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Abstract Negative bias temperature instability (NBTI) of IGZO 
thin film transistors (TFTs) with different channel 
thicknesses(tIGZO) and gate lengths is studied. Four main NBTI 
characteristics are observed: (1) the threshold voltage shift 
appears to be almost independent of the gate stress voltage (above 
a given stress voltage determined by the tIGZO), and shows (2) a 
large activation energy (i.e., a strong temperature dependence) 
and (3) a steep time kinetics (i.e., a large power-law time 
exponent), while (4) the NBTI relaxation rate is reduced for 
increasing temperatures
simulations with experimental data modelling, these peculiar 
features can be explained by an oxide-field-driven hydrogen 
release from the gate-dielectric, inducing additional IGZO donor 
doping and a subsequent negative Vth shift. The latter mechanism 
is observed to be analogous to the negative Vth shift reported 
during PBTI stress at elevated temperature in IGZO devices [1].   

Index Terms IGZO, NBTI, negative shift, oxide-field-driven 
hydrogen release.

I. INTRODUCTION

IGZO (Indium Gallium Zinc Oxide) TFTs are considered 
potential key components in advancing next-gen 
semiconductor evolution, as they offer distinct advantages such 
as BEOL compatibility, good uniformity for channel 
deposition, low leakage current and low cost. In particular, they 
are promising for DRAM applications and for monolithic 3D 
integration [2-5]. Accompanying the rapid development of 
IGZO devices is the growing concern regarding their reliability 
[1, 6-9]. Unlike Si devices, a negative Vth shift during 
P(positive)BTI stress has been identified as the process limiting 
the lifetime at high temperatures [1]. Until now, 
fundamental and systematic study about NBTI degradation of 
IGZO is still lacking. Previous studies on negative bias stress 
and negative bias illumination stress in IGZO transistors 
ascribed degradation to IGZO film itself, hole trapping from 
valence band [10], impact of sub-gap states like peroxides [11] 
or ionized oxygen vacancies [12], without considering the role 
of gate-dielectric. 

In this work, the NBTI of IGZO devices is thoroughly 
characterized and investigated. We measure NBTI at different 
temperatures (T) in back-gated (BG) IGZO devices with 
various channel thicknesses. TCAD simulations are performed 
to get insights on the device electrostatics at the stress 
conditions used in the experiments. Relaxation dynamics are 
modelled giving additional understanding on the degradation 
mechanism.

II. EXPERIMENTS AND RESULTS

A. Device fabrication and Measurement method

BG IGZO TFTs used in this research are fabricated on a 
300mm wafer platform. Silicon(p++) is used for backside gate 
electrode, upon which a 10 nm Al2O3 dielectric layer is 
deposited via Atomic Layer Deposition (ALD) at 300°C. Three 
different IGZO channel thicknesses (tIGZO=5nm, 10nm, 20nm) 
are deposited by a Physical Vapor Deposition (PVD) process. 
Next, the encapsulation layer (SiO2), and S/D contacts (TiN/W) 
are formed subsequently. Finally, the devices are annealed at 
350°C under O2 environment for one hour. Devices with two 
gate lengths of 10µm and 200nm (WG=10µm) are used for the 
NBTI study, whose structure is depicted in Fig.1(a). 

Electrical stress experiments (both for PBTI and NBTI) are 
carried out by the so-called extended Measure-Stress-Measure 
(eMSM) methodology, to record as much stress and relaxation 
data during one measurement as possible (further details 
available in [13]). We also use a modified version of the eMSM 
sequence [14] for NBTI study, in which a full transfer 
characteristic in linear (Vd=50mV) condition is measured after 
each stress/recovery cycle, as shown in Fig. 1(b). This method 
enables us to closely monitor the device's operational stability
under heightened bias conditions, including extra degradation 
of mobility or subthreshold characteristics. All the 
measurements are run in a fully dark environment excluding
light impact. 

B. Device characteristics

Before BTI study, we first assess the time-zero device
characteristics of initial Vth (Vth0), subthreshold slope (SS) and 
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Figure1 - Schematic of the modified version 
of eMSM sequence. The standard eMSM is the sequence without full IV 
measurement after each stress/recovery cycle.

(b)



mobility of various IGZO devices, given in Fig. 2(a)-(c) with 
tIGZO=5nm, 10nm, 20nm. Among them Vth is determined at a 
fixed current level with Ith=10nA. SS and mobility are 

calculated from and peak where . 

Notably, the devices with 20nm IGZO exhibit the most negative
Vth0 and the poorest SS, while 10nm-IGZO devices show 
superior mobility performance. Also, a temperature increase 
from 25°C to 125°C leads to degradation in SS for all devices
alongside an enhancement in their mobility, typical for 
amorphous oxide semiconductor channels. 

Further analysis is conducted through transfer I-V curve 
measurements during BTI measurement via the modified 
eMSM method. Figure 2 (d) presents an example of how the I-
V curve evolves with stress time on a 10nm thick IGZO channel 
biased at Vov = -3V at 125°C. It exhibits
towards negative voltages, without any SS change.
Furthermore, we extract the SS of all devices and stress phases 
as a function of Vth shift, as shown in Fig.2(e). The lack of SS
degradation during a large range of Vth degradation also 
confirms that NBTI induces mainly a rigid shift of the IV curve, 
in contrast to Si technology.

C. BTI results

The typical Vth kinetics for both NBTI and PBTI are 
shown in Fig. 3 across different tIGZO of IGZO. As compared 
with the complex, non-monotonic behavior observed in PBTI, 
negative stress voltages consistently induce negative Vth shifts, 
which are more pronounced in thicker IGZO films. This
phenomenon and trend are evident at both 25°C [Fig.3 (a)] and 
at 125°C [Fig.3 (b)]. The Vth shifts of NBTI are at the same 
magnitude as PBTI under 25°C, while they show a more 
pronounced Vth shift than PBTI under 125°C. Consistently, 
NBTI exhibits thermal activation in Fig.4, inducing larger 

negative shifts as temperature increases. All the Vth time 
kinetics of NBTI can be fitted by a semi-empirical model as the 
black lines shown in Fig.3 and Fig.4,

, (1)

where is time exponent derived from a well approximation of 
tail of log normal distribution of capture times, the larger n the 

Figure 4 - The time kinetics of NBTI in a 10nm IGZO channel at different 
stress temperatures, with a higher temperature inducing a larger Vth. A power 
law fit with a temperature-dependent pre-factor is applicable for estimating 
the activation energy of the process [Eq.(1)]. Inset shows the log scale of the 
same time kinetics of NBTI. 

Figure 2 - (a) Initial Vth (Vth0), (b) SS and (c)mobility of various devices with 
different IGZO thicknesses used for time dependent BTI measurement under 
25°C and 125°C.  (d) Raw IV curves after each NBTI stress phase at Vov = 
Vg_applied Vth0=- . 
(e) SS as a function of the NBTI-induced Vth, showing negligible changes 
also for large Vth changes. 
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Figure 3 - Vth as function of stress time (time kinetics) of NBTI (open 
symbols) and PBTI (solid) under T=25°C (a) and 125°C (b) both at Vov=-
2.4V. NBTI increases for thicker IGZO films. At 125C, NBTI is more 
pronounced than PBTI. All the NBTI curves can be fitted by power laws 
(black lines), see Eq. (1).
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slower the charge trapping (capture) process. The pre-factor A
in Eq.(1) denotes Vth at tstress=1s and exhibits a thermally 

activated behavior where is the 

activation energy. Further detailed analysis of model 
parameters together with possible physical mechanism behind 
NBTI will be discussed in subsequent part.

An unusual correlation between Vth on Vg_stress is observed
in Fig.5, showing a strongly dependence on the tIGZO. For the 

Vth increase with Vg_stress

is observed [Fig.5(c)], whereas for a 10nm thick channel the 
Vth appears to saturate above a given Vg_stress [Fig.5(b)]. In 

contrast, a negligible voltage dependence is observed for the 
thinnest channel (5nm), in the considered Vg_stress range <-1V 
[Fig.5(a)]. To make the dependence of stress voltage 
convincing, the stress voltages used in NBTI assessment are 
first corrected for poly-Si gate depletion effect in IGZO devices 
by an estimation based on the expected gate doping level (1019

cm-3): when a negative bias is applied on Silicon(p++) gate
(Vg_applied), leading to gate depletion [inset of Fig.5(d)], part of 
the applied voltage (Vdepl) drops across the gate, and it should 
be accounted for estimating the oxide field, Vg_stress = Vg_applied -
Vth0 - Vdepl. From Fig.5(b) and (d), it is clear to see that the 
saturation of Vg_stress dependence remains irrespective of the
gate depletion consideration.

III. TCAD SIMULATIONS

TCAD simulations are performed to elucidate the peculiar 
Vg_stress dependence shown in Fig.5. Figure 6 shows the 
simulated gate-dielectric electric field (Eox) with varying 
Vg_stress at two representative locations: the center of the 
channel [Fig.6(a)] and the region under S/D[Fig.6(b)]. For the 
PBTI case, i.e., Vg_stress>0, Eox has the same voltage dependence 
at any location. In contrast for Vg_stress<0 (NBTI regime) Eox

shows a voltage dependence only in the regions under S/D, 
while a clear saturation of Eox is observed in the center of the 
channel above a given Vg_stress. Additionally, it is revealed that 
thicker IGZO films correspond to larger Eox and larger 

saturating Vg_stress in Fig.6 Vth under NBTI stress 
[Fig.3 and Fig.5]). The Eox saturation elucidated by TCAD 
simulations aligns very well with the experimental findings of 

Vth Fig.5. 

Figure 5 - Stress voltage dependence of NBTI for 5nm (a), 10nm (b) and 20nm (c) thick IGZO under T=125°C. The thicker the IGZO film is, the stronger the 
stress voltage dependence. Vg_stress used in figures are corrected by gate depletion voltage Vdepl: Vg_stress = Vg_applied - Vth0 - Vdepl. (d) Stress voltage dependence of 
NBTI without accounting for gate depletion for 10nm IGZO as an example, Vov = Vg_applied Vth0, where saturation can be still observed. Inset: band diagram 
depicting the gate depletion.

(d)(c)

(b)(a)

Figure 6 - TCAD simulation results of gate-dielectric field Eox as a function 
of stress voltage Vg_stress: (a) Eox cut at center of channel region; (b) Eox cut at 
region under S/D. Vg_stress dependence of Eox gets weaker for thinner IGZO in 
the center of the channel, as the thinner channel reaches full depletion at lower 
voltage (Eox plateau). Notice the plateau at a larger Eox for the thicker IGZO 
films, due to the larger depletion charge at full depletion.

(a)
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This finding is further supported by comparing Eox Vth

in different gate length devices. The 2D distribution of electric 
field in short and long devices is depicted in Fig.7(a), 
highlighting that the regions under S/D have larger electric 
field than center of channel and the shorter device is overall 
more impacted by the S/D regions. This leads to larger Eox and 
more negative voltage of Vg_stress at which degradation 
saturated for shorter devices as compared to the longer device 
[Fig.7(b)]. This predicted simulation results also verified
experimentally in Fig.7(c), the shorter device has an increased 
degradation and enhanced Vg_stress sensitivity (postponed Eox

saturation). The consistent correlation between Eox Vth

confirms NBTI of IGZO is governed by Eox. The apparent 
saturation of the NBTI voltage dependence is solely related to 
the lack of inversion of the IGZO semiconductor [15]: once the 
channel is fully depleted, any further increase in gate voltage 
cannot result in a corresponding increase of the channel 
potential, and thus the Eox does not increase any further in the 
channel region, away from the grounded S/D contacts, as 
shown in Fig. 8 that depicts the evolution of electric field along 
channel. The degree of depletion is governed by the IGZO 
thickness, which, in turn determines the intensity of saturation 
of Eox and Vth.

IV. RELAXATION KINETICS AND ANALYSIS

Vth recovery as a function of the so-called universal 
relaxation time trelax/tstress [13] is shown in Fig. 9. Long (up to 
10ks) and short recovery processes after varying stress times 
are monitored under different temperatures. Degradations 
continue to recover post-stress voltage removal and show a
retarded recovery onset at higher temperatures. The recovery 
traces are fitted by the universal relaxation function (URF) [16]

Figure 8 TCAD simulation results of electric field changing with the 
distance x vertical to the interface: (a), (c) and (e) are cut at center of channel 
region where a clear saturation showing for both electric field of IGZO film  
and gate dielectric when IGZO film full depleted; (b), (d) and (f) are cut at 
region under S/D, where the electric field drops normally. 
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Figure 7 - (a) 2D distribution of electric field in short(upper) and long(lower) 
devices simulated by TCAD, showing higher Eox in the regions under S/D.
The shorter device experiences increased Eox in the center of the channel due 
to larger impact from the regions under S/D. (b) TCAD simulation results of 
Eox as a function of Vg_stress for different gate length (Lg=10µm and Lg=20nm). 
Shorter device has larger Eox and stronger voltage dependence. (c) Voltage 
dependence of Vth at tstress=1.3ks for short and long devices from 
experiments. The shorter device shows larger degradation and stronger 
voltage dependence, in agreement with the simulated voltage dependence of 
Eox in (b). 



,

(2)

where represents the spread of emission times and parameter 
B represents the inverse of the average emission time constant.
The larger the B is, the lower the emission time and the faster 
the emission process. B also exhibits a thermally activated 

behavior where is the activation 

energy of B.

Parameter extraction from stress kinetics [Eq.(1)] and URF 
fitting deepens our understanding of the NBTI process. In Fig. 
10 (a) and (b), time exponents n derived from Eq.(1) for 
various IGZO thicknesses and temperatures, fall between 0.3 
to 0.6, without obvious thickness and temperature dependence. 
The values of n of IGZO NBTI significantly exceed the n
values commonly observed for typical range of e-/h+ trapping 
in gate dielectrics [1], indicating a retarded degradation 
process, with less distributed characteristic times. 

The temperature-dependent pre-factor A Vth at tstress=1s) 
in Eq.(1) [Fig.10(c)] reveals an apparent Arrhenius activation 
energy Ea -100meV range of 
typical gate oxide charge trapping. Considering the larger n,
the degradation of IGZO NBTI may not be attributed to normal 

e-/h+ capturing. Notice that the actual activation energy of the 
Vth parameters 

as Ea_rele=Ea/n >1.2eV. 

From temperature dependence of B [Fig.10 (d)], an unusual 
negative activation energy of B, Ea_B, is extracted, implying a 
larger emission time and consequently, a slower emission 
process at higher temperatures. This contrasts with the positive 
Ea_B in typical charge trapping but mirrors the negative Ea_B

associated with hydrogen (H) release process after 
incorporation in IGZO observed for PBTI s negative shift [1]. 

Furthermore, according to the gate-side H release model 
previously developed for the permanent component of NBTI 
in Si devices [17], the value of Ea_rele (>1.2eV) in our case 
roughly matches the energy barrier needed for H release from 
the gate dielectric following electron injection from the gate
(1.2~1.5eV) [17]. Thus the evidence above about larger n than 
charge trapping, negative Ea_B and matched value of Ea_rele

points to the physical mechanism behind NBTI s negative shift
of IGZO. H, stored in the gate dielectric as protons [Fig.11(a)], 
can be effectively neutralized through an oxide-field-driven
trapping process. In NBTI, the oxide field generated by applied 
negative bias lowers the energy barrier for trapping of gate 
electrons at the H storage sites [Fig.11(b)], while for PBTI it 
lowers the energy barrier for trapping channel electrons at the 
H storage sites. The neutralized H0 is then released over a 
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Figure 10 - The relationship between degradation kinetics (time exponent n) and overdrive voltage (Vov=Vg_applied-Vth0) for 5nm, 10nm and 20nm IGZO films. 
(b)Temperature dependence of time exponent n. (c) Apparent Arrhenius activation of Vth at tstress=1s (pre-factor A in Eq. (1)) under different stress Vov. (d) 
Temperature dependence of B (Eq. (2)) from which a negative Ea_B can be extracted (i.e., retarded recovery at higher temperature). 
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Figure 9 - (a) Experimental recovery traces fitted with the URF model [Eq. (2)] describing Vth as a function of trelax/ tstress at T = 25°C (a), 75°C (b) and 125°C 
(c), Vov = -2.4V. The degradation shows recovery after stress at all temperatures; notice the retarded recovery onset at   higher temperatures. 



thermal barrier, whose energy range is approximately 1.2 to 
1.5 eV [Fig.11 (c)]. Following this release, the hydrogen 
diffuses rapidly (i.e., not a rate limiting step in thin dielectrics) 
towards the IGZO channel, independent of the polarity of the 
gate bias. Finally, the H0 gets incorporated in IGZO as an 
additional donor doping, releases an electron in the film, and 

Vth in NBTI. Note that H can be 
apparently released back from the IGZO film after stress 
removal, inducing a recovery of the negative Vth, consistent 
with the observation for the PBTI case [1]. Further 
investigation is necessary to shed light on the microscopic 
process governing the recovery; we speculate the retarded 
recovery at elevated temperature might be due to a more stable 
hydrogen bonding configuration attainable during stress at 
elevated temperature. 

V. CONCLUSION

Comprehensive analysis of IGZO NBTI, using diverse 
devices and conditions, coupled with TCAD and degradation 
kinetic modeling, reveals a gate-dielectric field-driven 
behavior. The relaxation kinetics and stress voltage dependence 
across IGZO thicknesses and gate lengths further suggest that 
hydrogen released from the gate dielectric is the key agent in 

negative Vth shift
during both NBTI and PBTI stresses.
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