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Amorphous oxide semiconductors (AOSs) have been widely utilized in display technologies due to their
high carrier mobility, excellent uniformity, and low off currents. Conventional vacuum processing is limited
by the high production costs and process complexity. The solution-based process offers a promising
alternative but still faces challenges like low film density and instability. In this study, we propose Sb-doped
indium—gallium-zinc—tin oxide (Sb:IGZTO) as an active layer material for solution-processed thin-film
transistors (TFTs) to achieve simultaneous improvements in performance and stability. Sb° acts as a
mobility enhancing dopant while also serving as an oxygen bonding agent, effectively suppressing oxygen
vacancy (Vo) formation, thereby improving both the electrical characteristics and environmental stability of the
TFTs. The fabricated Sb:IGZTO TFT(3%) exhibited a mobility of 16.43 cm? V™ 571 a subthreshold swing value
of 0.374 V dec™, and on/off ratio of 1.67 x 10°. Furthermore, the devices demonstrated stable operation
under various bias stress conditions. Notably, the Sb:IGZTO TFTs demonstrated excellent long-term stability
retaining approximately 74.98% of their initial mobility after 90 days conducted at 85% relative humidity and
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85 °C without additional passivation. These findings validate Sb>* doping as an effective strategy to mitigate
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1. Introduction

Amorphous oxide semiconductors (AOSs) have garnered sig-
nificant attention in electronic and display technologies due to
their high carrier mobility, which arises from the isotropic
overlap of the metal ns orbitals." In addition to their high
mobility, AOSs offer excellent uniformity, low leakage current,
and superior electrical stability,>* making them ideal for high
resolution large-area displays such as organic light emitting
diodes and micro-light-emitting diodes.* Furthermore, AOSs
have shown promise for advanced applications including arti-
ficial intelligence semiconductors and next-generation memory
circuits.” The expanding market for extended reality, including
virtual reality and augmented reality, has driven the demand
for ultra-high-resolution micro displays.® Consequently, the
demand for and applications of AOS-based technologies are
expected to increase.
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the trade-off between performance and stability in solution-processed oxide semiconductors.

Currently, vacuum based sputtering techniques dominate the
fabrication of AOS devices because of their ability to produce films
with low defect densities and excellent electrical characteristics.”®
However, these methods require expensive vacuum equipment
and involve complex processes, thereby posing challenges for
large-area mass production.’ In contrast, solution based proces-
sing has emerged as a cost effective alternative that eliminates the
need for vacuum systems, enabling high-throughput manufactur-
ing and large-area device fabrication using simpler procedures.™
Additionally, solution processing offers greater flexibility in com-
position control, allowing precise manipulation of metal oxide
combinations to optimize device performance."*

From the perspective of AOS materials, oxygen vacancy (Vo)
plays a two-faced role in the electrical properties of devices. Vo
can act as a shallow donor, providing free electrons that
contribute to enhanced carrier mobility."> However, Vo can
also function as an intrinsic defect, negatively impacting the
device stability. An excessive concentration of Vo can lead to
excessive electron accumulation, exacerbating the threshold
voltage (V) shifts under bias stress and resulting in electrical
instability.”> Furthermore, solution processed thin films exhibit
lower molecular density than their vacuum processed counter-
parts, leading to the retention of impurities such as hydroxyl group
(OH™) and carbon, which originate from the precursor. These
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residual impurities introduce additional defects, ultimately com-
promising film quality."

Environmental driving conditions also significantly influence
the stability of AOS devices.'®!” Adsorbed H,O molecules serve
as acceptor-like traps, leading to Vi, shifts and instability.'®
While passivation layers are commonly employed to mitigate
these effects,'® they increase production complexity and costs.
Accordingly, the development of materials that can enhance
stability without additional processing is essential. Although
solution processing presents significant challenges, its various
advantages necessitate further optimization through material
improvements and continuous research.

To address these challenges, various doping strategies have
been investigated from the material perspective. For example,
magnesium doping has been shown to modulate the V, density
and improve the stability of amorphous-indium-gallium-zinc-
oxide (a-IGZ0).*° Similarly, nitrogen doping enhances the elec-
trical properties and stability of IGZO,>" whereas yttrium doping
effectively regulates the carrier concentration and electrical
stability.”> Additionally, fluorine plasma treatment has been
reported to increase the carrier concentration, mobility, and
thermal stability of IGZO films.”> Among these approaches, Sn
doping IGZO(IGZTO) introduces Sn*" with an electron orbital (5s
orbital) similar to In**, contributing to the conduction path,
increasing the mass density within the thin film, and enhancing
electron mobility.”*>® As a result, IGZTO exhibits high mobility,
even when fabricated via solution processing. However, conven-
tional thermal treatments of IGZTO often result in negative Vi,
shifts,*” leading to increased operating voltages and power con-
sumption, which hinder their applicability in portable electronic
devices. Furthermore, heat dissipation from the backplane can
adversely affect the pixel performance and flexible substrates.>®

In this study, we doped antimony (Sb) into IGZTO through
solution processing, resulting in the development of Sb-doped
IGZTO (Sb:IGZTO) as an active layer material. The oxidation state
of Sb ions, Sb**, serves two primary functions in enhancing the
electrical performance and environmental stability. (i) Optimiza-
tion of conduction pathways; Sb>* optimizes the conduction
pathways, thereby improving the carrier mobility and facilitating
more efficient charge transport. (ii) Suppression of Vg; Sb>*
effectively suppresses the formation of Vo, contributing to
improved device stability.”® The fabricated Sb:IGZTO TFTs exhib-
ited a high carrier mobility, low SS, favorable on/off ratio, excellent
bias, and photo-stress stability. Notably, long-term reliability tests
under high relative humidity (85%) and temperature (85 °C) for 90
days without additional passivation revealed that Sb:IGZTO
retained approximately 74.98% of its initial mobility. These results
underscore the effectiveness of Sb>* doping in overcoming the
trade-off between performance and stability.*

2. Experimental
2.1 Synthesis of metal oxide solution

The IGZTO solution was synthesized by dissolving indium
chloride, gallium nitrate, zinc acetate dihydrate, and tin
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chloride in 2-methoxyethanol (99.8%) at a molar ratio of
1:0.5:1:0.1. Additionally, antimony chloride was introduced into
the IGZTO solution at concentrations of 1, 3, and 5%. All metal
precursors and solvents were purchased from Sigma-Aldrich. The
precursor solutions were stirred at 80 °C and 700 rpm for 24 h to
ensure complete dissolution, which resulted in four different
solutions. Based on the molar ratios of the metal precursors,
the atomic composition of the IGZTO matrix was calculated as In:
38.45 at%, Ga: 3.82 at%, Zn: 38.43 at%, and Sn: 19.31 at%. The
actual Sb atomic concentrations corresponding to nominal
doping levels of 1%, 3%, and 5% were estimated to be approxi-
mately 0.51 at%, 1.53 at%, and 2.52 at%, respectively. These
values were calculated from the input molar ratios of SbCl;
relative to the total metal content.

2.2 Device fabrication

Heavily doped silicon (P"'Si) with a 100 nm thick SiO, layer was
employed as the gate electrode and gate insulator, respectively.
The SiO,/Si substrates were sequentially cleaned with acetone,
isopropyl alcohol, detergent, and deionized water for 10 min each.
The cleaned substrates were then dried on a hotplate at 150 °C for
10 min to remove organic residues, followed by an ultraviolet
ozone treatment (AC-16, Ahtech) for 10 min to enhance adhesion.
All precursor solutions were filtered through 0.45 pm membrane
syringe filters prior to spin-coating. Metal oxide thin films were
deposited by spin coating at 3000 rpm for 20 s. The coated films
were pre-annealed at 150 °C for 10 min to remove residual
solvents and subsequently annealed in ambient air at 550 °C for
1 h in a furnace. A lift-off process was used to pattern the active
channel, defining a channel width (W) and length (L) of 100 and
80 pm, respectively. Indium tin oxide was deposited as source/
drain electrodes via magnetron sputtering at a thickness of
100 nm, followed by patterning using a lift-off process.

2.3 Thin film and device characterization

The electrical characteristics and bias stress stability of the
fabricated TFTs were evaluated using a HP 4145B semiconductor
parameter analyzer (Hewlett-Packard) under ambient air and dark
conditions. The transfer characteristics were measured by sweeping
the gate voltage from —40 V to 40 V in 0.2 V steps. For the bias
thermal stress tests, heating was performed using a MST-1000H hot
chuck controller (MSTECH), while bias illumination stress tests
were conducted using a FOK-100 W switching mode power supply
(Fiber Optic Korea). The carrier concentration, Hall mobility, and
resistivity of IGZTO and Sb:IGZTO thin films were determined
using a Hall measurement system (HMS-5000, Ecopia) at room
temperature. The cross-sectional image of Sb:IGZTO(3%) TFT was
measured using transmission electron microscopy (TEM, JEM-
4010, JEOL). The surface roughness was analyzed by atomic force
microscopy (AFM, NX20 300 nm, Park Systems). The chemical
compositions of the IGZTO and Sb:IGZTO films were analyzed via
X-ray photoelectron spectroscopy (XPS, Al Ko 1486.68 eV, NEXSA
XPS, Thermo Fisher Scientific), with binding energies calibrated
using the C 1s peak at 284.6 e€V. The optical bandgap energies of
the films were evaluated using UV-visible spectroscopy (V-670,
Jasco) and analyzed using Tauc plots. The crystalline structure of
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the IGZTO and Sb:IGZTO thin films were analyzed using grazing
incidence X-ray diffraction (D8 Advance A25 Plus, Bruker). The
linear-region field-effect mobility (u;,) of the fabricated TFTs was
calculated using the following equation:

gmL

= 1
HFE WCo Vo 1

L dlp
= = 2
Hiin WCox VD (8 VG) ( )

where g;,, denotes the transconductance obtained by deriving the
Ins—Vis curve, Coy denotes the conductance per unit area, and L and
W denote the channel length (80 um) and width (100 pm),
respectively. SS was obtained using the following equation:

 (dlog(Ips)\ "
SS = (TGSDS) (3)

where I,g denotes the drain-to-source current and Vg denotes the
gate bias. The interface trap density (D;;) was calculated using the
following equation:

Cor[ ¢SS
Dy =22 4
YTy (lenlO ) @

where ¢ is the electron charge, & is the Boltzmann constant, T'is the
absolute temperature, and C,, is the conductance per unit area.

2.4 Long-term stability test under extreme environmental
conditions

All TFT devices used for the long-term environmental stability
test were fabricated without any passivation layer. The environ-
mental test was carried out in a sealed aluminum chamber
(20 x 20 x 20 cm®) maintained at 85 °C and 85% RH relative
humidity for 90 days.

3. Results and discussion

Fig. 1a and b and Fig. S1 (ESIt) show the transfer and output
characteristics of indium-gallium-zinc-tin oxide (IGZTO) thin-
film transistors (TFTs) doped with antimony (Sb) at doping levels
of 1, 3, and 5%, respectively. The electrical parameters are listed
in Table 1. The pristine IGZTO TFT exhibited the mobility of
13.76 cm® V' s, SS value of 0.514 V dec™ %, and on/off ratio of
1.30 x 10° respectively. Upon doping with Sb 3%, a significant
enhancement in the device performance was observed. Specifi-
cally, in Fig. 1a, when the Sb doping level was 3%, a positive shift
in the threshold voltage (Vi) to +1 V and an increase in the on-
current were observed. Additionally, Fig. 1b illustrates the
improved output characteristics at Sb doping levels of 3%
compared to undoped IGZTO. The Sb:IGZTO(3%) TFT demon-
strated a mobility of 16.43 cm® V™' s, a decreased SS value of
0.374 V dec !, and an enhanced on/off ratio of 1.67 x 10°
corresponding to a 19.40% mobility improvement relative to
IGZTO TFTs. In contrast, doping concentrations of 1% and
5% led to reduced mobility values of 12.53 cm®> V-' s and
10.92 cm®* Vs

This journal is © The Royal Society of Chemistry 2025
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These results can be explained by the difference between the
two predominant oxidation states of Sb cations, Sb>" and Sb*".
Sb>*, with a higher oxidation state, acts as a donor® near the
conduction band, increasing the carrier concentration and
enhancing the conductivity. This leads to a higher source/drain
current and positive Vi, shift, thereby improving the output
characteristics. Additionally, the high electronegativity of Sb>*
(2.05) facilitates strong bonding with oxygen ions, which sup-
presses the formation of Vo and strengthens the metal-oxygen
(M-O) bond network. This reduces the electron trap states,
resulting in improved SS and stabilized charge transport pathways,
enhancing electrical performance. Conversely, Sb>", which exhibits
a lower oxidation state, functions as an acceptor®® by capturing free
electrons from the conduction band, thereby reducing the carrier
concentration. This negatively affects the channel formation, neces-
sitating higher gate voltages and shifting Vi, negatively, thus
degrading the current flow. Moreover, Sb*>" introduces defect states
that increase electron scattering, leading to reduced mobility and
compromising overall electrical performance.

Hall effect measurements were conducted to elucidate the
influence of Sb cations on the charge transport mechanism.
For Sb:IGZTO(1%), although the carrier concentration and Hall
mobility (uyan) increased, the TFT mobility decreased com-
pared with that of pristine IGZTO. This discrepancy is attrib-
uted to the interplay between the Sb oxidation states and their
impact on electron transport and interface characteristics.
Specifically, Vo acts as a shallow donor and is one of the
primary factors contributing to the increase in electron concen-
tration. However, Sb>" tends to reduce the density of Vo by
acting as an oxygen bonding agent. However, the additional
electrons generated by Sb>* doping contribute to the conduc-
tion band, leading to an increase in carrier concentration.
Consequently, the py,) was also enhanced compared to IGZTO.
Ultimately, the reduction in the Sb:IGZTO(1%) TFT mobility is
attributed to the presence of Sb*". Sb®>" forms an acceptor-like
state that acts as an electron trap, thereby hindering electron
transport. This effect became particularly pronounced when a
gate bias was applied to the TFT. While uy,y reflects the
intrinsic physical characteristics of charge transport, TFT mobi-
lity is significantly influenced by the interface states and
electron traps. The presence of Sb>* increases the density of
trap states both at the interface and within the bulk, thereby
restricting electron movement under an applied electric field
and leading to a decrease in the TFT mobility. Consequently,
the interface trap density (D;) of Sb:IGZTO(1%) was measured
as 2.62 x 10" ecm™? eV, higher than that of IGZTO. As a
result, despite the enhancement in yy,; due to Sb doping, the
increase in electron trap states induced by Sb®" and the higher
D, contributed to the reduction in TFT mobility.

For Sb:IGZTO(3%), the optimal doping concentration and
the donor effect of Sb>" was maximized, while the acceptor effect
of Sb®" was minimized. This balance optimized the charge trans-
port path, increasing the carrier concentration to 6.89 x 10'® cm ™3
and enhancing g to 5.49 cm® V' 7', The resulting percolation
transport pathway facilitated efficient electron movement, leading
to a TFT mobility of 1643 cm® V' s '. Whereas, for
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(a) Transfer (Ips—Vgs) characteristics of IGZTO and Sb:IGZTO(3%) TFTs. The inset shows the optical microscope images of the Sb:IGZTO(3%) TFT.

(b) Output (Ips—Vps) characteristics of IGZTO and Sb:IGZTO(3%) TFTs. (c) Hall effect measurement characteristics (carrier concentration, Hall mobility,
and resistivity) of IGZTO thin films with various (1, 3, and 5%) Sb doping levels. (d) Electrical properties (linear-region field-effect mobility, threshold
voltage, and subthreshold swing) of IGZTO TFTs with various Sb doping levels. The average and standard deviation values for all parameters were
obtained from measurements of 10 separate devices. (e) Cross-sectional HR-TEM images of Sb:IGZTO(3%) TFT.

Sb:IGZTO(5%), a notable decline in carrier concentration to 2.27 x
10" em ™ and gy to 1.32 cm® V' s was observed, resulting in
decreased TFT mobility. This deterioration is attributed to exces-
sive Sb*" formation, which introduces electron capture traps and
reduces the conduction band carrier concentration. Moreover, the

strong oxygen binding effect of Sb®" excessively suppressed Vo

formation,

limiting the supply of free electrons and negatively

affecting the electrical performance. Additionally, high Sb doping
levels induced increased trap-induced scattering, further degrad-
ing mobility. Meanwhile, the increased proportion of Sb>" species

Table 1 Electrical parameters of IGZTO TFT with and Sb:IGZTO TFTs various dopant Sb doping levels

Mobility [em* V™' 57 Vin [V] SS [V dec™] On/off ratio [x 10°] D [x 10", em ™2 eV ]
IGZTO 13.76 -1 0.514 1.30 1.70
Sb:IGZTO(1%) 12.53 0.5 0.761 1.12 2.62
Sb:IGZTO(3%) 16.43 0 0.374 1.67 1.18
Sb:IGZTO(5%) 10.92 —-0.5 0.354 1.18 1.10
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at higher doping concentrations led to the formation of deep-
level traps, which acted as scattering centers that hinder the
free movement of electrons. This consequently induced trap-
related scattering, thereby degrading carrier mobility. Notably,
the Hall mobility of the 5% Sb-doped IGZTO film exhibited a
significant decline, despite the reduced carrier concentration.
Furthermore, band-edge state analysis revealed that this sample
exhibited the highest proportion of deep states (77.9%) among
all doping conditions, supporting the dominance of deep trap-
induced scattering as the primary degradation mechanism.
Accordingly, the observed reduction in mobility was attributed
not to conventional carrier-carrier scattering, but rather to
scattering arising from deep-level trap states. Interestingly,
despite the reduced carrier concentration of 2.27 x 10*® cm™3
in the Sb:IGZTO (5%) sample, a negative shift in threshold
voltage (Vi) to —0.5 V was observed. This seemingly counter-
intuitive behavior, observed in parallel with the degradation in
carrier transport, is attributed to the increased Sb** content
(8.12%), which facilitates the formation of deep-level trap states
and causes Fermi level pinning near the conduction band
minimum.?' Consequently, electron accumulation is enhanced
under lower gate bias, resulting in earlier channel formation
and a negative Vi, shift. Although the magnitude of the shift is
relatively small, this result underscores that Sb induced defect-
state modulation can play a critical role in tuning device
operation beyond conventional carrier control.
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At an optimal Sb concentration of 3%, the electron donation
effect of Sb>" was maximized, leading to a significant increase
in the carrier concentration and mobility. This results in an
enhanced on-state current and reduced off-state leakage,
thereby improving the on/off current ratio. In contrast, at 5%
Sb doping, the increased presence of Sb** introduces electron
capture traps and structural distortions, leading to enhanced
charge scattering and significant mobility degradation. Fig. 1e
presents a high-resolution cross-sectional TEM image of the
Sb:IGZTO(3%) TFT. Based on the TEM analysis, the thickness
of the active layer was confirmed to be approximately 13 nm
(£1 nm). Furthermore, no significant thickness variation was
observed among the films, regardless of the Sb concentrations.

To further understand the role of Sb oxidation states in
IGZTO, X-ray photoelectron spectroscopy (XPS) analysis was
conducted. The XPS results reveal the chemical states of Sb
and their impact on the electrical properties of Sb:IGZTO. A
detailed analysis of the correlation between the Sb oxidation
states and electrical properties will be discussed later.

Fig. 2 presents the bias stress stability test results of IGZTO
and Sb:IGZTO(3%) TFTs under the conditions of Vgg = £10 V
and Vps = 1.1 V. The illumination intensity was fixed at 1000
lux, and the temperature was set to 60 °C. The subfigures are
organized as follows: (a) and (b) illustrate the AVy, variations
under positive bias stress (PBS), (c) and (d) under negative bias
stress (NBS), (e) and (f) under positive bias temperature stress
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Fig. 2 (a) and (b) Positive bias stress, (c) and (d) negative bias stress, (e) and (f) positive bias temperature stress, (g) and (h) negative bias temperature
stress, (i) and (j) positive bias illumination stress, and (k) and (1) negative bias illumination stress test for the IGZTO TFT and Sb:IGZTO(3%), respectively.
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(PBTS), (g) and (h) under negative bias temperature stress (NBTS),
(i) and (j) under positive bias illumination stress (PBIS), and (k)
and (I) under negative bias illumination stress (NBIS). Under PBS
and NBS conditions, the AVy, values of the IGZTO TFTs were
measured to be +5.4 V and —5.8 V, respectively (Fig. 2c and d).
In contrast, the AV, values of the Sb:IGZTO(3%) TFTs decreased
to +4.6 V and —3.0 V, indicating a reduction of 14.81% under PBS
and 48.28% under NBS. These results suggest that Sb doping
effectively enhances the bias stress stability of the IGZTO TFTs.
A similar trend was observed under PBTS and NBTS conditions
(Fig. 2e-h). For the IGZTO TFTs, AVy, values of +8.4 Vand —9.2V
were observed for the IGZTO TFTs under PBTS and NBTS,
respectively. In comparison, the Sb:IGZTO(3%) TFTs exhibited
AVy, values of +7.2 V and —8.4 V, corresponding to improvements
of 14.29% and 8.70%, respectively. Fig. 2i-1 show the AVy, varia-
tions under PBIS and NBIS conditions. Under PBIS, the IGZTO
TFTs exhibited a AVy, of +1.0 V, whereas the Sb:IGZTO(3%) TFTs
exhibited a significantly reduced AVy, of +0.2 V, representing an
80% decrease. Under NBIS conditions, the IGZTO TFTs exhibited
a AVy, of —13.2 V, while Sb:IGZTO(3%) TFTs showed a reduced
AVy, of —8.8 V, indicating a 33.33% decrease. These findings
highlight the superior stability of the Sb:IGZTO(3%) TFTs under
illumination stress.

The positive shift of AVy, under PBS can be attributed to the
neutralization of accumulated electron carriers by converting
deep Vo states into shallow Vg states, as described by the
reaction [Vg' + 2e~ — Vo]. Conversely, the negative shift under
NBS can be explained by the reverse reaction [Vo — V& + 2e7],
which becomes energetically favorable as the quasi-Fermi level
decreases under NBS conditions, promoting the transition from
Vo to Va&'.*? Under PBTS, the shallow donor V&' injects electrons
into the gate insulator due to the combined effects of positive
gate bias and elevated temperature. This process leads to the
neutralization of defects through the transition from V3 to Vo,
resulting in a positive shift in AVy,. In contrast, under the NBTS,
hole accumulation occurs in the channel due to the applied gate
bias. These holes interacted with oxygen related defects, facil-
itating negative shifts in AVy,. Specifically, holes can be trapped
by Vo or M(metal)-OH, forming hole traps within the channel,
which accelerates the negative shift.** Under PBIS, a positive gate
bias traps electrons at the channel-insulator interface. Illumina-
tion ionizes Vo, releasing electrons into the conduction band,
thereby increasing the electron concentration in the conduction
band. However, at high Vo concentrations, the increased num-
ber of electron traps caused a positive shift in AV};,. Under NBIS,
the simultaneous application of a negative gate bias and illumi-
nation leads to the photodesorption of oxygen ions adsorbed on
the channel surface, releasing free electrons into the conduction
band. This increased the electron concentration in the conduc-
tion band, resulting in a pronounced negative shift in AVy,.**°

The superior stability of the Sb:IGZTO(3%) TFT under various
stress conditions is attributed to the role of Sb>*(2.05) as an
oxygen bonding agent, which strongly bonds with oxygen ions in
the IGZTO system because of its high electronegativity. This
effectively suppressed the formation of Vo and impurity-related
trap sites, such as OH . Consequently, the Sb:IGZTO(3%) TFTs
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exhibited enhanced stability compared to IGZTO TFTs under
bias, temperature, and illumination stress conditions.

XPS analysis was conducted to investigate the chemical state
changes and their impact on the electrical properties and stability
of IGZTO and Sb:IGZTO thin films (Fig. 3). The O 1s spectra of
IGZTO and Sb-doped IGZTO films (1%, 3%, and 5% Sb doping)
were obtained after annealing at 550 °C, and the photoelectron
binding energy was calibrated using the C 1s peak corresponding
to C-C bonding (284.6 eV). The O 1s spectra were deconvoluted
using Gaussian fitting into three primary peaks: metal-oxygen
(M-0O) bonding (529.8 eV % 0.05), oxygen vacancy (Vg, 531.1 eV +
0.05), and impurities such as OH™ (532.1 €V + 0.05),%° labeled as
0y, Oy, and Oy,™* respectively. An additional Sb 3d;, peak was
observed at 539.6 €V (Fig. 3b-d).>® XPS analysis revealed that as
the Sb doping concentration increased, the Sb peak intensity
gradually intensified, indicating the effective incorporation of Sb
ions into the IGZTO system.>® The corresponding quantitative
variations in oxidation states are summarized in Table 2.

The Sb:IGZTO films exhibited a significant reduction in Vg
density compared to pristine IGZTO. For example, the Oy, ratio
in Sb:IGZTO(3%) films decreased from 24.28% in IGZTO to
15.85%, demonstrating effective suppression of Vo formation.
These findings align with the improved electrical stability
observed in the bias stress tests, suggesting that Sb doping
effectively mitigated the formation of defect states responsible
for electrical degradation.

These changes in the electrical properties can be explained by
the roles of Sb>* and Sb>". In metal oxide systems doped with Sb,
Sb** and Sb>" are likely to act as acceptors and donors, respec-
tively. Fig. 3e-g show the XPS spectra of the Sb 3d;, state in the
Sb-doped IGZTO films. The spectra were deconvoluted into two
peaks observed at 538.7 eV for Sb®" and 539.6 eV for Sb*",
respectively.*® Sb>", having a high oxidation state, acts as a donor
in oxygen bonding, supplying electrons to the conduction band,
thereby increasing the carrier concentration and mobility. Addi-
tionally, Sb®* serves as an effective oxygen bonding agent, sup-
pressing Vo formation and strengthening M-O bonding, which
reduces the trap states. In contrast, Sb>*, which has a lower
oxidation state, acts as an acceptor, capturing free electrons from
the conduction band and reducing carrier concentration. Sb**
also forms defect states that hinder electron movement, leading to
a decreased mobility and degraded electrical properties.

In the Sb:IGZTO(1%) film (Fig. 3b and e), the presence of
Sb>" (7.99%) resulted in the formation of electron-trapping
states, which reduced the stability of the device. This was

Table 2 Variations in the oxidation states of the different Sb:IGZTO films
as calculated from the deconvolution of O 1s and Sb 3ds/, level in the
resulting XPS spectra

Metal Sb doping O1s Sb 3ds2
oxide film levels [%] O;[%] Oy [%] Owm [%] Sb>* [%] Sb** [%)]
IGZTO 0 70.83  24.28  4.89 N/A N/A

1 77.51  16.45 6.04 92.1 7.99

3 80.00 15.85 4.15 98.01 1.99

5 76.37 17.35  6.28 91.88 8.12
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evidenced by an increase in the Oy ratio from 70.83% in IGZTO
to 77.51% and a corresponding decrease in the Oy ratio from
24.28% to 16.45%, indicating the suppression of V, formation.
However, the Oy ratio increased from 4.89% to 6.04%, suggest-
ing the presence of structural defects. These results imply that
the presence of Sb*" disrupts the percolation path and increases
the trap states and charge scattering, leading to reduced mobi-
lity. In contrast, the Sb:IGZTO (3%) film (Fig. 3¢ and f) exhibited
the highest Sb>" fraction (98.01%), maximizing its role as a
donor and significantly enhancing carrier mobility. The Oy ratio
increased to 80.00%, indicating strengthened M-O bonding,
whereas the Oy ratio decreased to 15.85%, effectively suppres-
sing V, formation. In addition, the Oy ratio decreased to 4.15%,
thus minimizing the trap states. This enhancement in structural
stability suggests the formation of a continuous percolation
path, leading to an increased g4y, and improved electrical
performance. Thus, the 3% Sb doping concentration optimizes
the charge transport pathway, effectively balancing electron
donation and defect suppression, resulting in high mobility,
low SS, and improved environmental stability. However, in the
Sh:IGZTO(5%) film (Fig. 3d and g), the Sb®" fraction increased
sharply to 8.12%, leading to the formation of electron-trapping
states and a consequent reduction in the carrier concentration.
XPS analysis revealed a decrease in the O; ratio to 76.37% and an
increase in the Oy ratio to 17.35%, indicating increased Vo
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formation. This suggests that excessive Sb doping induces
structural distortions and increases carrier scattering, leading
to a decreased mobility of 10.92 ecm® V™! s~*. The increase in
Sb*" introduces defect states that act as charge trapping centers,
disrupting the percolation path and reducing charge transport
efficiency. Furthermore, a negative V, shift to —0.5 V was
observed due to the reduced carrier concentration, indicating
degraded electrical properties.

XPS analysis provides a comprehensive understanding of the
correlation between Sb doping concentration and the electrical
performance of IGZTO thin films. At an optimal Sb doping
concentration of 3%, Sb>" is predominant, acting as a donor to
enhance carrier concentration and mobility while effectively
suppressing Vo formation and minimizing trap states. In con-
trast, at 1% Sb doping, the presence of Sb** introduces electron-
trapping states that limit mobility, whereas at 5% Sb doping,
the excessive formation of Sb*>* increases charge scattering and
structural distortions, leading to mobility degradation. There-
fore, the ratio of Sb>" acting as a donor corresponds to the
change in mobility (Fig. 3h).

Gaussian fitting was performed to investigate the band edge
states below the conduction band minimum (CBM) of the
IGZTO and Sb:IGZTO thin films, and the corresponding results
are presented in Fig. 4a-d. The optical properties of the films
were compared and analyzed, as shown in Fig. S4 (ESIf). In
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Fig. 4 Band edge state below the conduction band minimum of the (a) IGZTO film, and IGZTO films with (b) Sb: 1%, (c) Sb: 3%, and (d) Sb: 5%,

respectively.
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n-type metal oxide semiconductors, tail states near the CBM are
indicative of defect states within the film, with an increase in
the density of electron trap levels within the bandgap correlating
with an increase in the absorption coefficient.*® These defect
states can be broadly classified into two categories: shallow band
edge states, which are closer to the CBM and are primarily
associated with Vo, and deep band edge states, which are located
further from the CBM and contribute to charge scattering and
electron mobility degradation.?®

To quantitatively analyze these effects, the shallow band
edge states and deep band edge states were distinguished, and
their respective ratios were calculated. Typically, an increase in
doping concentration leads to an increase in defects and charge
scattering, thereby increasing the proportion of deep band edge
states. However, in the Sb:IGZTO(1%) and Sb:IGZTO(3%) thin
films, a decrease in the proportion of deep band edge states was
observed. This phenomenon is attributed to the high electrone-
gativity (2.05) of Sb®" ions, which form strong bonds with oxygen
ions in the IGZTO matrix, effectively suppressing V, formation. In
undoped IGZTO thin films, V,, is the primary factor contributing
to the formation of deep band edge states. However, with Sb>*
doping, Vo formation is suppressed, strengthening M-O bonding
and reducing the formation of deep band edge states originating
from defect centers. Additionally, Sb>* acts as a donor, increasing
the carrier concentration and optimizing the electron transport
pathways. Consequently, the reduction in the deep band edge
states mitigates charge scattering, thereby enhancing charge
transport characteristics.

For the Sb:IGZTO(1%) thin film (Fig. 4b), the proportions of
shallow and deep states were 77.9% and 22.1%, respectively.
The reduced deep state ratio is attributed to the suppression of Vg
formation, as Sb>" acts as an oxygen bonding agent. However, the
presence of a small amount of Sb** ions led to a reduction in
mobility. These Sb** ions form electron trapping sites, increasing
the Dj, which in turn induces electron trapping and scattering,
thereby reducing the actual mobility of TFTs. Consequently,
despite the improvement in structural stability due to the sup-
pressed Vo formation, the electron transport pathway was dis-
rupted by the presence of Sb*" induced trap states, resulting in
limited mobility enhancement.

In contrast, the Sb:IGZTO(3%) thin film (Fig. 4c) exhibited
the highest proportion of shallow states (78.9%) and the lowest
proportion of deep states (21.1%). This indicates that at 3% Sb
doping, the Sb®" concentration was maximized, leading to an
enhanced electron donation effect, while the Sb** concentration
was minimized, thereby reducing electron trapping. Addition-
ally, Sb>" effectively increased the carrier concentration and
improved the conductivity by optimizing the percolation path-
ways for electron transport. As the deep band edge states are
reduced, charge scattering is minimized, and mobility and
overall electrical performance are improved. Hall effect measure-
ments confirmed that the Sb:IGZTO(3%) thin film exhibited the
highest carrier concentration and gy, consistent with the band
edge state analysis.

However, in the Sb:IGZTO(5%) thin film (Fig. 4d), the
proportion of shallow states decreased to 74.3%, whereas the
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deep state proportion increased to 25.7%. This increase in deep
states is attributed to a higher Sb** concentration, which intro-
duces electron trapping states and disrupts the percolation path.
Consequently, the carrier concentration decreased significantly,
leading to a reduction in the electrical conductivity. Additionally,
the increased internal charge trapping resulted in a slight
decrease in the D;; but did not contribute to the overall mobility
enhancement. The higher Sb** content acts as an acceptor,
capturing free electrons and thereby reducing the carrier concen-
tration. These analytical results further support the reliability of
the earlier electrical properties and stability.

In addition to the bias stress test, the long-term stability of
the devices was evaluated under extreme environmental condi-
tions. IGZTO and Sb:IGZTO(3%) TFTs were subjected to 85%
relative humidity (RH) at 85 °C for 90 days, and their electrical
characteristics were measured daily using a probe station. The
mobility measured over 90 days is presented as normalized
mobility in Fig. 5a, with a detailed summary provided in
Table 3. Additionally, to further assess the potential contribu-
tion of surface-related factors to the observed environmental
degradation, static water contact angle measurements were
performed on both IGZTO and Sb:IGZTO (3%) thin films. The
contact angles were found to be comparable, suggesting that Sb
incorporation does not significantly affect the surface hydro-
phobicity. These findings indicate that the difference in long-
term stability between the two systems is predominantly gov-
erned by intrinsic material property modifications rather than
surface energy variations (Fig. S6, ESIt).

After 90 days, the conventional IGZTO TFT exhibited cata-
strophic degradation, rendering mobility measurements infea-
sible, whereas the Sb:IGZTO(3%) TFT retained 74.98% of its
initial mobility. The initial mobility retention was 74.98%
under these extreme conditions, demonstrating superior long-
term stability compared to previous studies (Table S1, ESIT).
The degradation mechanism of the IGZTO TFT under extreme
long-term conditions and the effect of Sb doping on the
electrical stability of IGZTO are illustrated in Fig. 5b and c,
respectively.

As the IGZTO TFT lacks a dopant that strengthens the M-O
bonding, prolonged exposure to extreme environmental condi-
tions (85 °C and 85% relative humidity for 90 days) leads to the
breaking of weak M-O bonds and a sharp increase in V.
Although V,, can initially act as shallow donors and increase
carrier concentration, under such extended stress, they may
instead function as deep traps or scattering centers. As a result,
electrons become trapped and the free carrier density
decreases, causing a significant drop in mobility. The increased
trap density also contributes to instability in the V, and
deterioration of the SS. Furthermore, a sharp rise in the off-
current drastically reduces the on/off ratio, eventually render-
ing the device inoperable.

In the case of the Sb:IGZTO(3%) TFT, the high oxidation
state (+5) of Sb>*, which acts as an oxygen binder, strongly
bonded M-O and mitigates mobility degradation. Conse-
quently, despite long-term exposure to extreme conditions, Vo
gradually increases, exhibiting a stabilization mechanism. Even
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changes in (b) the IGZTO and (c) Sb:IGZTO(3%) films after 90 days under extreme conditions (RH 85%, 85 °C).

after 90 days, the device retained 74.98% of its initial
mobility with a Vi, shift of +0.5 V observed. Furthermore,
Sb:IGZTO(3%) effectively suppressed OH™ formation, thereby
reducing trap-induced degradation and maintaining the
increase in SS at a relatively moderate level from 0.374 V dec ™"
to 0.479 V dec'. Moreover, by limiting the increase in the off
current, the degradation of the on/off ratio was effectively
minimized.

To investigate the chemical decomposition mechanism after
90 days under extreme conditions, the O 1s spectra obtained

J. Mater. Chem. C

from the XPS analysis of the IGZTO and Sb:IGZTO(3%) films are
presented (Fig. 6). The spectra, measured immediately after
thermal annealing and long-term storage, were deconvoluted
into three primary peaks using Gaussian fitting: M-O bonding
(529.8 eV =+ 0.05), oxygen vacancy (Vo, 531.1 eV + 0.05), and
OH "~ or impurity-related bonding (532.1 eV + 0.05),*° labeled as
Oy, Oy, and Oyy,' respectively. Additionally, the Sb 3d;/, peak
was detected at 539.6 eV*” in the Sb:IGZTO(3%) film (Fig. 6a-d).
After 90 days, the Sb 3d;, peak of the Sb:IGZTO(3%) film
decreased compared to its initial state.
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Table 3 Electrical parameters of IGZTO TFT and Sb:IGZTO(3%) TFTs immediately after fabrication and after 90 days under extreme conditions (RH 85%,
85 °C temperature)

Active layer Mobility [em* V™' 57 Vi [V] SS [V dec ] On/off ratio [x 10°] Dy [x 10", ecm 2 eV ]
Initial IGZTO 13.76 -1 0.514 1.30 1.70

Sb:IGZTO(3%) 16.43 0 0.374 1.67 1.18
After 90 days IGZTO N/A N/A N/A N/A N/A

Sb:IGZTO(3%) 12.53 0.5 0.479 1.53 1.57

XPS analysis revealed that in the IGZTO film (Fig. 6a and b), decomposition under long-term humidity exposure. The infil-
the Vo concentration increased by 127.02%, while the M-O tration of H,O into the active layer weakened the M-O bonding,
bonding decreased by 51.01%, indicating severe chemical leading to oxygen loss and an increase in the Vo concentration.
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Fig. 6 The XPS results of O 1s and Sb 3ds/, show the peak chemical bonding states of (a) and (b) the IGZTO and (c) and (d) the Sb:IGZTO(3%) film initially
and after 90 days under extreme conditions (RH 85%, 85 °C), respectively. The XPS results of Sb 3dsz,, show the peak chemical bonding states of the (e)
IGZTO and (f) Sb:IGZTO(3%) film initially and after 90 days under extreme conditions (RH 85%, 85 °C), respectively.
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Given the inherently weakly bonded M-O in IGZTO, the mate-
rial exhibited greater susceptibility to moisture, resulting in a
significant increase in Vo and charge imbalance within the
active layer. Initially, the increase in Vo, enhanced the free
electron density and momentarily increased the carrier concen-
tration. However, over extended periods, charge trapping and
enhanced electron scattering led to mobility degradation and
reliability deterioration. Furthermore, the reduction in M-O
bonding induced conduction path irregularities, which severely
impacted electron transport. As the Vo density increased, the
oxygen deficiency within the device became more pronounced,
accelerating Vi, shifts and long-term stability degradation.
Consequently, the IGZTO TFTs experienced severe performance
degradation, ultimately reaching a point at which the device
became nonfunctional.”

In contrast, the Sb:IGZTO(3%) film exhibited significantly
improved stability due to the strong oxygen affinity of Sb>",
which effectively suppressed Vo formation and reinforced M-O
bonding. Sb®" strongly interacted with oxygen ions, stabilizing
the M-O bonding network and mitigating moisture-induced Vg
generation, thereby preventing excessive mobility degradation.
Furthermore, Sb>" played a crucial role in suppressing OH™
formation, thereby minimizing charge trapping and mitigating
the increase in SS, ultimately enhancing long-term device
stability. These effects collectively contributed to preserving
the structural integrity of the active layer and maintaining
device stability under harsh environmental conditions.

After 90 days, a partial reduction of Sb>" to Sb** was observed
in the Sb:IGZTO (3%) film (Fig. 6e and f). This phenomenon is
likely attributed to the formation of oxygen vacancies (Vo) under
extreme environmental conditions. Specifically, the breaking of
M-O bonding in the oxide matrix generates Vo, which release free
electrons and facilitate the reduction of Sb>" to Sb*". In addition,
as the Sb doping concentration increased (e.g:, from 3% to 5%), a
decrease in the relative fraction of Sb°" and a corresponding
increase in Sb*" were observed, as revealed by XPS analysis. This
change in oxidation states is interpreted because of a self-
compensation mechanism,* wherein the formation of acceptor-
like Sb*" species becomes energetically favorable to preserve
charge neutrality in the IGZTO matrix. These Sb*>" species do
not contribute free carriers and may act as electron traps, thereby
partially offsetting the donor effect of Sb>" and limiting further
enhancement in carrier generation. Together, these findings
suggest that while Sb>* plays a critical role in reinforcing M-O
bonding and suppressing moisture-induced degradation, both
environmental reduction and self-compensating oxidation-state
transitions may lead to the gradual emergence of Sb*" species,
which could potentially affect the long-term electrical perfor-
mance of Sb-doped IGZTO TFTs.

In conclusion, Sb doping has been demonstrated to be an
effective strategy for improving the moisture resistance and long-
term electrical stability of IGZTO TFTs. The enhanced reliability
is attributed to the dual functionality of Sb>" as an oxygen
bonding agent and a donor, which reinforces the chemical
structure and electronic states. Furthermore, by reinforcing
M-O bonding, Sb°" ions effectively suppress the formation of
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oxygen vacancies, thereby contributing to improved device
reliability. This characteristic may also be exploited to regulate
trap-mediated synaptic behaviors in oxide-based neuromorphic
devices.**™** Accordingly, Sb doping offers not only enhanced
electrical stability but also a unified strategy for the develop-
ment of robust oxide electronics with tunable neuromorphic
functionalities.

4. Conclusion

In this study, the impact of Sb doping level on the electrical
properties and stability of a-IGZTO TFTs was systematically
investigated. Among the evaluated devices, the Sb:IGZTO(3%)
TFTs exhibited optimal electrical performance and stability.
Sb>" acting as a donor in its high oxidation state, enhanced
carrier concentration, and reduced trap states, thereby signifi-
cantly improving the electrical characteristics. Compared to
IGZTO TFTs, Sb:IGZTO(3%) TFTs demonstrated superior per-
formance in terms of mobility, Vi;, SS, and on/off ratio, which
can be attributed to the improved interfacial quality between
the channel and gate insulator, as well as the effective suppres-
sion of Vi, by Sb doping. Bias stress stability evaluations under
various conditions (PBS, NBS, PBTS, NBTS, PBIS, and NBIS)
revealed that Sb:IGZTO(3%) TFTs exhibited significantly
reduced AV, shifts compared with IGZTO TFTs, demonstrating
excellent durability under different external stimuli, including
light exposure and temperature variations. Furthermore, long-
term stability tests conducted at RH 85% and 85 °C for 90 days
confirmed that Sb:IGZTO(3%) TFTs maintained superior elec-
trical and structural stability compared to IGZTO TFTs. Sb>*
played a crucial role in enhancing M-O bonding, suppressing
Vo formation, and reducing moisture reactivity, thereby con-
tributing to long-term electrical stability. This study demon-
strates that Sb doping is an effective strategy for significantly
enhancing the electrical properties and reliability of IGZTO-
based TFTs, providing critical insights for the design and
fabrication of next-generation electronic devices utilizing oxide
semiconductors.
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