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ABSTRACT: The stability and performance of solution-processed
indium oxide (InO) thin-film transistors (TFTs) are critically
influenced by defect formation at the interface between the channel
and the gate dielectric. This study comprehensively investigated the
impact of solution aging time (0 min to 3 h) on the electrical and
optoelectronic characteristics of InO TFTs, with an emphasis on (o~
defect-state modulation and charge-transport mechanisms. Changes

in key TFT parameters, including the threshold voltage,
subthreshold swing, and field-effect mobility, were analyzed as a
function of solution aging duration. Bias-stress measurements )

confirm that positive bias stress-induced electron trapping and ? oresstmote) Cycle Number
negative bias stress-driven oxygen vacancy ionization significantly

affect device stability. The photoresponse of the InO films exhibits a nonmonotonic trend; the persistent photoconductivity increases
for short aging times and diminishes on aging beyond 1 h, underscoring the dynamic evolution of defect states. X-ray photoelectron
spectroscopy indicates that prolonged aging promotes the formation of stable In—O bonds while reducing the density of oxygen
vacancies and hydroxyl-related defects, thereby improving electrical stability. These findings confirm a direct correlation between
solution aging time and device reliability, offering valuable insights into optimizing the processing conditions of InO films for next-
generation oxide-semiconductor electronics and optoelectronic applications.
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B INTRODUCTION equipment and complex steps, limiting their scalability for cost-
effective, large-area manufacturing.

Solution-based processing has gained prominence as an
effective strategy for fabricating oxide-semiconductor TFTs
because of its advantageous characteristics, including high
compatibility with large-area deposition, process simplicity,
and the ability to ensure low-cost mass production.””"’
However, solution-processed InO thin films often show poor
film uniformity, high defect density, and chemical instability, all
of which adversely affect device performance and reliability. A
critical factor influencing the properties of solution-processed
films is the aging time of the precursor solution, which alters
the solution chemistry, defect state formation, and overall film
quality. Oxygen vacancies (V) and hydroxyl (—OH) groups,
commonly introduced during solution processing, significantly
influence the electrical stability and long-term reliability of
solution-processed devices. Although oxygen vacancies can

With rapid advancements in display technology, the demand
for high-performance thin-film transistors (TFTs), which
function as fundamental switching elements in modern display
panels, has increased exponentially.”” To ensure high
resolution, rapid response, and excellent energy efhiciency,
the development of stable, high-mobility TFTs is essential.
Amorphous silicon TFTs are widely used owing to their low-
cost fabrication and excellent uniformity over large areas;
however, low electron mobility limits their suitability for next-
generation displays.” Low-temperature polycrystalline silicon
TFTs show improved mobility and stability; however, their
fabrication involves complex processing and high costs,
limiting their suitability for large-scale production.*
Oxide-semiconductor TFTs have emerged as promising
alternatives with high electron mobility, optical transparency,
and low off-state current.”® Among various oxide semi-
conductors, indium oxide (InO) is particularly promising
because of its wide bandgap, high conductivity, and chemical Received: May 18, 2025
stability, which make it suitable for transparent and flexible Revised:  June 20, 2025
electronics.”~” Numerous fabrication techniques, such as Accepted: June 24, 2025
reactive evaporation,'’ sputtering,'' and atomic layer deposi- Published: June 27, 2025
)
tion,"” have been used to produce high-quality InO thin films.
However, these vacuum-based processes require expensive
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Figure 1. Schematics of fabricating solution-processed indium oxide thin-film transistors.

function as electron donors (enhancing carrier transport) at
moderate concentrations, excess concentrations can introduce
trap states that degrade mobility and cause threshold voltage
(V) shifts over time.'®™?° Similarly, residual hydroxyl groups
contribute toward defect formation and device instability,
particularly under prolonged bias stress and UV illumina-
tion.”"*

To address these challenges and understand the underlying
phenomena, this study systematically investigated the effect of
solution aging time on the electrical and optical properties of
solution-processed InO TFTs. The effect of different aging
times (within O to 3 h) on defect formation, carrier transport,
and device stability was analyzed using electrical measurements
and material characterization techniques. X-ray diffraction
(XRD) was used to examine the crystallinity of the InO films,
whereas X-ray photoelectron spectroscopy (XPS) was used to
investigate the changes in the chemical bonding states,
particularly the presence of oxygen-related defects such as
oxygen vacancies and hydroxyl groups. The influence of aging
time on certain key TFT parameters (namely, the Vj,
subthreshold swing (SS), and field-effect mobility (#)) and
device stability under positive bias stress (PBS) and negative
bias stress (NBS) conditions were investigated to elucidate the
specific roles of interface charge trapping and oxygen vacancy
ionization. Furthermore, the photoresponse characteristics of
the InO films were explored, focusing on persistent photo-
conductivity (PPC) behavior, to explore their potential for
photodetector applications and understand the influence of
aging time on PPC. By correlating the results of electrical,
chemical, and optical analyses, this study provides a
comprehensive understanding of the solution aging-based
modulation of the performance and stability of solution-
processed InO TFTs.

B EXPERIMENTAL DETAILS

Solution Preparation. InO precursor solutions were prepared by
dissolving indium nitrate hydrate (In(NO;);-«H,0, 99.99%, Sigma-
Aldrich) in 2-methoxyethanol to ensure a molar concentration of 0.08
M. The solution was stirred at 60 °C for 2 h to ensure complete
dissolution. To investigate the effects of aging, five aliquots of the
solution were stored for 0 min, 15 min, 30 min, 1 h, and 3 h before
use. The storage conditions were 22°C and 40—60% relative
humidity, in glass vials sealed with Parafilm.

Device Fabrication. Bottom-gate and top-contact TFTs were
fabricated on heavily doped n-type silicon substrates with a 90 nm
thermally grown SiO, gate dielectric. Before film deposition, the
substrates were cleaned with a piranha solution (H,SO,:H,0, = 1:1
molar ratio) and dried with N, gas. The InO precursor solutions
(aged as described above) were filtered through 0.2 um poly
tetrafluoroethylene syringe filters and spin-coated onto the substrates
at 4000 rpm for 20 s. The films were preannealed at 180 °C for 10
min in air to remove most of the solvent. For patterning the InO
active layer, photolithography and wet etching were performed using
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an AZ 5214E photoresist (Merck Performance Materials GmbH) and
a 30:1 buffered oxide etchant solution, respectively. The etching was
carried out for 10 s, yielding an etch rate of approximately 0.85 nm/s.
Subsequently, postdeposition annealing was conducted in a furnace
under an oxygen ambient at 400 °C for 30 min to enhance the
crystallinity and electrical performance of the InO films. For device
passivation, a thin poly(methyl methacrylate) (PMMA) layer was
spin-coated and baked at 100 °C for 10 min. The resulting TFTs
showed a channel width and length of 230 and 310 pm, respectively.
The overall fabrication process is illustrated in Figure 1.

Electrical Characterization. The electrical properties of the InO
TFTs were measured using a Keithley 2614B source meter in a dark
ambient environment. The transfer characteristics (Ip—Vgg) were
recorded at a drain-source voltage (Vpg) of 0.5 V while sweeping the
gate-source voltage (Vgg) from —15 to +50 V. The output
characteristics (In—Vpg) were measured at various fixed Vg values.
The bias stress stability was evaluated by applying a constant PBS
(Vps = 0.5V, Vg =20 V) for 1200 s and NBS (Vg = 0.5 V and Vg
—20 V) for 1200 s. The V, was extracted as the Vg value at a
normalized drain current of 10 nA. The SS was determined from the
slope of the transfer curve in the subthreshold region (within I, values
of 100 pA and 1 nA). The field-effect mobility was extracted using the
maximum transconductance method, defined as y = (L X gy, mu)/(W
X Cox X Vpg), where L and W are the channel length and width,
respectively; g, ma is the maximum transconductance; and C,, is the
gate oxide capacitance per unit area.

Material Characterization. The crystallographic properties of
the InO films were examined by XRD (Rigaku D/MAX-2500/PC)
with a Cu Ka radiation source (4 ~ 1.54 A) at 60 kV and 300 mA.
The surface chemical composition and bonding states were analyzed
by XPS (ULVAC-PHI 5000 VersaProbe, Al Ka source) with a pass
energy of 40 eV and 10 pum beam spot. The XPS profiles were
calibrated using the C 1s peak (284.8 €V) as a reference.

Photoresponse Measurement. Photodetector measurements
were carried out using a DYMAX BlueWave LED VisiCure UV source
(405 nm wavelength, intensity ~6.5 mW-cm™>). For each device, the
channel was illuminated with UV light for S s and the decay of the
drain current was monitored in the dark for 55 s. Using this
procedure, both the immediate photoresponse and the persistent
photoconductivity behavior after the light was turned off could be
evaluated.

B RESULTS AND DISCUSSION

The electrical characteristics and stability of the InO TFTs
were found to depend strongly on the aging time of the
precursor solution. Devices were fabricated using solutions
aged for 0 min, 15 min, 30 min, 1 h, and 3 h to systematically
investigate the effect of aging time on device performance.
First, the structural qualities of the InO films were evaluated.
The XRD patterns of all the fabricated devices (Figure S1)
contain the same prominent In,0; (222) diffraction peak,
indicating that the crystalline phase and grain orientation of
the InO film remain consistent, regardless of solution aging.9
Thus, no significant changes in film crystallinity were observed
as a function of the aging time.
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Figure 3. Time evolution of transfer characteristics under a 1200 s positive bias stress (PBS) for InO TFTs with solution aging times of (a) 0 min,
(b) 1S min, (c) 30 min, (d) 1 h, and (e) 3 h. (f) Corresponding Vy, shift (AV,,) as a function of stress time for each aging condition.

Figure 2 summarizes the basic transistor characteristics of
the devices fabricated using solutions aged for different
durations of time. Figure 2a shows the transfer characteristics
measured at a Vg of 0.5 V. All devices exhibit typical n-type
behavior with negligible hysteresis, indicating stable operation
without significant charge trapping at the semiconductor/
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dielectric interface. Figure 2b shows the output characteristics
of the same devices; the linear region of the output curves do
not indicate current suppression at a low Vg, confirming that
the conduction channel remains stable and ohmic under the
measurement conditions. This reliable behavior is consistently
observed across multiple devices. Figure S2 shows transfer

https://doi.org/10.1021/acsaelm.5c01021
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Figure 4. Energy band diagrams (conduction band edge) near the channel/dielectric interface under PBS showing two scenarios: (a) a device with
a high trap-state density (for example, a device manufactured using solutions aged for 0 min or 3 h) containing many trapped electrons, and (b) a
device with a low trap-state density (for example, a device manufactured using solutions aged for 15 min or 1 h) containing comparatively few
trapped electrons. Trapped electrons cause a pronounced positive Vy, shift and reduce channel conductivity in scenario (a) much more than in

scenario (b).
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Figure S. Time evolution of transfer characteristics under a 1200 s negative bias stress (NBS) for InO TFTs manufactured using solutions aged for
(a) 0 min, (b) 15 min, (c) 30 min, (d) 1 h, and (e) 3 h. (f) Corresponding Vy, shift (AV},) versus stress time under NBS for each aging time.

curves for five separate devices, all of which exhibit similar
performance. This uniformity indicates good process reprodu-
cibility and device stability under different aging conditions..
Figure 2¢,d, and e quantifies the evolution of key transistor
parameters (Vy, SS, and u, respectively) with aging time.
Notably, the V4, and SS values remain relatively unchanged
with increasing aging time, implying that the turn-on voltage
and subthreshold slope are negligibly affected by solution aging
within the time range used for experimentation. In contrast,
the p value increases significantly for longer aging times;
devices fabricated using solutions aged for 3 h show a u value
of 26 cm® V™' s7'. This mobility enhancement can be
attributed to changes in the defect chemistry of the system.
The mobility is proposed to be primarily influenced by
intrinsic oxygen vacancies and residual organic species from
the precursor. Oxygen vacancies function as electron donors,
increasing the carrier concentration and creating percolation
pathways, thereby increasing the mobility.”>** However, excess
oxygen vacancies result in the formation of trap states that
scatter charge carriers, ultimately reducing the mobility.
Residual organic contaminants or hydroxyl species in the
film (introduced during solution processing) can function as
electron-trap sites that diminish the mobility through electron
capture.”> The balance and evolution of these two types of
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defects with aging time likely lead to the observed mobility
trend, which is elucidated further based on the XPS results
observed in this study.

PBS tests were used to evaluate the stability of the TFTs
under prolonged electrical stress. Under a constant positive
gate bias, electron trapping at the interface and oxide defect
states can induce a positive shift in the Vi over time, which
indicates the density of the trap states. Figure 3a—e shows the
evolution of the transfer curves for devices fabricated using
solutions aged for 0 min, 15 min, 30 min, 1 h, and 3 h,
respectively, under 1200 s of PBS. Figure 3f, which plots the
AVy, as a function of stress time for each aging condition,
indicates that all devices exhibit a gradual positive shift in Vi,
with increasing stress time, with the magnitude of the shift
varying depending on the aging time. Notably, the devices
fabricated using solutions aged for 0 and 3 h show larger Vi
shifts under PBS than those aged for 15—60 min; a smaller
shift indicates higher stability. These results suggest that the
trap-state density, which is responsible for PBS instability, is
higher at the two extremes of aging (no aging and long aging)
and lower at intermediate aging times. PBS-induced insta-
bilities can be primarily attributed to electron trapping in
preexisting defect states at the channel/gate interface or within
the gate dielectric.”* > Because the positive gate bias bends

https://doi.org/10.1021/acsaelm.5c01021
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Figure 6. Energy-band diagrams under NBS highlighting the role of oxygen vacancies: (a) for devices with a high oxygen-vacancy density (such as
devices manufactured using samples with no aging) in which many oxygen vacancies are ionized under negative bias, resulting in the injection of a
significant number of electrons (blue “e™”) into the channel, leading to a large negative Vy, shift, and (b) for a device with a low oxygen-vacancy
density (such as devices manufactured using samples subjected to prolonged aging) in which few vacancies are available for ionization, resulting in
the addition of few electrons to the channel, finally leading to a minimal Vy, shift.

the conduction band downward at the interface, it facilitates
electron trapping in these defect states, reducing the number of
free carriers in the channel and causing Vy, to shift positively.
Such trapped electrons also lead to a reduction in the drain
current because they no longer contribute toward conduc-
tion.””*°

The schematic energy-band diagram in Figure 4 shows the
influence of trap states on the device under PBS for two
representative cases: (a) when the device contains a high trap-
state density (Figure 4a, characteristic of devices manufactured
using the 0 min and 3 h aged samples) and (b) when the
device contains a low trap-state density (Figure 4b, character-
istic of devices manufactured using samples aged for
intermediate aging times, such as 15 min or 1 h). Under a
positive gate bias, the bands bend downward, and a significant
number of electrons are captured by the trap states near the
interface in the high-trap-state density case. The accumulation
of trapped charges in scenario (a) leads to a more pronounced
positive Vg, shift and greater current suppression than in
scenario (b), where fewer trap states are available for electron
capture, resulting in a relatively small Vy, shift. Notably, devices
derived from both the 0 min and 3 h aged samples show the
largest Vy, shifts, indicating that trap-state formation as a
function of aging does not follow a simple monotonic trend.
This nonlinearity suggests the presence of multiple competing
factors in defect creation and annihilation during the solution-
aging process. For example, the oxygen vacancy concentration
initially decreases on aging due to a reduction in traps;
however, other defects or adsorbates accumulate on prolonged
aging, increasing the overall trap density. Nevertheless, besides
limiting the instantaneous electron mobility in the system, the
presence of abundant trap states (as observed in samples
subjected to extreme aging) reduces the long-term reliability of
the device. Therefore, trap-state minimization through
processing control is critical for improving device stability.

NBS tests on the same set of devices were used to probe the
role of oxygen vacancies in device stability further. Under a
negative gate bias, some oxygen vacancies can become ionized,
thereby releasing free electrons into the channel. Additional
free electrons increase the channel conductivity, typically
causing a negative shift in V. Figure Sa—e shows transfer
curves over 1200 s under NBS for devices manufactured using
solutions aged for 0—3 h. As expected, all devices exhibit a
negative shift in Vy, under NBS. However, similar to the PBS
case, the magnitude of this shift is strongly dependent on the
aging time. Figure Sf plots the Vy, shift as a function of stress
time for each aging condition under NBS. We observed that
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devices manufactured using freshly prepared solution (0 min)
show the largest negative AV, (i.e, the most instability),
whereas devices manufactured using the longest-aged solution
(3 h) show a noticeably smaller shift. The primary mechanism
for the NBS-induced negative Vi, shift is the ionization of
oxygen vacancies near the interface: initially, neutral oxygen-
vacancy sites (V) become positively charged (V') under
negative bias, releasing electrons into the conduction band.
These extra electrons temporarily increase the carrier density,
shifting the threshold in the negative direction. The 0 min
sample likely contains the highest concentration of oxygen
vacancies; therefore, it produces the largest pool of free
electrons upon bias stress, and hence, the largest Vy, shift.
Conversely, the 3 h aged sample likely contains few oxygen
vacancies that can be ionized, resulting in a small shift.

The trend of decreasing NBS instability with increasing
aging times indicates that prolonged aging effectively reduces
the concentration of easily ionizable oxygen vacancies in the
film. As aging progresses, an increasing number of indium
atoms attain full oxygen coordination (as suggested by XPS
analysis), resulting in the presence of fewer oxygen vacancy
defects that can contribute electrons under stress. Additionally,
with fewer oxygen vacancies available for ionization, fewer
excess carriers are introduced, and those introduced can
recombine more readily, mitigating the overall effect on V.
Figure 6 illustrates this concept. Panel (a) shows that devices
with a high oxygen-vacancy density (such as systems
manufactured using samples with no aging) exhibit a large
negative Vy, shift under NBS owing to the abundant release of
electrons from ionized vacancies. Panel (b) shows that devices
with a significantly low oxygen-vacancy density (such as those
manufactured using solutions subjected to prolonged aging)
exhibit a small Vy, shift owing to the release of few electrons
under NBS. Thus, extended aging appears to stabilize the
device against NBS by decreasing the density of oxygen
vacancy donors. This improvement in NBS stability comple-
ments the PBS results, indicating that moderate aging yields
the most electrically stable devices. Therefore, tuning the
oxygen-vacancy population through processing is crucial for
enhancing long-term device performance. To comprehensively
evaluate device stability and underlying defect mechanisms, we
performed both PBS and NBS tests, each targeting distinct
types of electrically active defects. PBS primarily probes the
trapping of electrons in preexisting trap states, such as those
associated with hydroxyl groups or interface-related defects
near the channel/dielectric interface. In contrast, NBS is
sensitive to the ionization of oxygen vacancies within the InO

https://doi.org/10.1021/acsaelm.5c01021
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Figure 7. XPS O 1s spectra for InO films manufactured using solutions with aging times of (a) 0 min, (b) 15 min, (c) 30 min, (d) 1 h, and (e) 3 h.
The spectra are deconvoluted into contributions from lattice oxygen in In—O bonds (blue peak, ~530.7 eV), oxygen vacancies (V, red peak,
~531.9 eV), and In—OH groups (black peak, ~533.1 eV). (f) Relative percentages of In—O (blue), V (red), and In—OH (black) components as a
function of aging time showing that prolonged aging increases the In—O fraction while reducing the oxygen vacancy and hydroxyl content of the
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Figure 8. Drain current response under 405 nm UV illumination (yellow-shaded interval indicates a S s light pulse) and subsequent decay in the
dark for devices manufactured using solutions aged for (a) 0 min, (b) 15 min, (c) 30 min, (d) 1 h, and (e) 3 h. (f) Photocurrent amplitude (steady-
state current under illumination) as a function of aging time, which initially decreases and then recovers over prolonged aging. (g) Persistent
photoconductivity (PPC) results, represented by the percentage of photocurrent remaining ~SS s after the light is turned off as a function of aging
time. Devices derived from solutions aged for ~15—30 min exhibit the highest PPC, whereas those derived from solutions subjected to no or

prolonged aging show a significantly low PPC.

film, which act as donor-like defects and release electrons
under negative gate bias. Therefore, the combined use of PBS
and NBS provides complementary insights into trap-mediated
and donor-mediated instability mechanisms, enabling a
comprehensive understanding of the defect behavior as it
evolves with solution aging.

XPS analysis was used to elucidate the chemical changes
determining the electrical behavior of InO films derived from
solutions aged for different times. Figure 7a—e shows the XPS
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O 1s spectra for samples aged from 0 min to 3 h. Each O Is
spectrum was deconvoluted into three components corre-
sponding to different oxygen-bonding environments: the peak
near 530.7 eV is attributed to lattice oxygen in the In—O bonds
(i.e, O in the crystalline InO matrix), the peak around 531.9
eV is associated with oxygen vacancies (i.e., oxygen in oxygen-
deficient environments), and the peak around 533.1 eV is
assigned to oxygen in hydroxyl groups (In—OH) or in
absorbed water-related species. The relative areas of these
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components are shown in Figure 7f. With increasing aging time
increases, the fraction of the lattice O (In—O) component
steadily increases, whereas that of the oxygen-vacancy
component decreases. For example, among the tested systems,
the film derived from the 0 min aged solution shows the most
intense oxygen-vacancy signal. Notably, the intensity of this
signal reduces significantly for films derived from the solution
subjected to 3 h of aging, the spectrum of which contains an
intense In—O component. This, longer aging results in the
formation of a fully oxidized indium oxide network with fewer
vacancy defects, which is expected to be chemically and
electrically stable.”’ Furthermore, a slight reduction in the
intensity of the hydroxyl-related O 1s component is observed
with increasing aging (the In—OH peak fraction is somewhat
lower for the 3 h aged sample than the 0 min aged sample).
The presence of —OH in the films likely originates from
residual solvent or moisture incorporated into the film during
the solution process; these hydroxyl groups can function as
electron-trapping defect states because of their polar nature.*”
Thus, the XPS results of this study corroborate with the
electrical findings: solution aging enables complete oxide
formation (with the formation of fewer Vo and —OH defects),
consistent with the reduction in Vi, shifts and enhancement in
stability with increasing aging, especially in the intermediate-
aging range.

Notably, XRD (Figure S1) indicated no significant changes
in crystallinity with aging, implying that the device-behavior
improvements on aging can be largely attributed to defect-
chemistry changes rather than crystalline-structure transitions.
Therefore, by reducing the density of oxygen vacancies and
hydroxyl-related defects (as evidenced by XPS), the aging
process improves the interface quality and intrinsic film
stability without altering the basic InO crystal structure.
Under PBS, fewer —OH trap sites in longer-aged films result in
the trapping of fewer electrons, finally leading to a small
positive AVy; and under NBS, a lower vacancy density
indicates the generation of fewer electrons, leading to a small
negative AVy. These chemical insights highlight the
importance of controlling solution chemistry to tailor the
defect landscape in oxide-semiconductor films.

Finally, the optoelectronic behavior of the InO films was
examined via UV photoresponse and PPC measurements of
devices manufactured using solutions aged for different times.
These measurements provide an additional perspective on the
evolution of defect states because photoexcited carrier
dynamics are highly sensitive to trapping and recombination
centers within the metal oxide channel. PPC has been widely
reported in various oxide semiconductors, including InO,
InGaZnO, and ZnO, and is typically attributed to oxygen
vacancies and metastable donor-like defects that trap photo-
generated carriers and gradually release them after illumination
is removed.** ¢ Figure 8a—e shows the transient drain-current
responses of representative devices during and after S s of UV
illumination (the yellow shaded region indicates when the UV
lamp is on) for aging times of 0 min, 15 min, 30 min, 1 h, and
3 h. Both the magnitude of the photocurrent and the
persistence of the current after the light is turned off differ
distinctly for the tested devices. For devices manufactured
using solutions with no or short aging (0—30 min), the peak
photocurrent under illumination is relatively high for 0 min,
decreases as the aging time increases to 30 min, and increases
at 1 and 3 h of aging, nearly recovering or even exceeding the
initial value. This nonmonotonic trend is summarized in Figure
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8f, which plots the steady-state photocurrent (including the
current level at the end of S s illumination) as a function of
aging time. This behavior is interpreted in terms of the defect
landscape. For very short aging times, a high density of oxygen
vacancies provides a large number of photogenerated carriers,
resulting in a high initial photocurrent. However, with ~30
min of aging, some of these vacancies become passivated or the
film network become rigid (with increased In—O bonding),
resulting in fewer available carriers under illumination, leading
to a lower photocurrent. Additionally, shorter-aged samples
contain abundant trap sites (such as —OH or other defects)
that rapidly capture photocarriers, facilitating recombination
rather than conduction; this leads to a reduction in the
photocurrent.”” On extending aging further (>1 h), certain
In—O bonds start to dissociate or additional oxygen vacancies
are introduced into the system, reincreasing carrier generation.
Thus, long-aged solutions produce films with a moderate
density of oxygen vacancies that can generate electrons under
illumination but contain a relatively low trap density for these
carriers; thus, the photocurrent increases on 1 and 3 h aging.
Eventually, under prolonged illumination, the photocurrent
reaches a saturation point in each case, indicating a balance
between photogeneration and recombination..

PPC behavior (ie., the current-decay behaviors after the
light is turned off) varies with aging. Figure 8a—e indicates that
a significant portion of the photocurrent persists, even tens of
seconds after illumination, for the 0 and 15 min aged samples,
whereas the current decreases rapidly for the 3 h aged sample.
Figure 8g shows the quantification of the PPC by comparing
the residual current at 55 s (end of the measurement) with the
initial dark current for each device. The PPC is most
pronounced for intermediate aging (devices manufactured
using solutions aged for ~15 to 30 min), which show the
highest residual current ratio, whereas devices derived from
solutions aged for 0 and 3 h show a low PPC. This trend can
be rationalized as follows: in the early aging phase, multiple
oxygen vacancies provide carriers under illumination, which are
trapped by the multiple trap sites in the system. When the light
is turned off, these traps gradually release the carriers, leading
to prolonged photoconductivity. On ~15—30 min of aging, a
reduction in vacancy density (and some trap passivation)
results in fewer free carriers in the device along with effective
carrier trapping, leading to extended decay and a high PPC.
However, long-aged films (>1 h) contain fewer traps for
carrier capture owing to significant defect elimination;
although these films show an intense photoresponse, the
carriers recombine or get recaptured rapidly when illumination
ceases, leading to rapid decay and a low PPC. In summary,
reducing trap states via aging improves the photoresponse
speed but shortens the persistence, whereas increasing the trap
density extends the PPC but can suppress the instantaneous
photocurrent. These observations highlight the trade-off in
defect engineering for optoelectronic devices; designing
systems with optimal density and defect type can ensure a
balance between a strong photoresponse and a controlled PPC,
enabling the fabrication of devices depending on the intended
application.

Overall, the results of photoresponse and PPC analyses
confirm that the precise control of the solution aging time is
necessary for tuning the defect landscape for specific device
performance. The contrasting behavior of devices based on
solutions subjected to short and long aging emphasizes the
importance of defect engineering; by adjusting processing
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conditions such as aging, charge trapping and carrier-release
dynamics can be modulated to either favor rapid photo-
response or prolonged photoconductivity. Here, devices based
on solutions subjected to moderate aging times showed
balanced attributes, ie., an acceptable photoresponse and
manageable PPC, consistent with the trend that these
conditions yield the most electrically stable TFT operation.
By tuning the defect landscape through controlled aging, the
device reliability and performance can be significantly
enhanced for use in next-generation oxide-semiconductor
electronics and optoelectronics.

B CONCLUSION

This work comprehensively examines the influence of solution
aging time on the defect structure and performance of InO
TFTs. The results of this study confirm that aging time is a
pivotal factor in modulating defect states that can be used for
tuning device behavior. According to electrical measurements,
Vi, and SS remain fairly stable across the range of aging times
used for analysis in this study, whereas the field-effect mobility
approximately doubles with increasing aging time owing to a
reduction in scattering centers. Bias stress tests (PBS/NBS)
confirmed that electron traps and ionized oxygen vacancies are
the key contributors toward Vi instability; devices derived
from solutions subjected to extremely short or long aging times
exhibit larger Vy;, shifts than those derived from solutions
subjected to intermediate aging, which exhibit relatively stable
operation. Structural analysis via XRD indicated insignificant
crystallographic changes with aging, suggesting that the
performance differences between devices derived from
solutions aged for different times can be attributed primarily
to chemical defects. According to XPS analysis, prolonged
aging promotes the formation of In—O bonds, resulting in
highly oxidized films, and reduces the concentration of oxygen
vacancies and —OH defects, which can be correlated with the
improved stability of the system. In optoelectronic character-
ization experiments, the photoresponse and PPC showed
nonmonotonic behavior; moderate aging times optimize the
trade-off between immediate photoconductivity and PPC,
whereas no or overaging leads to imbalances. Collectively,
these findings highlight the possibility of tailoring the defect
landscape within InO films, enhancing their electrical stability
without sacrificing mobility, and tuning their photoresponse
characteristics by precisely controlling the precursor solution
aging duration. The insights obtained in this study provide a
pathway for enhancing the electrical and optical stability of
InO TFTs through controlled defect modulation, while also
highlighting promising opportunities to apply this strategy to
flexible electronics and integrated optoelectronic systems, such
as UV photodetectors and transparent sensors. Future work
may explore its applicability to bendable and stretchable
substrates and evaluate its compatibility with large-area
manufacturing processes.
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