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Abstract— This study presents a comprehensive 
investigation of the threshold voltage (Vth) shift 
mechanisms in atomic-layer-deposited (ALD) In2O3 thin-
film transistors (TFTs), utilizing ultrafast On-the-Fly (UF-
OTF) measurements. Two distinct degradation 
mechanisms are identified: electron trapping and donor 
trap generation at the HfO2/In2O3 interface under positive 
bias stress (PBS), which conventional measure-stress-
measure (MSM) techniques fail to effectively separate due 
to the inability to perform short-time measurements. Donor 
trap generation exhibits a strong dependence on 
measurement temperature, and stress degradation time, 
indicating a thermally activated process. Optimized oxygen 
annealing effectively passivates these defects, significantly 
reducing their impact on device instability. Temperature-
dependent measurements reveal shallow electron trapping 
with an activation energy (E𝜏,e) of 0.12 eV, whereas donor 
trap generation is characterized by an activation energy 
(E𝜏,d) of 0.57 eV. These results emphasize the importance of 
oxygen annealing optimization, defect passivation, and 
self-heating mitigation to enhance the electrical 
performance, long-term stability, and overall reliability of 
high-performance In2O3 TFTs for advanced electronic 
applications. 

 
Index Terms— atomic layer deposition (ALD), indium oxide, 
ultrafast On-the-Fly, positive bias stress 

I. Introduction 

 morphous oxide semiconductor-based FETs have 

garnered significant attention in recent years due to their 

potential applications as back-end-of-line (BEOL) compatible 

transistors in monolithic 3D integration [1], [2], [3], [4], [5], [6]. 

ALD In2O3 TFTs offer several key advantages, including 

excellent conformity on complex structures and high electron 

mobility [2], remarkable on-state current and trans-conductance 

[3], outstanding reliability [4], and negative Schottky barrier 

height-induced ultralow contact resistance reaching Landuaer’s 

limit [5]. 

Despite these advantages, long-term threshold voltage (Vth) 

stability and overall reliability of In2O3 TFTs remain major 

concerns. Vth shifts, often induced by charge trapping and 

defect creation, can significantly impact device performance 

and reliability. A comprehensive understanding of the 

mechanisms driving Vth instability is essential to further 

improve device reliability [7]. The widely used MSM method 

cannot capture the fast and dynamic nature of these trapping-

detrapping processes [8], [9], especially during electrical stress 

and relaxation cycles. UF-OTF method, with its ability to 

achieve microsecond-level temporal resolution, provides a 

unique approach to distinguish the different contributions of 

these mechanisms in time domain [10], [11], [12], [13], [14].  

By employing the UF-OTF technique, this study 

conclusively identifies two primary mechanisms contributing to 

Vth instability in nanoscale In₂O₃ TFTs: the rapid electron 

trapping in dielectric and the slow generation of donor traps in 

oxide channel both near the interface. 

II. EXPERIMENTS 

Fig.1 (a) illustrates the schematic cross-sectional view of a 
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Figure 1. (a) 3D schematic of a bottom gate In2O3 FETs and STEM cross-
section image with energy dispersive X-ray spectroscopy elemental 
mapping (In, Hf, and Ni) of a similar device structure (b) Fabrication 
process flow of ALD In2O3 FETs. 
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fabricated In₂O₃ TFT. The fabrication process flow is presented 

in Fig. 1(b). First, a 6 nm Al₂O₃ layer was deposited by ALD as 

an adhesion layer. A 60 nm Ni layer was evaporated to form the 

buried gate, followed by the deposition of a 4 nm HfO2 layer by 

ALD as the back gate dielectric. The 1.2 nm In2O3 channel layer 

was deposited also by ALD, and another 60 nm Ni layer was 

evaporated to form the source and drain contacts. Isolation of 

the device was achieved through an Ar/BCl3 dry etching 

process. An optional annealing process in O2 at 280°C for 30 

minutes was performed to enhance the device performance and 

reliability [15]. 

III. RESULT AND DISCUSSION 

Fig. 2 (a) illustrates the transfer characteristics of well-

behaved annealed long-channel (Lch=600nm) devices measured 

at VDS = 0.1 V and 1 V, showing good subthreshold swing (SS) 

and high on/off ratio of 108-109. The SS was extracted based on 

a constant-current Vth definition, using the subthreshold region 

between drain currents of 10⁻13 and 10⁻11 A. Fig. 2 (b) shows 

the output characteristic of the annealed device, showing Ion of 

197 μA/μm at VDS =4V. The evolution of the transfer curves 

and the time evolution of ΔVth and SS under 1000s PBS at VGS 

= 3V for both annealed and unannealed devices are shown in 

Fig. 2 (c) and Fig. 2 (d). It is evident that an appropriate O2 

annealing process effectively reduces oxygen vacancies and 

defects, thereby significantly mitigating the negative Vth shift 

under PBS. As shown in Fig. 3, where both annealed and 

unannealed devices exhibit negligible variation in SS over time. 

Since the subthreshold swing can be used to evaluate interface 

trap densities [16], this result indicates that the degradation does 

not occur at the channel interface. 

To further investigate these mechanisms, we first examine 

unannealed devices, which exhibit a significant Vth shift to 

investigate the different mechanisms utilizing UF-OTF method 

[17]. The UF-OTF waveform is shown in Fig. 4(a). The 

measurement process is divided into two phases: the stress 

phase and the relaxation phase. The drain current at the 

beginning of the stress phase is defined as ID0,stress, while the 

drain current at the start of the relaxation phase—immediately 

after completing 10,000 seconds of stress—is defined as ID0,Relax. 

Both ID0,stress and I D0,relax were extracted in the linear regime of 

device operation, with gate and drain voltages set to VG =3V  

VD = 0.1V and VG =0V  VD = 0.1V, respectively. The drain 

current change, ΔID, is calculated as ID(t) – ID0, where ID0 refers 

to the initial current of the respective phase. The threshold 

voltage, before stress is applied, is denoted as Vth0, representing 

the pre-stressed Vth. Using the formula in Fig. 4 (a), The drain 

current variation (ΔID) can be translated into a threshold voltage 

shift (ΔVth) shown in Fig. 4 (b) and Fig. 4 (c).  

As the stress and degradation time progress, the threshold 

voltage shift (ΔVth) reveals three clearly distinguishable phases: 

initial leveling, gradual rising, and subsequent falling. In the 

initial stage, occurring at a very short time scale, ΔVth remains 

relatively constant, indicating a temporary equilibrium between 

competing mechanisms. This plateau behavior is attributed to 

the dynamic balance between fast electron trapping and slower 

donor-type trap generation processes. As the stress continues, a 

rising trend in ΔVth becomes evident, which is predominantly 

governed by electron trapping at the HfO2/In2O3 interface. 

These trapped electrons accumulate near the 

dielectric/semiconductor boundary, leading to a positive shift in 

the threshold voltage.  

As shown in Fig. 4(c), the recovery time of electron trapping 

is less than 1 millisecond. However, the MSM measurement 

process involves a module-switching delay on the order of 

 
Figure 2. (a) ID – VGS and (b) output characteristics of the In2O3 FETswith 
channel length (Lch) = 600 nm. (c) Evolution of transfer curves of annealed 
In2O3 FETs under PBS of 3 V. (d) Evolution of transfer curves of 
unannealed In2O3 FETs under PBS of 3 V. 

 
Figure 4. (a) Schematic of UF-OTF waveform. ID0,Stress represents the 
first current data point during the PBS process, while ID0,Relax represents 
the first current data point during the relaxation. (b) ΔVth of unannealed 

devices induced by PBS degradation, extracted from UF-OTF 
measurements. (c) Time evolution of ΔVth observed during the relax 
phase for unannealed devices. (d) Time evolution of ΔVth of unannealed 
and annealed devices during PBS phase. 

 

 
Figure 3. (a) ∆SS of anneal In2O3 FETs under PBS of 3 V. (b) ∆SS of 
unannealed In2O3 FETs under PBS of 3 V. 
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milliseconds. As a result, the Vth shift caused by electron 

trapping cannot be observed in MSM measurements, since the 

trapped electrons have already recovered during this delay. In 

contrast, the UF-OTF method enables real-time measurement 

without module-switching delays, successfully capturing the 

effects of electron trapping. 

However, at longer stress durations, ΔVth begins to decrease, 

marking the onset of a falling phase, which is primarily driven 

by the generation of donor-like traps located below the charge 

neutrality level (CNL) within the conduction band of In₂O₃ near 

the interface [18]. These donor-type traps act as electron 

sources, effectively increasing the free carrier concentration 

and thus reducing the threshold voltage. 

These observations highlight two competing mechanisms 

with opposite impacts on Vth shift across different time scales. 

Notably, the ultrafast On-the-Fly (UF-OTF) technique applied 

in this study provides, for the first time, the temporal resolution 

required to distinguish these effects clearly. Unlike 

conventional measure-stress-measure (MSM) methods, the UF-

OTF approach enables real-time tracking of Vth evolution, 

offering deeper insight into the coexisting but temporally 

distinct degradation mechanisms.  

Additionally, the relaxation behavior observed after stress 

and degradation, as shown in Fig. 4 (c), exhibits a decrease in 

ΔVth attributed to electron detrapping, followed by an increase 

in ΔVth associated with the partial recovery of donor-type trap 

generation over a different time scale [19]. 

Comparing ΔVth of PBS and relaxation between the 

unannealed and annealed devices, Fig. 4 (d) reveals a 

significant reduction in variations for the annealed device, 

indicating that the annealing process effectively passivates 

donor traps in In₂O₃. Moreover, the pronounced suppression of 

ΔVth variations in the annealed device further confirms that the 

annealing process effectively passivates donor-type traps in 

In₂O₃, thereby improving device stability and mitigating long-

term degradation under positive bias stress. 

To further investigate the defect nature responsible for the 

observed Vth shift, temperature-dependent reliability 

measurements were conducted. As shown in Fig. 5(a), the 

temperature evolution of Vth reveals that donor-type trap 

generation becomes the dominant degradation mechanism at 

elevated temperatures. Measurements from 120 K to 375 K, 

using the equation : 

         ΔV𝑡ℎ = ΔV𝑡ℎ∞,𝑒 {1 − 𝑒𝑥𝑝 [−(𝑡
𝜏𝑒

⁄ )
𝑛𝑒

]} 

−ΔV𝑡ℎ∞,ℎ {1 − 𝑒𝑥𝑝 [−(𝑡
𝜏𝑑

⁄ )
𝑛𝑑

]}          (1) 

where ΔVth∞ ,e and ΔVth∞ ,h denote the maximum threshold 

voltage shifts caused by electron trapping and donor-type trap 

generation, respectively. 𝜏e and 𝜏𝑑 are the corresponding 

characteristic time constants. ne and nd are the stretched-

exponential exponents for each mechanism [20]. The extracted  

𝜏 values at different temperatures were further fitted using the 

following equation: 

τ(𝑇) = 𝜏0𝑒𝑥𝑝 (
𝐸𝜏

𝑘𝑇⁄ )                           (2) 

where 𝜏(𝑇) represents the extracted time constant at different 

temperature, 𝜏0 is the pre-exponential factor, 𝐸𝜏 is the activation 

energy associated with the process, 𝑘 is the Boltzmann constant, 

and 𝑇 is the absolute temperature. The fitting results in Fig. 5(b) 

yield activation energies for electron trapping (E𝜏,e) and donor 

trap generation (E𝜏,d) of 0.12 eV and 0.57 eV, respectively. 

These values are in excellent agreement with theoretical studies 

on native donor defect energy levels responsible for n-type 

conductivity in In2O3 [21]. 

IV. CONCLUSION 

This study employs the UF-OTF technique in the time 

domain to differentiate the two main mechanisms of Vth 

instability in In2O3 TFTs: electron trapping and donor-type trap 

generation. At low temperatures and short times, electron 

trapping dominates, linked to shallow defects E𝜏,e = 0.12 eV. In 

contrast, higher temperatures and longer stress promote donor 

trap generation, associated with deeper, thermally activated 

states E𝜏,d = 0.57 eV. O2 annealing effectively suppresses donor 

trap formation, reducing ΔVth shifts under PBS. These results 

clarify the time- and temperature-dependent degradation 

mechanisms and highlight oxygen annealing as a practical 

method for enhancing device reliability. 
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