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A B S T R A C T

Indium-based oxide semiconductors are promising materials for next-generation display backplanes owing to 
their high intrinsic carrier mobilities. However, their strong tendency to crystallize and excessive carrier gen
eration often reduce the device uniformity and reliability. In this study, nitrogen-doped indium-rich indium 
gallium oxide (IGO) thin films were fabricated via plasma-enhanced atomic layer deposition (PEALD) using N2O 
plasma. Nitrogen incorporation effectively suppressed crystallization and passivated the oxygen vacancies, which 
produced stable amorphous films, even after annealing at 400 ◦C. The prepared IGO thin-film transistors (TFTs) 
exhibited a high mobility of 55.3 cm2/V⋅s, a normally off threshold voltage of 0.7 V, and a steep subthreshold 
swing of 85 mV/dec. Nitrogen doping increased the threshold voltage uniformity by 90% (standard deviation =
42 mV). Moreover, the bias-stress stability improved by 79% under positive bias temperature stress and 83% 
under negative bias temperature stress, with small shifts in the threshold voltage of 0.23 and 0.04 V, respectively. 
These improvements were attributed to the formation of a grain boundary-free amorphous network and the 
reduction of deep-level traps through controlled nitrogen doping. This study demonstrates that PEALD-based 
nitrogen incorporation offers a simple and scalable route for realizing high-mobility, uniform, and reliable 
amorphous oxide TFTs for future display technologies.

1. Introduction

The emergence of high-resolution and large-area next-generation 
displays has positioned oxide semiconductor (OS) thin-film transistors 
(TFTs) as the next stage in the evolution of display backplane technol
ogies [1–3]. The active materials used in display backplanes have 
evolved from amorphous silicon (a-Si) to low-temperature poly
crystalline silicon (LTPS) and, more recently, to OSs. Owing to their 
low-temperature processability and excellent film uniformity across 
large substrates, a-Si TFTs have been used extensively in liquid crystal 
displays [4]. However, their low electron mobility (~1 cm2/V⋅s) limits 
their use in high-speed and high-resolution applications [5]. Therefore, 
LTPS technology, which offers a higher mobility (~80 cm2/V⋅s) than 
a-Si, has been introduced to overcome this limitation [6]. However, 

LTPS requires expensive laser annealing processes and suffers from 
limited uniformity across large substrates owing to its crystalline nature 
[7,8]. Consequently, OSs have emerged as an attractive alternative to 
Si-based materials. Unlike a-Si, OSs exhibit high electron mobility (~10 
cm2/V⋅s) even in the amorphous phase, allowing fast operation without 
crystallization [9,10]. This enables excellent large-area uniformity and 
process scalability. As display technologies continue to demand higher 
resolutions and larger panel sizes, the development of amorphous OSs 
with enhanced mobility (>50 cm2/V⋅s) and superior reliability has 
become increasingly important [11,12].

Owing to the self-limiting nature of the chemical reactions, atomic 
layer deposition (ALD) is well-suited for the development of high-quality 
OSs with high mobility and excellent reliability [13–16]. Compared to 
conventional physical deposition methods, ALD minimizes damage and 
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impurities during film growth, thereby contributing to improved device 
performance [17,18]. Moreover, it can be used to precisely control the 
film composition and thickness, which makes it ideal for engineering 
complex multicomponent oxide systems [19]. Among the various ALD 
techniques, plasma-enhanced ALD (PEALD) increases these advantages 
by activating surface reactions through plasma energy, thereby enabling 
low-temperature and high-throughput processing suitable for large-area 
display manufacturing [20,21]. Moreover, PEALD can be tuned via 
various process parameters, including the plasma power, gas species, 
and chamber pressure, which allows advanced film crystallization con
trol and intentional doping [22,23]. Recently, reactive gases have been 
introduced during ALD as a means to incorporate anions [24,25]. Such 
reactive gas engineering exhibits characteristics distinct from those of 
conventional oxidants, enabling enhanced tunability in device proper
ties. For example, Kim et al. demonstrated that nitrogen incorporation 
using N2O plasma enables selective doping at the In, Ga, and Zn sites in 
IGZO films, with substitution being particularly effective at the Ga sites, 
which suppresses carrier generation by reducing the number of oxygen 
vacancies (VO) and passivating sub-gap states [26]. This approach in
creases the electrical stability and highlights the potential of 
PEALD-based reactive gas engineering as a powerful route for tailoring 
the structural and electronic properties of OSs.

ALD-based research has mainly focused on In2O3-based OSs to ach
ieve higher carrier mobilities and superior electrical performances [27,
28]. However, pristine In2O3 inherently suffers from excessive carrier 
generation owing to the abundant VO and the strong tendency toward 
crystallization [29,30]. Therefore, gallium has been incorporated to 
suppress the formation of VO in In2O3, thereby limiting excessive carrier 
generation [31,32]. However, indium-rich indium gallium oxide (IGO) 
tends to crystallize easily, and carrier control remains challenging, even 
in the presence of Ga [33,34]. The formation of polycrystalline phases 
introduces numerous grain boundaries that reduce film uniformity, 
complicate device property control, and reduce electrical stability dur
ing long-term operation [35,36]. Various doping strategies have been 
investigated to suppress crystallization in indium-rich IGO, which 
readily exhibits crystalline behavior.

Doping can suppress nucleation by inducing lattice distortion, 
modifying the bond energy, or changing the nucleation energy barrier 
[37]. For example, cation doping with elements that have large ionic 
radii or different valence states can hinder nucleation by inducing lattice 
distortions or modifying the local bonding environment, thereby stabi
lizing the amorphous phase [38]. However, cation incorporation may 
negatively affect the electronic structure by directly changing the con
duction band configuration, which often reduces the carrier transport. 
Therefore, anion doping has attracted attention as an approach that can 
suppress crystallization and reduce the number of VO without disturbing 
the conduction path. This strategy offers a promising route toward 
achieving high-mobility and reliable indium-rich OSs.

In this study, we developed an indium-rich OS film with high 
mobility while maintaining an amorphous phase. The amorphous 
structure was realized by incorporating nitrogen into the film via PEALD 
using nitrogen-containing reactant gases. The incorporated nitrogen 
perturbed the bond length and angle of the metal-oxygen network, 
which induced local strain and lattice distortions and effectively sup
pressed crystallization. Consequently, the nitrogen-doped indium-rich 
IGO films maintained their amorphous structure up to 400 ◦C. Moreover, 
the reduced concentration of VO allowed precise carrier control, 
enabling enhancement-mode operation alongside a high mobility of 
>50 cm2/V⋅s. Furthermore, VO passivation and crystallization suppres
sion led to remarkable improvements in the positive bias temperature 
stress (PBTS), negative bias temperature stress (NBTS), and negative 
bias illumination stress (NBIS) stabilities. In practice, amorphous IGO 
films with incorporated nitrogen exhibit high mobility, excellent reli
ability, and outstanding uniformity. Therefore, our results indicate that 
these films are promising candidates for next-generation large-area 
display applications.

2. Experimental

2.1. Fabrication of IGO thin films

IGO thin films were deposited onto SiO2 (100 nm)/heavily doped p- 
type Si substrates or Si substrates via PEALD. The deposition was per
formed in a temporal wafer-type capacitively coupled plasma reactor 
with a chamber size of 15 cm × 15 cm. The metal precursors used as the 
indium and gallium sources were [3-(dimethylamino)propyl]dimethy
lindium (DADI) and trimethylgallium (TMGa), respectively. The DADI 
was maintained at 55 ◦C, whereas the TMGa was cooled to 15 ◦C. The 
reaction gases were either a 1:1 mixture of O2 (99.999%) and Ar 
(99.999%) supplied at a flow rate of 200 sccm or a 1:1 mixture of N2O 
(99.999%) and Ar under the same conditions. All the PEALD process 
parameters (pulse/purge time, working pressure, and temperature) 
except for the reaction gas composition and plasma power were fixed 
across all the tests. Argon was used as both the carrier and purge gas at a 
constant flow rate of 200 sccm. The deposition temperature and cham
ber pressure were fixed at 200 ◦C and 1.2 Torr, respectively, and the 
plasma exposure time was fixed at 1 s for all conditions. The plasma 
power was set to 100 W when using the O2/Ar mixture, and to 100, 150, 
or 200 W when using the N2O/Ar mixture to achieve different levels of 
nitrogen incorporation. To minimize the influence of impurities such as 
carbon, excluding the effect of nitrogen incorporation, the deposition 
was carried out within a plasma power range that ensured complete 
decomposition of the metal cation precursors. As shown in Figs. 1a and 
1c, the super-cycle was designed with an In-to-Ga sub-cycle ratio of 12:2, 
which resulted in an overall In:Ga cation ratio of 4:1. The film unifor
mity was evaluated at nine different points within the chamber, ar
ranged in a pattern similar to that of the flower points on a Go board.

2.2. Characterization of IGO thin films

The film thickness, growth per cycle (GPC), and refractive index (RI) 
were measured using spectroscopic ellipsometry (Elli-SE(UV)-FM8, 
Ellipso Technology). The oxygen and nitrogen bonding states were 
analyzed using X-ray photoelectron spectroscopy (XPS, K-alpha+, 
Thermo Fisher Scientific Co.) with an Al-Kα (1486.6 eV) source. The 
cation composition was determined using X-ray fluorescence (XRF, ARL 
QUANT’X EDXRF, Thermo Fisher Scientific Co.). The film crystallinity 
and degree of crystal alignment were characterized using grazing inci
dence X-ray diffraction (GIXRD, SmartLab, RIGAKU) at the Hanyang 
Center for Research Facilities in Seoul. The nitrogen amount was 
analyzed using Secondary Ion Mass Spectrometry (D-SIMS, IMS 7F-Auto, 
CAMECA) at the KIST in Seoul. D-SIMS analysis was conducted using a 
Cs+ ion source with an impact energy of 6 keV to detect negative ions. 
The film density was measured using X-ray reflectivity (XRR, SmartLab, 
Rigaku) with Cu-Kα radiation (wavelength: 1.54 Å). The surface 
morphology was examined using atomic force microscopy (AFM, NX20, 
Park Systems).

2.3. Device fabrication

The effects of nitrogen doping on the device characteristics were 
investigated by fabricating top-gate bottom-contact IGO TFTs using 
PEALD-deposited IGO as the active layer. IGO TFTs were fabricated on 
heavily doped p-type Si substrates with a thermally grown SiO2 layer 
(100 nm). All the layers of all the devices were deposited in the same 
PEALD chamber to ensure uniform processing conditions. Each layer 
was patterned using photolithography followed by wet etching. The 
source and drain electrodes were formed by depositing a 100 nm-thick 
indium tin oxide (ITO) layer via RF sputtering. The active layer was 
deposited to a thickness of 10 nm under O2 plasma and N2O plasma 
according to the process described above. The channel width and length 
of the active layer were set to 40 and 20 μm, respectively. The gate 
insulator was deposited as a 20 nm-thick Al2O3 layer via PEALD. Al2O3 
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was grown at 200 ◦C using a trimethylaluminum (TMA) precursor and 
O2 reactant gas at a plasma power of 100 W. The deposition sequence 
was as follows: TMA pulse (0.2 s), Ar purge (10 s), O2 pulse (10 s), O2 
plasma (1 s), Ar purge (15 s). The gate electrode was formed by 
depositing a 100 nm thick ITO layer that was identical to that of the 
source/drain electrodes. After fabrication, all the devices were post- 
annealed at 400 ◦C for 3 h in a dry air atmosphere (O2 21%/N2 79%, 
purity: 99.999%).

2.4. Device characterization

All devices were evaluated using a Keithley 4200 semiconductor 
parameter analyzer. The μFE was calculated using the equation μFE =

Lgm,max/(WCoxVDS), where gm,max is the maximum transconductance; W 
and L are the channel width and length, respectively; Cox is the gate 
insulator capacitance per unit area, and VDS is the drain voltage, which 
was fixed at 0.1 V. The value of Cox was calculated using the equation 
εrε0/Tox, where εr is the dielectric constant of the gate insulator, ε0 is the 
permittivity of free space, and Tox is the thickness of the gate insulator. 
Moreover, gm was determined using the equation dID/dVGS, where VGS is 
the gate voltage and ID is the drain current. Here, ID was measured by 
performing a double sweep of VGS from − 5 to 5 V with a step size of 0.05 
V. The value of Vth was determined via linear extrapolation from the 
linear regions of the transfer curves. The SS was derived from the slope 
of the VGS–log(ID) curve, where SS = dVGS/dlog(ID). The electrical 
characteristics of 25 TFTs were evaluated, and their average values and 
standard deviations were extracted. PBTS and NBTS tests were per
formed under electrical fields of +2 and − 2 MV/cm, respectively, at 60 
◦C for 3600 s to evaluate the device stability. NBIS measurements were 
conducted under an electrical field of 2 MV/cm with a light intensity of 
1000 lx. The hydrogen resistance of the devices was evaluated by con
ducting an additional annealing step at 400 ◦C for 1800 s in a hydrogen- 
forming-gas atmosphere (H2 4% + N2 96%). After this treatment, the 

values of μFE and Vth were determined again using the same methods 
described above, and the changes were compared.

3. Results and discussion

IGO thin films were deposited by alternately stacking InOx and GaOy 
layers using PEALD, as shown in Figs. 1a and 1c. Each super-cycle 
consisted of two sub-cycles: (1) InOx deposition (In precursor dose- 
purge-O2 or N2O gas dose-O2 or N2O plasma-purge), and (2) GaOy 
deposition (Ga precursor dose-purge-O2 or N2O gas dose-O2 or N2O 
plasma-purge). We investigated the effects of incorporating nitrogen 
into the IGO by depositing the films using O2 and N2O plasma reactant 
gases, as shown in Figs. 1b and 1d Because N2O contains both oxygen 
and nitrogen, it participates directly in surface reactions during PEALD, 
which enables uniform nitrogen incorporation throughout the film [39,
40]. The N2O plasma power was varied from 100 to 200 W in 50 W 
increments to control the degree of nitrogen incorporation, and O2 
plasma at 100 W was used as the reference condition without nitrogen. 
An In:Ga composition ratio of 4:1 was achieved by setting the number of 
sub-cycles for In and Ga to 12 and 2, respectively. As shown in Figure S1, 
all the O2 and N2O plasma conditions produced a consistent composition 
ratio of 4:1, indicating that the relative deposition rates of In and Ga 
were unaffected by the plasma power. This confirms that the plasma 
power acted solely as a variable for controlling the degree of nitrogen 
incorporation without affecting the intrinsic compositional stability of 
the PEALD process.

Fig. 2a shows the GPC and RI of the IGO films deposited using O2 
plasma (100 W) and N2O plasma (100, 150, and 200 W). The GPC per 
super-cycle was 10.42 Å/cycle for O2 plasma at 100 W, whereas it 
decreased to 8.05 Å/cycle for N2O plasma at 100 W, and then linearly 
increased to 8.54 and 8.92 Å/cycle as the plasma power increased to 150 
and 200 W, respectively. Unlike O2 plasma, N2O plasma generates ox
ygen radicals (O•), nitrogen radicals (N•), and NO-related species [41,

Fig. 1. PEALD process schemes for IGO deposition using different plasma reactants. (a) IGO deposition sequence using O2 plasma in a super-cycle process. (b) 
Schematic showing the film growth mechanism with O2 plasma as the reactant. (c) IGO deposition sequence using N2O plasma in a super-cycle process. (d) Schematic 
showing the film growth mechanism with N2O plasma as the reactant.
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42]. Therefore, the reduced GPC can be attributed to the lower con
centration of oxygen radicals and the participation of nitrogen radicals 
in surface reactions, in which some oxidation is replaced by nitridation. 
In other words, nitrogen radicals replace some of the metal-oxygen 
bonds with metal-nitrogen (In-N, Ga-N) or mixed (In-O-N) bonds, 
which reduces the oxidation efficiency and the adsorption of the pre
cursor on the -OH-terminated surface, which reduces the growth rate. 
D-SIMS was performed to verify the nitrogen incorporation, as shown in 
Fig. 2b Compared with the O2 plasma film, the intensity of the nitrogen 
peak was much higher in the N2O plasma films, and it increased linearly 
as the plasma power increased. This confirms that the nitrogen content 
in the IGO films can be tuned by adjusting the plasma power, and that 
nitrogen radicals actively participate in the formation of metal-nitrogen 
and mixed In-O-N bonds during PEALD.

Fig. 2c shows the XRD spectra of the IGO films after annealing at 400 
◦C, which illustrates the different crystallization behaviors during the O2 
plasma and N2O plasma processes. The diffraction peaks were indexed to 
the (222), (400), and (411) planes of bixbyite In2O3, respectively 
(JCPDS No.76–0152). The O2 plasma IGO film exhibited pronounced 
crystallization with distinct (222), (400), and (411) diffraction peaks, 
whereas the N2O plasma IGO film retained an amorphous structure after 
annealing. All the films were amorphous prior to annealing, and these 
differences became evident after annealing at 400 ◦C. Furthermore, the 
IGO films deposited under N2O plasma at 150 and 200 W maintained 
their amorphous phases after annealing at 600 ◦C, as shown in Figure S2. 
Even at 100 W, the N2O plasma IGO film exhibited a lower XRD peak 
intensity than the O2 plasma counterpart, indicating that nitrogen 

effectively suppresses crystallization even at high temperatures. As 
shown in Figure S3, indium-rich IGO (e.g., In:Ga ≥ 3:1) without nitrogen 
was fully crystallized after annealing, because the indium-rich matrix 
favored the thermodynamically stable bixbyite cubic phase of In2O3 
[43]. However, when nitrogen was incorporated, crystallization was 
suppressed. As shown in Fig. 2d, nitrogen incorporation perturbed the 
bond angles and lengths within the metal-oxygen network, which 
induced local strain and lattice distortion [37,38]. In addition, the for
mation of the InN and GaN phases further disrupted the order of the IGO 
matrix. The accumulation of these localized distortions inhibited the 
development of long-range crystalline order, which stabilized the 
amorphous phase.

Additional experiments were conducted using O2 plasma at 100–200 
W to exclude the possibility that the crystallization behavior was 
affected solely by the plasma power. As shown in Figure S4, all the O2 
plasma films crystallized regardless of the plasma power, and the 
diffraction peaks were similar to those observed at 100 W. Therefore, 
crystallization was suppressed owing to nitrogen incorporation, rather 
than variations in plasma power.

These differences in the crystallization behavior also resulted in 
variations in the film density and surface roughness. Figure S5 shows the 
XRR and film densities of the IGO films deposited under different plasma 
conditions. The highest film density was obtained using O2 plasma at 
100 W, and the density gradually decreased as the N2O plasma power 
increased. This can be attributed to the fact that nitrogen has a lower 
atomic mass than oxygen and metal cations. After thermal annealing, 
the film density of the N2O plasma films increased slightly, whereas that 

Fig. 2. Growth and structural characteristics of IGO films deposited via PEALD under different plasma conditions. (a) GPC and RI as a function of plasma power. (b) 
D-SIMS depth profiles confirming that nitrogen was incorporated into the films prepared using N2O plasma. (c) XRD spectra after post-annealing showing that ni
trogen incorporation suppressed crystallization. (d) Schematic showing the structural evolution mechanism where nitrogen stabilized the amorphous network and 
suppressed crystallization.
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of the O2 plasma film showed a more pronounced increase. This dif
ference occurred because the N2O plasma films maintained an amor
phous structure even after annealing, whereas the O2 plasma film 
crystallized, which resulted in densification.

Figure S6 shows AFM images of the IGO films under each plasma 
condition. The O2 plasma film exhibited the highest surface roughness 
with a root mean square value of 0.181 nm, which was attributed to 
grain boundary formation during crystallization. By contrast, the N2O 
plasma films exhibited smoother surfaces owing to their amorphous 
nature. The RMS roughness values for the N2O plasma films were 0.162 
nm (100 W), 0.139 nm (150 W), and 0.141 nm (200 W). Furthermore, 
when the plasma power increased from 100 to 150 W, the roughness 
decreased, from 0.162 to 0.139 nm, which was likely because the ni
trogen passivated the surface dangling bonds and other defect sites. 
However, the roughness increased slightly at 200 W, which can be 
attributed to surface damage induced by plasma bombardment effects at 
higher plasma powers [44].

The chemical bonding states of the IGO films with incorporated ni
trogen were analyzed using XPS at the O 1 s and N 1 s spectra, as shown 
in Fig. 3. The O 1 s spectra consisted of three components: metal-oxygen 
bonds (M-O, 529.6 eV), oxygen-related defects (Odef, 531.1 eV), and 
oxygen impurities (532.2 eV), as shown in Figs. 3a, 3b, and S7 [35,45]. 
As the N2O plasma power increased, the oxygen-related defect compo
nent decreased continuously from 21.49% under O2 plasma to 16.89%, 
15.89%, and 15.43% under N2O plasma at 100, 150, and 200 W, 
respectively. This reduction in the oxygen-related defect component 
may be attributed to both the oxidizing species with increasing plasma 
power and the passivation effect induced by nitrogen incorporation. 
However, Kim et al. reported that, in PEALD-based oxide semi
conductors, the higher binding energy region increased with increasing 
plasma power [46]. This suggests that the oxygen-related defect 

component in PEALD-based oxide semiconductors is not significantly 
affected by plasma power alone, and that the primary cause is the 
passivation effect resulting from increased nitrogen incorporation. 
Therefore, compared with the O2 plasma process, the N2O plasma pro
cess offers a distinct advantage in enabling more precise regulation of 
oxygen-related defects. Correspondingly, the oxygen-impurity compo
nent increased from 7.84% to 8.55%, 10.96%, and 14.00%. The 
oxygen-impurity component generally represents bonding with light 
elements such as hydrogen, carbon, nitrogen and excess oxygen. Auger 
electron spectroscopy (AES) depth profiles (Figure S8) confirmed that 
carbon was not present in any of the IGO films, indicating that the metal 
cation precursors decomposed completely during PEALD. As the N2O 
plasma power increases, the possible formation of excess oxygen species, 
such as interstitial or weakly bonded oxygen, cannot be completely 
excluded. However, the total oxygen concentration remained within a 
narrow range (51.5–52 at%) across all plasma conditions, within the 
experimental error. In addition, despite the higher oxygen radical 
reactivity in the O2 plasma process, the O2 plasma films exhibited a 
lower O-impurity fraction. Therefore, it is difficult to attribute the pri
mary variation in the O-impurity component to excess oxygen species. 
Furthermore, as shown in Figure 3(c), a clear evolution of O–N bonding 
is observed in the N 1 s spectra. This trend is consistent with the change 
in the O-impurity peak in the O 1 s spectra, suggesting that the O-im
purity component is more closely correlated with O–N bonding for
mation. Owing to the absence of carbon, the limited contribution of 
excess oxygen species, and the minimal contribution of hydrogen to the 
O 1 s peak, the oxygen-impurity component can be reasonably inter
preted as being primarily associated with O–N bonding resulting from 
nitrogen incorporation into the IGO films. These results suggest that 
nitrogen incorporation effectively passivates deep-level traps, reducing 
Odef and increasing the O–N bonding fraction.

Fig. 3. Chemical bonding characteristics of PEALD-deposited IGO films under different plasma conditions. (a) XPS O 1 s spectra of the IGO films as a function of the 
plasma power. (b) Deconvolution of the O 1 s spectra into three bonding components: M-O, O-deficiency, and O–N bonding. (c) XPS N 1 s spectra of the IGO films as 
a function of the plasma power. (d) Changes in the intensity of the N 1 s subpeaks corresponding to HBE and LBE after thermal annealing.
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The N 1 s spectra (Fig. 3c) were consistent with the O 1 s results. The 
N 1 s peak exhibited a high-binding-energy (HBE) subpeak at approxi
mately 407 eV and a low-binding-energy (LBE) subpeak centered at 
approximately 403 eV, which both correspond to NOx-related bonding 
states [39]. Unlike metal-nitrogen bonding, which was observed as a 
peak at approximately 396 eV, O–N bonding was observed at higher N 
1 s binding energies because the highly electronegative oxygen greatly 
reduces the electron density around the nitrogen, leaving it in a more 
positively charged state. The metal-nitrogen peak could not be distin
guished because it overlapped with the Ga LMM Auger peak.

The LBE subpeak increased linearly with the plasma power, whereas 
the HBE subpeak increased sharply at 200 W. As shown in Figure S9, 
before annealing, the N 1 s spectra were dominated by the LBE 
component, which increased with the plasma power, whereas the HBE 
component was approximately zero. After thermal annealing, the LBE 
intensity decreased owing to nitrogen diffusion, which was accompa
nied by a slight increase in the HBE component. Fig. 3d shows a com
parison of the changes in the N 1 s subpeaks before and after annealing. 

At 100 W, both components remained approximately unchanged. At 150 
W, the LBE intensity decreased slightly, whereas the HBE intensity only 
showed a minor increase. By contrast, at 200 W, the HBE sub-peak in
tensity increased significantly, indicating excessive nitrogen incorpo
ration under strong plasma conditions [39]. During annealing, this 
excess nitrogen either diffused outward or transformed into NOx-related 
HBE species. These NOx-related changes are consistent with the O 1 s 
spectra, where stronger O–N bonding was observed as the N2O plasma 
power increased.

In addition to bonding with oxygen, nitrogen in the IGO films also 
forms bonds with metal cations. Figure S10 presents the XPS Ga 2p and 
In 3d spectra. In the Ga 2p spectrum, the Ga-O bond is located at 
approximately 1117.8 eV, whereas a lower binding energy component 
at approximately 1117.1 eV corresponds to Ga-N bonding. Similarly, in 
the In 3d spectrum, the In-O bond appears at approximately 444.4 eV, 
while the In-N component is observed at a lower binding energy of 
approximately 443.6 eV. Although the changes are subtle, the intensities 
of the Ga-N and In-N peaks increase as the nitrogen incorporation 

Fig. 4. Electrical characteristics of oxide TFTs using PEALD-deposited IGO as the active layer. (a) Schematic showing the device architecture with a flow chart 
detailing the fabrication process of nitrogen-incorporated top-gate bottom-contact oxide TFTs. (b) Transfer curves of the TFTs as a function of the plasma power. (c) 
Averaged device parameters (μFE, Vth, and SS) obtained from 25 devices under each plasma condition. (d) Schematic showing the crystalline phase formation under 
O2 plasma and amorphous structure retention under N2O plasma. (e) Normal probability plot of Vth extracted from 25 devices.
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increases with N2O plasma. These results indicate that nitrogen not only 
bonds with oxygen but also forms metal-nitrogen bonds within the IGO 
films, contributing to the formation of M-O-N-M network configurations. 
Therefore, nitrogen in the IGO films can passivate oxygen-related de
fects such as VO or exist in the form of O–N and M-N bonding states. The 
presence of these various nitrogen configurations within the IGO films 
induces local strain and lattice distortion in the metal-oxygen network, 
thereby suppressing crystallization.

Nitrogen incorporation via PEALD using N2O plasma effectively 
suppressed the crystallization of indium-rich IGO, resulting in oxide 
TFTs with superior switching characteristics. The optimized device 
fabricated under 100 W N2O plasma exhibited a high field-effect 
mobility (μFE) of 55.3 cm2/V⋅s, showing normally off operation with a 
threshold voltage (Vth) of 0.7 V and a steep subthreshold swing of 85 
mV/dec. Fig. 4a shows a schematic of the top-gate bottom-contact TFT 
and the stepwise fabrication process. The devices were fabricated on 
heavily doped p-type Si substrates with thermally grown SiO2 layers, 
and all deposition steps were conducted below 200 ◦C. ITO source/drain 
electrodes were deposited by radio frequency (RF) sputtering to form an 
ohmic contact with the IGO active layer. The IGO films were deposited 
via PEALD using O2 or N2O plasma (100–200 W), as shown in Fig. 1, to 
investigate the effects of nitrogen incorporation. The gate insulator was 
also deposited at 200 ◦C with a plasma power of 100 W and a plasma 
exposure time of 1 s to minimize thermal and plasma-induced damage to 
the underlying active layer.

As shown in Fig. 4b, the transfer characteristics varied systematically 
with the plasma conditions, and the averaged μFE, Vth, and subthreshold 
swing (SS) values from 25 devices are summarized in Fig. 4c and 
Table S1. Figure S10 shows the output characteristics for each plasma 
condition. Under O2 plasma at 100 W, the device exhibited a high μFE of 
94.0 cm2/V⋅s and a highly negative Vth of − 4.2 V. This was attributed to 
excessive carrier generation in the indium-rich crystalline film, where 
partial crystallization produced a high carrier density and interface traps 
at the grain boundaries, which led to a degraded SS of 95.3 mV/dec 
[47–49]. When N2O plasma at 100 W was applied, the carrier density 
was effectively suppressed and a high μFE of 55.3 cm2/V⋅s was main
tained. Consequently, Vth shifted positively to 0.7 V, achieving a nor
mally off characteristic where the device remained completely off at a 
bias of 0 V, which ensures a lower leakage current and greater thermal 
stability.

The amorphous nature of the IGO film with incorporated nitrogen 
eliminated the grain boundaries and reduced the interface trap density, 
thereby increasing the SS to 85.0 mV/dec [40]. As the N2O plasma 
power increased to 150 and 200 W, the reduction in VO, together with 
O–N bonds acting as trap states and carrier scattering induced by 
O–N-related structures, led to decreases in μFE to 22.1 and 13.2 
cm²/V⋅s, respectively, while Vth shifted positively to 1.63 and 1.83 V, 
respectively. This confirmed that nitrogen incorporation effectively 
modulated the carrier concentration. The SS increased further to 71.0 
mV/dec at 150 W owing to enhanced trap passivation; however, it 
decreased slightly to 82.7 mV/dec at 200 W owing to plasma-induced 
interfacial damage [46,50]. This is consistent with the surface rough
ness data obtained from the AFM measurements. These results demon
strate that nitrogen incorporation through N2O plasma enables precise 
carrier and Vth control, thereby enhancing the overall switching per
formance of indium-rich IGO TFTs.

The amorphous active layers in the TFTs exhibited excellent device- 
to-device uniformity [51,52]. Fig. 4d shows the crystallinity of the active 
layers under different plasma conditions. The O2 plasma sample 
exhibited random polycrystalline characteristics owing to the 
indium-rich crystallization, whereas the N2O plasma samples retained 
their amorphous nature. Fig. 4e shows the normal probability plot of Vth. 
The Vth distribution of the N2O plasma at 100 W was considerably 
sharper than that of the O2 plasma at 100 W. Random polycrystalline 
films typically exhibit significant device-to-device variations because 
the electrical characteristics depend on the grain size and orientation. As 

shown in Figure S12, the O2 plasma devices exhibited a wide Vth dis
tribution from − 4.9 to − 3.5 V with a large standard deviation of 419 
mV. By contrast, the amorphous N2O plasma devices showed an 
extremely narrow Vth range from 0.62 to 0.78 V and a significantly 
reduced deviation of 42 mV, corresponding to a 90% improvement in 
uniformity. However, excessive plasma power increased the variability 
owing to bombardment-induced damage. These results demonstrate that 
uncontrolled crystallization must be suppressed and the amorphous 
structure must be maintained to achieve highly uniform and reliable 
oxide TFTs. Stable nitrogen incorporation into IGO films enables high 
mobility, normally off characteristics, and excellent device-to-device 
uniformity, thereby resulting in superior performance among the re
ported oxide transistors, as shown in Table S2 of the benchmarking re
sults [53–61].

Nitrogen improves the reliability of oxide TFTs by suppressing 
crystallization to maintain an amorphous structure and by passivating 
the VO [62]. Figs. 5a and 5b show the evolution of the transfer charac
teristics of the IGO TFTs under a PBTS at an electric field of 2 MV/cm 
and a temperature of 60 ◦C, and the corresponding Vth shift as a function 
of the stress time, respectively. The TFT fabricated using O2 exhibited a 
positive Vth shift of 1.10 V after 3600 s, whereas the TFT fabricated using 
N2O plasma at 100 W showed a much smaller shift of 0.23 V, repre
senting a 79.1% improvement in stability. Further increases in the 
plasma power to 150 and 200 W caused the Vth shift to increase again to 
0.69 and 1.07 V, respectively.

As shown in Fig. 5c, these PBTS behaviors can be explained by dif
ferences in the structure and defect state of the active layer. In the O2 
plasma film, the indium-rich IGO exhibited randomly oriented poly
crystalline phases containing grain boundaries that acted as defect sites 
for electron trapping under a positive gate bias, resulting in a positive 
Vth shift [35,63]. By contrast, the N2O plasma films retained an amor
phous microstructure without grain boundaries, which suppressed 
electron trapping and improved the stability. Furthermore, the nitrogen 
passivated oxygen-related defects, such as the VO. Because the VO are 
important electron-trapping sites under PBTS, reducing the number of 
VO increases the reliability of the device [41,42,64]. However, at higher 
plasma powers, excessive N2O exposure increased O–N bonding within 
the film. Such excessive O–N bonds can act as localized trap states, and 
plasma bombardment introduces additional interfacial disorder, which 
both contribute to the renewed Vth instability [65,66]. Therefore, 
moderate nitrogen incorporation is optimal for suppressing crystalliza
tion, reducing defect density, and passivating the VO, ultimately 
improving the PBTS reliability.

Following the PBTS evaluation, further tests were conducted to 
ascertain the reliability of the devices in the off state under temperature 
and light stress conditions (NBTS and NBIS, respectively), and their 
resilience to hydrogen exposure. Fig. 6 shows the hydrogen resistance, 
reliability, and characteristics of the devices under NBTS and NBIS 
conditions. Figure S13a shows the evolution of the transfer character
istics under NBTS (− 2 MV/cm, 60 ◦C). Fig. 6a shows the corresponding 
Vth shift. Similar to the PBTS, the O2 plasma TFT exhibited a negative 
shift of 0.23 V, whereas the 100 W N2O plasma TFT showed a sub
stantially reduced shift of 0.04 V, corresponding to an 82.6% improve
ment in stability [67]. As the N2O plasma power increased, the 
magnitude of the Vth shift increased, which is consistent with the trends 
observed for the PBTS. These behaviors can be explained by the presence 
or absence of grain boundaries and the extent of VO passivation induced 
by nitrogen.

Figure S13b shows the transfer-curve variation under NBIS (− 2 MV/ 
cm, 1000 lx), and Fig. 6b shows the corresponding Vth evolution. Under 
light illumination, photo-generated electron-hole pairs were produced, 
and defects such as grain boundaries, VO, and excessive O–N bonds 
acted as deep-level or tail-state traps. These trap sites captured holes 
generated by illumination, leading to a negative Vth shift and reduced 
reliability [68]. Therefore, as in PBTS and NBTS, the 100 W N2O plasma 
film, where crystallization was effectively suppressed and the number of 
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VO was reduced, exhibited superior NBIS stability. By contrast, higher 
plasma powers caused increased carrier trapping owing to structural 
disorder and plasma-induced damage.

Hydrogen resistance testing was performed to evaluate the func
tional role of nitrogen within the active layer because nitrogen incor
poration can modulate hydrogen-related reactions by suppressing the 
formation of O–H bonds through N–H interaction pathways. Fig. 6c 
shows the variations in μFE and Vth before and after forming-gas 
annealing (H2 4% + N2 96%, 1800 s), and Figure S14 shows the trans
fer characteristics of the TFTs after annealing. For the O2 plasma TFT, 
hydrogen incorporation led to the formation of O–H bonds and donor- 
like hydrogen states, which resulted in an increased electron density and 
degraded switching behavior [12,69]. By contrast, the 100 W N2O 
plasma TFT exhibited a Vth shift of − 0.68 V and a 25.9% increase in μFE, 
indicating improved hydrogen resistance as O–N bonding limited the 
formation of O–H bonds [70,71]. As the plasma power increased to 150 
W, the O–N bonding strength was further increased owing to the 

hydrogen resistance, which resulted in a smaller Vth shift of − 0.32 V and 
a 9.6% increase in μFE. However, at 200 W, excessive nitrogen incor
poration reduced the hydrogen-trapping capability, which led to a Vth 
shift of − 1.11 V and a 23.6% increase in μFE, suggesting that the 
hydrogen resistance was reduced [70,71]. Therefore, the incorporation 
of nitrogen into the active layer via PEALD effectively suppresses crys
tallization in indium-rich materials and controls excess carriers, thereby 
enhancing the switching characteristics, uniformity, and overall device 
stability.

4. Conclusion

In this study, the amorphous indium-rich IGO channels fabricated via 
PEALD enabled the realization of high-mobility (>50 cm2/V⋅s) oxide 
TFTs exhibiting excellent switching characteristics, device uniformity, 
and reliability. Nitrogen incorporated by the N2O plasma during PEALD 
effectively suppressed crystallization and passivated the VO. In turn, this 

Fig. 5. Reliability characteristics of IGO TFTs with incorporated nitrogen. (a) Evolution of transfer curves under PBTS (2 MV/cm, 60 ◦C, 3600 s) for different plasma 
conditions. (b) Variation in Vth under PBTS as a function of the stress time. (c) Schematic showing the reliability mechanism under different plasma conditions.

Fig. 6. Reliability and hydrogen resistance characteristics of IGO TFTs with incorporated nitrogen. (a) Vth under NBTS (− 2 MV/cm, 60 ◦C, 3600 s) as a function of 
stress time. (b) Vth under NBIS (− 2 MV/cm, 1000 lx, 3600 s) as a function of stress time. (c) Changes in the device characteristics (μFE and Vth) after forming-gas 
annealing (H2 4% + N2 96%) for 1800 s.
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stabilized the carrier concentration in the TFTs and enabled a normally 
off operation with a Vth of approximately 0.7 V. Despite moderate carrier 
suppression, a high μFE of approximately 55 cm2/V⋅s was maintained, 
demonstrating the intrinsic potential of amorphous IGO. Nitrogen 
incorporation also enhanced both the device-to-device uniformity and 
bias-stress stability. Compared with the O2 plasma condition, the Vth 
uniformity of the amorphous N2O plasma IGO TFTs was improved by 
90%, achieving a standard deviation as low as 42 mV owing to the 
suppression of random polycrystallinity. Under PBTS, the Vth shift was 
reduced by 79.1% relative to O2 plasma devices, with a Vth shift of only 
0.23 V, indicating enhanced reliability arising from the elimination of 
grain boundaries and the passivation of deep-level traps. Overall, 
controlled nitrogen incorporation via PEALD provides an effective and 
scalable route for suppressing crystallization and regulating excess 
carriers, offering a promising approach for realizing high-performance 
and highly reliable amorphous indium-rich OSs for next-generation 
displays and electronic applications.
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