process is essential for excellent
electrical performance. On the other hand, in terms of the
low-temperature annealing process, the field-effect electron
mobility of solution-processed In2O3 TFTs shows large fluc-
tuations with mobilities of 0.29 ∼ 24.85 cm2V−1s−1 [32]
and 0.85 ∼ 22.14 cm2V−1s−1 [33] at temperatures ranging
from 200 to 300 ◦C. In particular, a poor mobility less than
1 cm2V−1s−1 has been observed at a low-temperature of
200 ◦C. Therefore, further study of low-temperature anneal-
ing technology (≤ 250 ◦C) is necessary, while ensuring excel-
lent electrical performance [34]–[36] Furthermore, it will
promote the use of flexible substrates for device fabrication,
such as low-cost plastic substrates.
Many low-temperature annealing techniques have been

used for the preparation of In2O3 thin films, includ-
ing sol-gel on-chip processes [37], deep-ultraviolet pho-
tochemical activation [38], combustion processes [39],
ozone photo-annealing [21], high-pressure annealing [40],
microwave-assisted annealing [33], aqueous route [41], and
laser annealing. In particular, many laser annealing methods
have been used to manufacture metal oxide films with their
economic and ecological advantages. On the other hand, few
studies have explored In2O3 films fabricated by femtosec-
ond laser-assisted annealing. Femtosecond laser annealing
(FLA) technology seldom needs to be used in a high-pressure
vacuum environment. In addition, it is not a time-consuming
process because of its ultrashort laser pulse and high transient
intensity, resulting in lower energy cost and less damage to the
metal oxide thin film [42] The high-energy efficiency fem-
tosecond laser is also more suitable for the low-temperature
annealing process of In2O3 films than other candidate tech-
nologies. This is because the preparation of an In2O3 solution
does not require a 2-methoxyethanol/acetonitrile-based pre-
cursor. Hence, high-temperature annealing to decompose the
precursor is not needed. An optimized In2O3 film preparation
process by femtosecond laser would be needed to achieve the
potential advantages and overcome the challenges associated
with the application of FLA to improve the poor electrical
characteristics (especially mobility) of In2O3 TFTs after low
annealing temperatures.
This paper reports a novel annealing approach using a

femtosecond laser pre-annealing-based multiple annealing
process at 230 ◦C to prepare solution-processed In2O3 TFTs
with enhanced electrical performance. This unique anneal-
ing process, including fast femtosecond laser pre-annealing
and low-temperature annealing at 230 ◦C under ambient

conditions, offers a simple, low-cost, and pro-environmental
preparation method. The effects of this approach on the opti-
cal, morphological, chemical, and electrical properties were
examined by tuning the irradiation time of the femtosecond
laser. In addition, the influence of the femtosecond laser
pre-annealing on In2O3 TFTs was examined by comparison
with a non-irradiated one. The improved high-performance
solution-processed In2O3 TFTs provide an original and effec-
tive annealing method that would be suitable for flexible
substrates as well as viable low-cost preparation.

II. EXPERIMENTAL DETAILS

An indium nitrate hydrate [In(NO3)3·xH2O] with a purity
of 99.99% was dissolved in pure water (ACS reagent) to
yield a 0.1 M In2O3 solution. All reagents were purchased
fromALDRICH and used as received. An In2O3 solution was
stirred for 2 h at 45 ◦C by a magnetic stirrer at 700 rpm. The
prepared clear solution was then filtered through a 0.20 µm
syringe filter before spin coating to obtain a more transparent
homogeneous solution.
A bottom-gate and top-contact source-drain electrode

structure was used to fabricate In2O3 TFTs, as shown
in Figure 1(a), the substrate consisted of a 100 nm thick
SiO2 layer on a heavily doped n-type silicon wafer (thickness
of 710-740 µm) as the gate dielectric layer. The SiO2/Si
wafer was rinsed with a water-dissolved powder detergent
and sonicated sequentially in deionized water, acetone, and
isopropyl alcohol at 45 ◦C for 15min, and blow-driedwithN2
gas. Subsequently, the samples were dried in an oven at 45 ◦C
for 30min to remove all residual solvent. SiO2/Si wafers were
then placed in an ultraviolet treatment cleaner at 28 mW for
20 min to form a hydrophilic surface in the channel area.

FIGURE 1. Schematic diagram of (a) the In2O3 TFT structure, and (b) the
experiment setup for femtosecond laser pre-annealing.

The prepared In2O3 solution, which had been filtered
through a 0.20µm syringe filter, was spin-coated at 3000 rpm
for 30 s. The resulting coated substrate was then soft-baked
on a hot-plate (AS ONE, HPR6-1515) at 80 ◦C for 5 min
in air. After cooling, the In2O3 thin films were pre-annealed
by a femtosecond laser for various treatment time (30, 60,
and 90 s) at a wavelength of 700 nm. The femtosecond laser
was generated using a chameleon Ti: sapphire lasers system
(COHERENT, USA). Figure 1(b) shows the laser annealing
setting. The In2O3 thin film-based wafer was mounted on the
left holder. The input laser beam (laser power of 1860 mW)
was converted to an output laser beam using a beam splitter.

44454 VOLUME 9, 2021



F. Shan et al.: Improved High-Performance Solution Processed In2O3 TFT Fabricated by Femtosecond Laser Pre-Annealing Process

A spatial filter was used to ensure the output laser operated
at a lower-order mixed-mode and improve the beam qual-
ity. Finally, the high-quality output laser beam was focused
on the surface of the In2O3 film using a lens at a point
power of 97 W/cm2, and the beam was adjusted to cover
the square wafer completely using an aperture. Femtosec-
ond laser pre-annealing, through which optical energy was
transferred to the In2O3 films, produced a large number
of electrons, and the energy was transferred to the lattice.
The laser pre-annealing process was operated with constant
humidity and operating temperature range of 15 to 28 ◦C in a
dark room in air. The pre-annealed substrates were annealed
on a hot-plate at 230 ◦C for 2 h in air. In the end, the Al
source/drain electrodes were deposited onto the In2O3 layer
by thermal evaporation (pressure ∼ 10−6 Torr, a rate of
0.1 Å/s) using a shadow mask, which resulted in a channel
area, 200 µm in length and 2000 µm in width.
The electrical characteristics, including the output,

transfer, stability, and negative-bias-stress (NBS)/positive-
bias-stress (PBS) curves, weremeasured using a semiconduc-
tor parameter analyzer (Keithley 4200, Keithley Instruments
LLC, Cleveland, Ohio) in a vacuum glovebox workstation
(MBRAUN MB-Labstar Pro SP, filled with nitrogen) under
ambient conditions in a dark room. The surface morpholo-
gies of the In2O3 films were characterized by atomic force
microscopy (AFM, ICON, Bruker Corporation). The chem-
ical structures of In2O3 thin films were investigated by
X-ray photoelectron spectroscopy (XPS, Quantera-II, Physi-
cal Electronics, Inc. Chanhassen, MN, USA) on actual In2O3
TFTs devices prepared without an Al electrode. X-ray beams
(100 µm at 25 W and 15 kV) were used to radiate a surface
measurement range of 1000 × 1000 µm.

III. RESULTS AND DISCUSSION

The bottom-gate and top-contact TFTs were fabricated on
SiO2 substrates coated with In2O3 channel films by FLA at
three different radiation times (30, 60, and 90 s) followed
by low-temperature annealing processing (annealing temper-
ature of 230 ◦C). Figure 1(a) presents the TFT structure. FLA
processing showed an integration interaction between high-
energy photons and the In2O3 channel films, in which the
optical energy is transferred to the surface of the material to
generate a large number of electrons. These electrons transfer
energy to the lattice, which modifies the material phase or
structure in the irradiated area. During the energy transfer
process through nonlinear ionization, the laser pulse width is
greater than 10 fs, which is shorter than the electron-phonon
scattering time over a picosecond timescale. This leads to the
excitation of bound electrons by the high transient intensity
laser under lower energy [43], [44] An applied electric field is
formed through a charge separation process with the escaped
electrons, and the conduction of mobile electrons under this
electric field is closely related to the improvement in TFT
performance.
The FLA-centered low-temperature annealing process was

used to improve the electrical performance of the TFTs device

to replace traditional thermal annealing. For comparison, con-
trol In2O3-based TFTs were fabricated by single annealing
processing on a hot-plate at 230 ◦C. The electrical character-
istics of the In2O3 TFTs treated with single thermal annealing
and the FLA-centered annealing process with different laser
radiation times (30, 60, and 90 s) were carried out in a dark
ambient environment by measuring the output and transfer
characteristic curves as a function of the drain and back gate
voltages. Figure 2 shows the summarized output curves of
the In2O3 TFTs at gate voltage (VGS) from 0 to 30 V. The
device without the FLA process exhibited typical n-channel
behavior with clear current saturation and pinch-off voltage,
as shown in Figure 2(a). Figure 2(b-d) presents the fluctuating
output curves of the devices fabricated using the FLAprocess.
The In2O3 TFTs with a 30 s FLA process exhibited the
best contact, solid saturation, and clearer pinch-off that was
even better than the sample device without FLA. In contrast,
the output characteristics deteriorated when the laser radia-
tion time was more than 60 s.

FIGURE 2. Output curves of (a) In2O3 TFT by single thermal annealing at
230 ◦C and In2O3 TFTs using the FLA process at (b) 30, (c) 60, and (d) 90 s.

Figure 3 shows the transfer characteristic curves, which
were obtained by measuring the drain current (IDS) as a
function of VGS from 0 to 30 V at a fixed drain voltage (VDS)
of 30 V. Both devices exhibited typical n-type characteristics.
Hence, the IDS increased to various extents with increasing
laser time. Themost significant change in IDS was observed at
30 s (Figure 3(b)). The threshold voltage (VTH) shifted to the
negative gate bias direction with increasing FLA processing
time. The charge carrier mobility in the saturation region
(µsat) was calculated from the following equation according
to the conventional TFTs model:

µsat =
2L

WCi

(

∂
√
IDS

∂VGS

)2

(1)

where Ci is the areal capacitance of the gate dielectric, and
W and L are the channel width and length, respectively.
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FIGURE 3. Transfer curves with SQRT (right-axis) curves of
solution-processed In2O3 TFTs obtained under different annealing
conditions: (a) by single thermal annealing at 230 ◦C, using the FLA
process at (b) 30, (c) 60, and (d) 90 s. The measurements were performed
at the saturation region with VDS = 30 V.

Table 1 lists the electrical characteristics with different laser
radiation times compared to the device without the FLA
process. The device with a single annealing process at
230 ◦C exhibited normal performance, including a lowµsat of
3.92 ± 0.18 cm2/Vs, a high on/off current ratio (Ion/Ioff)
of 8.4 × 106, a high VTH of 8.82 ± 0.50 V, and a small
subthreshold swing (SS) of 0.78 ± 0.13 V/dec, which is
similar to previous reports [32], [33] The device performance
was strongly dependent on the laser radiation time. The µsat
values of the In2O3 TFTs with the FLA process at 30, 60,
and 90 s were calculated to be 10.03 ± 0.64, 1.12 ± 0.20,
and 0.72 ± 0.03 cm2/Vs, respectively. Correspondingly, the
Ion/Ioff values decreased from 3.4 × 105 and 3.7 × 105

to 6.8 × 104 with increasing laser radiation time. All SS
values of the In2O3 TFTs devices showed slight fluctuations
around 0-1 V/dec. Although the TFTs device fabricated with
the FLA process for 30 s showed a slightly lower Ion/Ioff
value of 3.4 × 105, it exhibited the highest µsat of 10.03 ±
0.64 cm2/Vs and a significantly lower VTH of 0.14 ± 0.64 V.
Although the TFTs device fabricated with the FLA process
for 30 s showed a slightly lower Ion/Ioff value of 3.4 × 105,
it exhibited the highest µsat of 10.03 ± 0.64 cm2/Vs and
a significantly lower VTH of 0.14 ± 0.64 V. On the other
hand, the field-effect electron mobility of solution-processed
In2O3 TFTs with PLA and low-temperature preparation pro-
cess of 230 ◦C shows good improvement compared with
reported research. Especially, under the similar temperature
range from 200 to 250 ◦C, the highest µsat of 10.03 ±
0.64 cm2/Vs and the lower VTH of 0.14 ± 0.64 V of our solu-
tion processed oxide TFT better than most solution processed
oxide TFTs in low-temperature preparation areas (mobility <
9 cm2/Vs) [45]–[47] In particular, a poor mobility less than
1 cm2/Vs has been observed at a low-temperature of 200 ◦C.
These values were superior to the single annealed device and
the FLA process-fabricated devices at other laser radiation

TABLE 1. Electrical properties of solution-processed In2O3 TFTs at
various FLA times.

FIGURE 4. AFM images of In2O3 films fabricated by (a) low-temperature
annealing or FLA processes at (b) 30, (c) 60, and (d) 90 s. (e) RRMS values
summarization of these In2O3 films.

times. The device exhibited similar µsat values reported to
date for In2O3 TFTs prepared from solution and annealed at
the same low-temperature of 230 ◦C.
Figure 4 presents atomic force microscopy (AFM) images

of In2O3 films and the resulting film qualities through the
root-mean-square roughness (RRMS). The In2O3 film grown
at 230 ◦C was quite smooth and uniform, and the grain
structure was almost non-existent on the surface owing to
its amorphous state, as shown in Figure 4(a). Interestingly,
Figures 4(b-d) show a particular change in the state of In2O3
films fabricated by the FLA process at various laser radia-
tion times (30, 60, and 90 s) in that the surfaces exhibit a
systematic and small increase in the grains over laser time.
The RRMS values of the In2O3 films were measured to be
0.14, 0.15, 0.16, and 0.21 nm, as shown in Figure 4(e). The
interface roughness of the channel layers is also an important
factor for the performance of TFTs because a smooth inter-
face could improve charge-carrier transportation and reduce
physical traps. The results of RRMS showed no significant dif-
ference, even though the crystallinity changes with increasing
laser radiation time, and is accompanied only by a slightly
increased RRMS value of 0.07 nm. All the In2O3 films, includ-
ing the film with a single low-temperature and the films with
the FLA process, showed smooth surfaces and high-quality
RRMS < 0.22 nm. The FLA process could increase the density
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of oxygen vacancies (OV) inside the In2O3 films because the
oxygen inside the films is dissociated and diffused by the
high-energy efficient femtosecond laser. Native defect doping
occurs via the formation of double-charged oxygen vacancies
(V 2+

O ) based on related studies about crystalline In2O3, [48]
which can be expressed by the equilibrium reaction:

OxO =
1

2
O2(g) + V 2+

O + 2e′ (2)

where the formation of an OV on the oxygen sublattice, Ox
O,

liberates two electrons. FLA and low-temperature annealing
processes in an ambient environment could induce crystal-
lization and reduce OV. Therefore, the increase in laser radi-
ation time results in a gradual increase in the RRMS values.

Although the laser annealed In2O3 TFTs for 30 s showed
an excellent mobility, the laser annealed In2O3 TFTs for
60 and 90 s exhibited drastically decreased field effect char-
acteristics. Therefore, a possible thermal damage in FLA
process is how to explain the key performance degradation
issues compared with 30 s annealed sample. Typically, laser
annealing for a short time the influence of femtosecond
laser on the oxide thin film is negligible and certainly do
not cause extreme thermal damage to oxide film with suf-
ficient buffer oxide thickness due to its short wavelength
and extremely short pulse. But in this work, the irradiation
of the femtosecond laser with high energy density (a point
power of 97 W/cm2) and wavelength of 700 nm onto a
locally confined area of In2O3 film, the temperature of the
film surface (In2O3 film thickness < 10 nm) instantaneously
reaches thousands of kelvins. The active channel layer will be
affected by thermal annealing effect without thermal damage
induced by heat diffusion that assumes the FLA process is
short enough. To avoid that, the laser irradiation time should
be carefully optimized. The continued deterioration of RRMS
data with the change of laser irradiation time also illustrate
this point.
It seems that the interfacial roughness changes slightly

based on RRMS not only is an important theoretical basis,
but interface traps may also cause carrier scattering and
trapping to various extents. In addition, the differences in
TFTs performance by various laser irradiation time could be
attributed in some way to the different defect density of the
insulator/semiconductor interface. The interface trap densi-
ties (NT) at the channel/dielectric interfaces were calculated
by the following equation and related to the SS values from
the transfer curves [49]:

NT =
Ci

q





SS log (e)
kT/

q
− 1



 (3)

where k is Boltzmann’s constant, e is the base of natural
logarithm, T is the temperature, and q is the electron charge.
It shows that the interface trap density is germane to SS,
and the positive shift in VTH from 30 to 90 s accompanying
the change of SS caused by charge trapping and creation of
defects.

The changes in the oxygen-related form have a strong
tie with the electrical performance of the TFT device. The
effects of the FLA process at various laser radiation times
on the In2O3 TFTs were investigated by measuring the stoi-
chiometry of the In2O3 films by XPS. Figure 5(a-d) shows
the XPS spectra of the single low-temperature annealing
and FLA-centered annealing fabricated films. The O 1s core
spectrum of In2O3 was deconvoluted into three peaks cen-
tered at 529.8 (O1), 531.2 (O2), and 532.4 (O3) eV, which
were assigned to the oxygen in metal-oxide lattices (M-O
lattices), OV, and hydroxide-related species (OH species),
respectively. The variation in the peak ratio of the M-O
lattices and OV confirmed that all the In2O3 films had an
amorphous structure because the In2O3 filmwith a crystalline
structure should show the highest peak of the M-O lattice
and lower OV peak [50] Figure 5(e) shows the area in the
O1 peak analysis based on the M-O lattices and OV state.
The intensity of the M-O lattices and peak ratio the intensity
of OV increased with increasing FLA laser radiation time.
When the laser treatment time was 30 s, the relative quantity
of M-O lattices increased from 27.1% to 31.7%, and that of
OV decreased from 44.1% to 38.7% compared to the sample
In2O3 film produced using the simple annealing process.
The O 1s results indicate that the low-temperature annealing
technology, which was improved by the femtosecond laser in
the annealing preparation processes, could promote the for-
mation of the M-O lattices and prevent the production of the
OV. The increase in the number of M-O lattices can improve
the electron transport channel and facilitate efficient charge
transport through the vacant 4d105s0 s-state metal cations.
The s-states overlapped with each other because of the huge
spatial expanse of the vacant s-states, facilitating electron
transport and resulting in increased mobility [51], [52] The
formation of M-O lattices plays a vital role in improving the
carrier transport. The FLA process at 30 s could form more
M-O lattices and then improve the µsat value to 10.03 ±
0.64 cm2/Vs, which is consistent with Table 1. After longer
laser irradiation (60 and 90 s), the intensity of M-O lattices
is observed to decreased, which present the formation of
oxygen deficiency state, resulting in the reduction in carrier
density. Charge transport in the channel layer is affected by
percolation conduction, [9] which means the OV can convert
to trap states and hinder charge transport. Therefore, the FLA
process at 30 s could also restrain the production ofOV as low
as 38.7%, further improving the mobility, and simultaneously
leading the negative shift in VTH, as shown in Figure 3(b).
Instead, the positive shift in VTH with the increase in laser
irradiation time, which is also able to extrapolate from the
slop of the drain current increase, resulted in apparent reduc-
tion in source-to-drain current.
On the other hand, the relative quantity of M-O lattices

decreased continuously with increasing FLA irradiation time
(30, 60, and 90s) from 31.7% to 25.7%, even below 27.1%
for the In2O3film. The OV increased from 38.7% to 43.7%.
The femtosecond laser irradiation, to a certain extent, played
a photo-assisted role in removing the OH-related species and
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FIGURE 5. XPS O 1s analysis of In2O3 films annealed using (a) low-temperature annealing or FLA processes at (b) 30,
(c) 60, and (d) 90 s. (3) The area in O1 peak analysis based on the M-O lattices and OV states increases with
increasing laser irradiation time.

residual impurity deteriorate the device performance because
of its high energy photons [11], [53] Unfortunately, the frac-
tion of OH species appeared to fluctuate slightly. More-
over, the effects of the FLA were not evident, also meaning
the incomplete formation of the M-O lattices. In addition
to the limit of the FLA process operated at a low laser
power of 1.86 W, thermal annealing was performed in the
subsequent preparation process, which led to inconspicu-
ous photo-assisted effects. A proper FLA time can decrease
the crystal lattice distortion, but the Ion/Ioff values of the
TFT devices decreased by approximately 102 with increasing
laser-irradiation time. The M-O lattices are unable to recover
adequately, and the growing V 2+

O augment the increase in
electron concentration over time, further improving the elec-
trical conductivity. Under a longer laser irradiated time,
the oxygen separation efficiency becomes gradually faster,
resulting in more OV. It is commonly accepted that weak
or metastable chemical bonds (as hydrogen and OH species)
widely exist within In2O3 film. The change of M-O lat-
tices and OV is caused by breaking the weak or metastable
chemical bonds upon femtosecond laser irradiation, and
the increase in laser irradiation time enhanced the break-
down process, leading to further removal of OH species and
enhancement of OV. Even though the In2O3 TFT fabricated
by single thermal annealing process show higher percentage
of OV, the quantity of M-O lattices less than laser annealed
TFTs caused by simplex low-temperature thermal anneal-
ing process. This is consistent with the XPS analysis of
laser annealed In2O3 TFTs. And the FLA process can also
promote conversion of the precursor to M-O lattices, lead-
ing to optimized arrangement of metal cations and oxygen

anions to the lattice sites with an atomic-scale order, bol-
stered by photo-assisted densification reaction. Eventually a
dense In2O3 film was formed. However, the longer the laser
radiation time, the less the M-O lattices. After FLA process,
the disparate change of M-O lattices and OV indicate that
the formation of M–O lattices and generation of OV within
In2O3 films were closely associated with laser radiation
time. Simultaneously, the interface trap density also increases
due to the mutual combination of H-bonding and constant
growing OV. The action that the interface trapped charge
would suppress electron migration is expected to occur more
frequently, indicating an increase in leakage current. After
30 s laser irradiation, the µsat values began to degrade signif-
icantly (from 10.03 ± 0.64 to 0.72 ± 0.03 cm2/Vs), as shown
in Table 1.
Generally, solution-processed In2O3 thin film required

a thermal annealing process to convert metal-OH to M-O
species. But the conversion of the precursor and the removal
of impurity along with the formation of a dense film is
much less than the laser annealed In2O3 films. The single
low-temperature thermal annealing process increase the ther-
mal budget andmore inefficiently realize the dehydroxylation
behavior for OH species, which hinder themobility of charge.
Meanwhile, a low amount of oxygen deficiency condition
leads to the increase in OV.Instead, the more effective con-
version behavior from the FLA process improve the forma-
tion of M–O lattices and oxide frameworks. Efficient carrier
transport in In2O3 TFTs could be achieved in oxide lattices
more effectively than OH lattice, thus the FLA process lead
to the improvement of charge transport. Overall, the proper
ratio of M-O lattices and OV is essential for improving the
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FIGURE 6. VTH shift as a function of the stress time. The time dependence
of 1VTH in the In2O3 TFTs with various FLA times under VGS from -20 to
30 V and VGS of 10 V.

electrical performance. Compared to single thermal anneal-
ing, the FLA-centered annealing technology at an optimal
laser irradiation time of 30 s would improve the formation
of M-O lattices more effectively, and higher mobility can be
obtained.
Electrical stability under gate-bias-stress (GBS) is impor-

tant for TFT devices. To gain further insight into the GBS
of the In2O3 TFTs, the PBS (VGS = 30 V) and NBS
(VGS = -20 V) were applied to the TFTs at VDS = 10 V
for 500 s. Figure 6 shows the threshold voltage shift (1VTH)
versus the stress time. The In2O3 TFTs fabricated by the FLA
process at 30 s showed better stability of1VTH ≈ 1.5 V under
PBS and 1VTH ≈ −1.5 V under NBS conditions, with a
negligible change in the SS value because additional traps
were not produced during bias stressing [54] As the laser
irradiation time increased, the In2O3 TFTs showed relatively
stable NBS (1VTH < 2 V), but the 1VTH values on the PBS
side also increased substantially. The TFTs fabricated at laser
irradiation time of 90 s showed the most pronounced 1VTH
of approximately 6 V. The long laser time irradiated TFTs
resulted in instability due to the high trap density and a low
carrier concentration in the interface between the electrode
and the channel layer. These results, which can be explained
by the interface trapping model, are partial and misleading.
Nevertheless, the interaction between the channel layer and
oxygen in an ambient atmosphere has an important influence
on determining the instability [55], [56]. The channel layer
stores abundant electrons during the GBS test in an ambient
atmosphere, and the adsorption of oxygen molecules in the
channel layer can deplete the electron carriers, leading to a
positive shift of1VTH, [57] as indicated in Figure 3(b-d). The
change of 1VTH of laser annealed In2O3 TFTs with the per-
sistent stress timemeans it is highly correlated with the defect
creation and charge trapping inside the channel. Meanwhile,
the generation of OV was strongly associated with the laser
irradiation time. The longer laser irradiation time, the higher
the density of oxygen vacancies, leading to the instability
due to the high trap density and a low carrier concentration
in the interface between the electrode and the channel layer
of the In2O3 films by 60 and 90 s FLA process [58], [59]

In addition, the high interface trap density could disrupt the
electrons flow and capture electrons. And then the change of
trap density is reflected in the electrical transfer characteristic
of TFT devices. An investigation of the laser irradiation time
dependence of 1VTH showed that a short and optimal laser
irradiation time is beneficial for the GBS stability, whereas
an overlong time will degrade it.

The oxide TFTs device is generally affected by persistent
positive and negative gate voltage stress, resulting in VTH
shift and reduced service life. To characterize the effects of
laser irradiation time on stability of In2O3 TFTs, the electrical
bias stability was analyzed by PBS and NBS, but this test
was done a few months later, so there will be a deviation
in performance testing. Figure 7 shows the PBS and NBS
results of single thermal annealed TFT and laser annealed
TFT with various laser irradiation time when VGS = ± 20 V,
VDS = 10 V and stress duration of 500 s at room temperature.
After stress of 500 s, the single thermal annealed In2O3 TFT
exhibits an obvious positive 1VTH value of 2.5 V under the
PBS state, meanwhile, the laser annealed TFTs both 60 and
90 s exhibit large and increased positive 1VTH of 6 and 8 V,
as shown in Figure 7(a, c, d). However, the 30 s laser annealed
In2O3 TFT showed an almost consistent 1VTH (< 1 V) under
the identical PBS condition, fortunately, degradationmobility
and SS values were not presented with the steady 1VTH
compared with that of the other TFT devices. In the PBS test,
the femtosecond laser caused the damage on the film surface
during the FLA process, resulting in parallel positive 1VTH
without the significant fluctuation in the SS value. Based on
the above results, the improved PBS stability of 30 s laser
annealed TFT is related with the increased OV and interface
trap density. This is also corresponded with above explains
about the charge trapping and OV defect at the channel and
dielectric interface [59], [60] On the other hand, all the NBS
stability tests of mentioned TFT device in this work were
exhibited analogical 1VTH changes. And the 1VTH change
under NBS with stress time of 500 s shows a smaller region
of1VTH (1.5 to 2V), which is very similar with1VTH (1.5V)
of 30 s laser annealed TFT under PBS condition, known from
Figure 6. Combining the changes of1VTH as a function of the
stress time, it seems that NBS induce the activation of defects
located deep in the activity layer, meanwhile, the defects lead
to abnormal negative1VTH. In general, heating pre-treatment
and low-temperature annealing process can eliminate these
defects [61] Therefore, the FLA process was applied to
improve the NBS stability by removal of the defects and
associated oxygen adsorption.
Figure 8 compares the time-dependent variations of the

environmental stability of In2O3 TFTs, which were measured
on the single low-temperature annealed device and devices
fabricated with various laser irradiation times, for 1000 s.
All the devices exhibited similar stability under the ambi-
ent environment to the 60 s sample device. An excessive
laser irradiated time degrades the operational stability of the
TFT device under the source-to-drain current. The device
fabricated with the FLA process at 30 s provides optimal
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FIGURE 7. Evolution of the transfer curves as a function of PBS (left) and NBS (right) conditions for the
(a) single thermal annealed In2O3 and FLA based In2O3 TFTs at laser irradiation time of (b) 30, (c) 60 and
(d) 90 s. VGS = ± 20 V and VDS = 10 V.

FIGURE 8. Time-dependent variation of the environmental stability
of In2O3 TFTs with various FLA times.

operational stability. The process of the FLA at 30 s was
superior to the additional laser irradiation time through a
combination of the above analyses.

IV. CONCLUSION

The influence of FLA-centered low-temperature annealing
processes for solution-processed In2O3 films, and the elec-
trical performance of the TFT devices was investigated.
The FLA-centered low-temperature preparation technology
simplified the fabrication process and reduced energy
consumption significantly. The electrical performance of
In2O3 TFTs was enhanced significantly by applying the opti-
mal laser irradiation time. The optimized preparation pro-
cess combining the laser irradiation time at 30 s with a low
annealing temperature of 230 ◦C, exhibited a high µsat of
10.03 ± 0.64 cm2/Vs, an average Ion/Ioff of 3.4 × 105, a low

VTH of 0.14 ± 0.64V, and a small SS of 1.44 ± 0.37 V/dec.
These values were higher than those of a device fabricated
using a thermal annealing process at 230 ◦C. In addition,
In2O3 showed an extremely smooth surface with RRMS less
than 0.21 nm. The analysis indicated that the proper ratio
of M-O lattices and OV is essential for improving the elec-
trical performance, and FLA-centered annealing technology
at 30 s would improve the formation of M-O lattices more
effectively. Furthermore, higher mobility and a negative shift
in the VTH was observed, indicating that the FLA-centered
annealing technology at 30 s could optimize the VTH, thereby
reducing power consumption. Moreover, the influence of
the laser irradiation time on the GBS test was investigated,
showing better stability of 1VTH of 1.5 V under PBS and
1VTH of −1.5 V under NBS conditions through the FLA
process at 30 s. Finally, the devices displayed similar sta-
bility under the ambient environment. This paper reports a
novel annealing route for the fabrication of low-temperature
solution-processed TFT devices. The results suggest the
FLA-centered annealing technology may have applications
in low-cost, low-power consumption, and large-area flexible
electronics.
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