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Metal-oxide semiconductors are considered promising alternative materials in the field of flat panel
display industry due to their advantages, such as high mobility, transparency, uniformity, low production
cost, and large-area processability. Nevertheless, stress-induced instability in metal-oxide thin-film
transistors should be addressed for further applications. Various external stresses, such as voltage,
illumination, heat, and ionizing radiation, have been known to affect the defect states in metal-oxide
thin-film transistors, resulting in degradation of electrical performance, such as threshold voltage,
mobility, and subthreshold swing. Therefore, recent research efforts have been focused on the
prevention/reduction of defect generation in oxide semiconductors and the adjustment of defect states
in the sub-gap by various approaches, such as introducing novel materials, optimizing fabrication
processes, and improving device structures. This highlight article provides an overview of recent
research efforts to enhance the stability of metal-oxide thin-film transistors against various external
stresses. External stresses are categorized into five different types and degradation mechanisms as well
as approaches for the enhancement of device stability for each stress are discussed. This highlight article
intends to inspire new studies on metal oxide thin-film transistors for developing state-of-the-art
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1. Introduction

As technology in the display industry has improved to realize
organic light-emitting diodes (OLEDs) with ultra-high definition
and high frame rate, backplane thin-film transistors (TFTs) with
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high switching rates have been in great demand." Metal oxide-
based semiconductors as active layers of TFTs could fulfill these
technological requirements and advance to the next generation of
flat panel display technology.*” In 2004, Nomura et al. developed
the first practical oxide TFT channel material, amorphous indium-
gallium-zinc oxide (a-IGZO), which exhibited high electrical
performance.® Amorphous oxide semiconductors (AOSs) have
been considered as an alternative to amorphous silicon (a-Si)
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due to their advantages, such as high field-effect mobility over 10
em® V' 57" and optical transparency.” ' These AOSs also offer
advantages in terms of uniformity, production cost, and processa-
bility in large area compared to low-temperature poly-Si (LTPS)
materials."” As a result of these benefits, several corporations such
as LG Electronics, Samsung, Hitachi, and AU Optronics Corpora-
tion have developed the prototype of AOS TFT-based active matrix
organic light-emitting diode (AMOLED) since the a-IGZO was
reported in 2004."*' In 2012, the first commercial a-IGZO TFT-
based displays were produced by Sharp Corporation.'® Since then,
various corporations have employed a-IGZO TFTs in ultra-high-
definition (UHD) large-sized OLED TVs."

In spite of these merits of AOSs, relatively low stability and
reliability issues of the corresponding materials still remain to
be addressed.’®!” Various external stresses such as voltage,
illumination, heat, and ionizing radiation have been known to
degrade the electrical performance of AOSs.'®*>" The instability
of AOS TFTs caused by these external stresses is related to the
structural defects in the bulk semiconductor, the back-channel
surface, which is the further region from the bulk semiconduc-
tor, the gate dielectric, and the front-channel region, which is
near the semiconductor-dielectric interface (Fig. 1).”*> Struc-
tural defects, such as atomic vacancy, substitution, anti-site,
interstitial atoms, and dangling bond, have been known to
form the sub-gap states in the bandgap of A0Ss.>>**** These
defect states can deteriorate the electrical performance para-
meters of AOS TFTs, such as mobility, threshold voltage (Vi1),
and subthreshold swing (SS)."**>*° For example, the formation
of shallow donor states in the channel, positive charge trapping
at the semiconductor-dielectric interface, and the gate dielec-
tric can cause a negative shift in V4, and increase carrier
mobility in AOS TFTs.”” On the other hand, the formation of
acceptor-like traps in the bulk semiconductor and negatively
charged traps at the semiconductor-dielectric interface and the
gate dielectric tend to induce positive Vi, shift in the transfer
curve and decrease carrier mobility of the devices.*® In addition,
this can also lead to a degradation of the SS parameter, which
indicates the switching performance of TFTs in the near-V,
region due to the formation of defect states caused by external
stresses.”® The SS increases with the interface trap density of AOS
TFTs, indicating lower switching performance.*® For instance,
electron trapping in the bulk channel or semiconductor-dielectric
interface during positive bias stress (PBS) has been known to
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deteriorate the SS value.*" Although various electrical parameters
change due to external stresses, the shift of the Vy, value is one of
the most important parameters for determining the stress stabi-
lity of AOS TFTs.** Several groups have reported that Vy, shifts
more dramatically under external stresses with little change in SS
and mobility values.*>*~** Furthermore, the shift in Vy, value would
result in abnormal turn-off or turn-on in the display pixel circuit.*>
Therefore, Vy, stability can be considered the most critical pro-
perty of the AOS TFTs.**

The TFT devices should be able to tolerate external stresses
and perform consistently for a long period of time.*® Device
instability originating from stress-induced defects can be
improved in various ways. For instance, the deposition of a
passivation layer on the back-channel of AOS could be one
of the simple methods to improve the stability of AOS TFTs.?”
The role of the passivation layer is to shield the active layer
from external impurities such as H,O and O, molecules in the
ambient environment.*® Specifically, the adsorption of O,
molecules onto the AOS surface can provide acceptor-like states
at the back-channel region.* Similarly, H,O molecules on the
metal-oxide surface can act as a donor-like surface state.’® In
addition to blocking external ambient species, the passivation
layer could also fill up the defects in AOSs, such as vacancies
and dangling bonds, resulting in the reduction of acceptor-like
and donor-like traps, alleviating external stresses upon AOS
TFTs.*"** Doping metal cations, which act as oxygen binders,
could also be another way to improve the stability of AOS
TFTs via the reduction of structural defects.*® Oxygen vacancy
defects, which are one of the main causes of degradation in the
AOSs, should be controlled to be insensitive to external
stresses.’**> Metal cations such as In and Zn form relatively
weak chemical bonding with oxygen anion and tend to generate
oxygen vacancies easily.*® Thus, dopants with high metal-
oxygen bond strength such as Y, W, Mg, and lanthanides
can control the oxygen vacancy concentration in the AOS
channel.*’~*! In addition to their characteristic of high bonding
strength with oxygen, metal cations doped into oxide semicon-
ductors can also affect the energy band gap configuration of
AOSs. Hence, controlling the band gap of AOSs by doping metal
cations would be an effective approach to achieving stability of
the corresponding compounds.®® For instance, increasing the
band gap of AOS by doping can suppress the generation of
electron-hole pairs induced by illumination or thermal stresses.
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Fig. 1 The schematic diagram of the cross-sectional view of bottom-gate and top-contact metal-oxide thin-film transistor structure.
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Furthermore, recently, it has been reported that doping certain
metal cations can suppress the activation of Ve.>® Specifically,
doping certain metal cations such as tetravalent lanthanides can
prevent the activation of Vo under illumination stress by con-
verting incoming illumination to non-radiative transition due
to charge transfer transition.>® Thus, choosing an appropriate
amount of dopants can result in AOS TFTs with high stability.>>>
In addition to the methods mentioned above, research on the
various ways to suppress the defects vulnerable to stresses has
been widely investigated (vide infra).”*>’

To this end, in this highlight, we investigate the stability
issues of AOS TFTs under various external stresses and provide
an overview of recently reported approaches to overcome each
stress-related degradation of the devices. External stresses on
AOSs are categorized into five different types: (i) voltage bias
stress, (ii) illumination stress, (iii) heat stress, (iv) illumination
and heat stress, and (v) ionizing radiation stress. The degrada-
tion mechanism of AOS TFTs under each type of stress will be
explained. Then, we summarize some of the recent represen-
tative approaches to overcome the external stress-induced
instability of AOSs, mostly in terms of reducing the Vy, shift.
Finally, we emphasize the importance of achieving device
stability of AOS TFTs in the conclusion and outlook. Therefore,
this highlight intends to expand the use of AOSs and encourage
further investigation into the development of stable, high-
performance optoelectronics.

2. Stress induced by voltage bias

The stability of AOSs is mainly affected by voltage bias stress
due to intrinsic structural defects in bulk semiconductors, such
as ion vacancies, substitutions, and dangling bonds.*****° F
instance, when positive bias stress (PBS) is applied at the gate
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electrode of AOS TFTs for a period of time, the transfer curve
shifts to a positive direction, and the drain current decreases
continuously due to negatively charged traps.>** Electrons are
captured at the trap states of the channel and semiconductor-
dielectric interface, and those are injected into the gate dielec-
tric layer.>'*> Consequently, negative localized trapped charges
at the semiconductor and dielectric require a larger gate voltage
to flow appropriate drain current (Fig. 2(a)).*> On the other
hand, positively charged donor states would be easily generated
by negative gate bias because the formation energies of ionized
oxygen vacancy (Vo>") would be lowered.®' During negative bias
stress (NBS), the Vo>'s would migrate to the semiconductor-
dielectric interface and become the positively charged traps.®™*>
Therefore, these would induce additional electrons and a negative
shift in the threshold voltage values (Fig. 2(b)).%® In addition to the
degradation mechanisms related to charge trapping that have
been previously demonstrated, it has been reported that abnormal
phenomena can occur during gate bias stress due to other causes.
For example, the residual mobile ions present in the channel/
dielectric interface or dielectric layer can induce counterclockwise
hysteresis during PBS tests due to the formation of an electron
double layer (EDL) at the channel/dielectric interface, which
induces undesired capacitance.”> Furthermore, gas adsorption
on the surfaces of oxide semiconductor films by OH species can
increase the number of electrons through electrochemical reac-
tions that generate free electrons in the AOS layer.®* Thus, PBS test
under high humidity conditions may result in a negative Vy, shift
due to the electron donation effect of H,O molecules.®
In addition, slow polarization in the gate dielectric including
polar groups could affect the counterclockwise hysteresis under
bias stress.°®®” In other words, device instability under gate bias
stress can be affected by various causes.

In addition to the gate bias stress effect on AOS TFTs such as
PBS and NBS, as described above, drain bias stress has also
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Fig. 2 Schematic of degradation mechanism of AOS under (a) positive bias stress (PBS) and (b) negative bias stress (NBS). Copyright 2020 The Royal

Society of Chemistry. Reproduced with permission from ref. 37.
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Table 1 Threshold voltage shift and methods to enhance the stability of metal-oxide thin-film transistor under bias stress

Stress
Year Channel Type Time (s) Applied voltage (V) Method AV (V) Ref.
2014 I1GZO PBS? 10000 20 12.0 79
IGZO PBS 10000 20 Vertircally graded Vo? 5.6
2014 120 PBS 3600 20 3.4 81
NBS® 3600 —20 —-0.1
1Z0O:Al PBS 3600 20 Doping Al 1.7
NBS 3600 —-20 —-1.4
1Z0:Ga PBS 3600 20 Doping Ga 1.6
NBS 3600 —20 -1.0
1ZO/1Z0:Al PBS 3600 20 Bilayer structure 1.3
NBS 3600 —20 —0.32
1ZO/1ZO:Ga PBS 3600 20 1.1
NBS 3600 —-20 —0.2
2016 IGZO PBS 3000 5 Gate-insulator deposition (PEALD®) 0.82 84
1GZO PBS 3000 5 Gate-insulator deposition (THALDY) 0
2017 1GZO PBS 3600 50 —18.96 86
IGZO PBS 3600 50 PCBM? passivation 1.36
2021 ITZO NBS 3600 —20 No annealing after PR” contamination —-11 89
ITZO NBS 3600 —20 Annealing after PR contamination (300 °C)
ITZO NBS 3600 —20 Annealing after PR contamination (350 °C)
ITZO NBS 3600 —20 Annealing after PR contamination (400 °C) —0.02

“ Threshold voltage shift (AVy,) during stress. ? Positive gate bias stress.

° Negative gate bias stress. ¢ Oxygen vacancy. ¢ Plasma-enhanced atomic

layer deposition. Thermal atomic layer deposition. ¢ [6,6]-phenyl-C61-butyric acid methyl ester. * Photoresist.

been known to affect device stability.®*®® The lateral electric
field formed under a drain bias stress accelerates the electrons
in the AOS channel, and the accelerated electrons collide
with the neutral oxygen vacancies and ionize them.”®”' The
energy levels of ionized oxygen vacancies induced by drain
bias are located near the conduction-band minimum
(CBM).”" The positively ionized defects accumulate additional
electrons due to the conservation of charge neutrality, resulting
in the degradation of the device performance.”* However, there
were several exceptional reports indicating that applying a
large drain bias could suppress degradation under negative
gate bias and illumination stress (NBIS), contrary to previous
explanations.”>”® A large negative drain voltage bias can induce
the formation of an electric field towards the drain electrode on
the drain side of a TFT. As a result, this could lead to the
accumulation of ionized oxygen vacancies in the drain region
during NBIS.”?> Subsequently, it can easily neutralize the posi-
tively charged oxygen vacancies by recombination with elec-
trons injected from the drain electrode, thereby suppressing
donor-like states.”> Furthermore, AOS TFTs can be degraded by
alternative current (AC) bias stress as well as direct current (DC)
bias stress. The AC bias stress inevitably deteriorates the
electrical performance of AOS TFTs under practical operations
of the display pixel array.”*’> The main cause of AOS TFTs
under AC stress has been known to be hot carrier effects (HCEs)
induced by accelerated carriers with high kinetic energies.”®
Under pulsed bias stress, the carriers in the AOS channel
collide with the metal oxide lattice and break the weak atomic
bonds.”” This affords the generation of defect states, which
capture electrons,”® resulting in drain current degradation and
generation of hump-like behavior in the transfer characteristic
of TFTs.”” Although it is of utmost importance to come up with
a solution to solve the degradation of AOS TFTs under drain

7124 | J Mater. Chem. C, 2023, 11, 7121-7143

bias and AC stress, research on improving device instabilities
from both stresses has rarely been conducted, compared to
research on gate bias stress. Therefore, the approaches to
improve the instabilities induced by gate bias stress will be
mainly introduced in this section.

To this end, there have been recent efforts to investigate the
mechanism of defect state generation under gate bias stress
and find solutions to prevent or overcome the degradation of
the electrical behavior of AOS TFTs (Table 1). First, oxygen
vacancy (Vo) usually acts as electron trap states, affording poor
PBS stability of AOSs.>® Thus, controlling the concentration of
Vos in the channel layer via various methodologies could be an
approach to enhance the stability of AOS TFTs. For instance,
Park et al. fabricated a-IGZO that has the front channel
with high oxygen vacancy concentration and a back channel
with low oxygen vacancy concentration, which resulted in an
improvement of PBS stability of the resulting TFTs (Fig. 3(a)).”
The a-IGZO semiconductor layers were formed by radio fre-
quency (RF) magnetron sputtering method with different times
for the 0% and 5% oxygen partial pressure, with the time ratios
of 0% and 5% oxygen partial pressures of 100:0 and 25:75, to
fabricate these devices with controlled oxygen vacancy concen-
tration. These samples were termed L100 TFT and H25/L75
TFT, respectively. In this report, a PBS test with 20 V was
performed on both devices for 10 000 s, resulting in a Vy, shift
of 5.6 V and 12.0 V for H25/L75 and L100 TFT, respectively
(Fig. 3(b) and (c)). These results show that the PBS stability of
H25/L75 TFT with the reduced Vg, concentration at the back-
channel, compared to that of the L100 TFT, was improved by a
factor of greater than 2 in terms of Vy, shift. Since one of the
main causes of PBS instability in AOS TFTs is the interaction
between the back-channel and ambient environments, the low
Vo concentration in the back channel could act as the self-

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Schematic diagram of TFT with vertically graded oxygen vacancy active layer, PBS test results of a-IGZO TFTs with (b) L100 and (c) H25/L75.
Copyright 2014 American Chemical Society. Reproduced with permission from ref. 79 (time ratios of 0% and 5% oxygen partial pressures during the
fabrication of IGZO active layers of 100:0 and 25:75 are termed L100 and H25/L75, respectively).

passivation layer of a-IGZO, which decreases the back-channel
exposure to the ambient environment.*

Seo et al. similarly tried to control the oxygen vacancy
concentration in AOSs and investigated the effects of alumi-
num or gallium doping in In-Zn-O (IZO:Al or 1ZO:Ga) on the
bias stability of TFTs (Fig. 4(a)).®' Al and Ga are known to be
effective oxygen vacancy suppressors as they strongly bind
oxygen anions due to their high ionic potential.® When the
oxygen vacancy suppressors, such as Al and Ga, were doped into
1ZO, the on-current and mobility of TFTs decreased with
increasing concentrations of Al and Ga doping. Although dop-
ing with Al and Ga suppressed oxygen vacancy generation, the
single-layer 1ZO:Al and IZO:Ga TFTs showed threshold voltage
shifts of —1.4 V, —1.0 Vunder —20 VNBS, and +1.7 Vand +1.6 V
under 20 V PBS for 3600 s, respectively. Meanwhile, the single-
layer 1ZO TFT showed high NBS stability with a V4, shift of
—0.1 V, but poor PBS stability with V4, of +3.4 V. Interestingly,
the introduction of dopants only improved the PBS stability but
deteriorated the NBS stability of the single-layer structure.
Authors further employed the bilayer structure TFT to improve
the PBS stability compared to single-layer TFT via the reduction
of trap sites by thermal diffusion of back-channel composition.****
The resulting bilayer TFT structure comprising IZO (bottom layer) and

This journal is © The Royal Society of Chemistry 2023

1ZO:Ga (top layer; 4 mol%) performed stably under bias stresses with
Vin shifts of —0.2 V under NBS and +1.1 V under PBS, respectively
(Fig. 4(b)).

The TFTs with top-gate structures are usually applied in
ultra-high definition displays due to their low RC delay. There-
fore, the relation between the degree of PBS stability and the
gate insulator deposition methods in top-gate/bottom-contact
TFTs was investigated by Kim et al.®* Different types of deposi-
tion methods, such as thermal atomic layer deposition
(THALD) and plasma-enhanced ALD (PEALD), were employed
for the first gate insulator (Al,O;) to study the effect of the
deposition process on the a-IGZO channel. The different types
of TFTs whose first gate insulator was deposited by THALD and
PEALD were named samples A and B, respectively (Fig. 5(a)).
As shown in Fig. 5(b) and (c), the subthreshold swing (SS)
characteristic of sample A was superior to that of sample B due
to the lower interface trap density value of sample A. Specifi-
cally, the PEALD process on the a-IGZO layer surface led to
increased trap density near the semiconductor-insulator inter-
face due to the damage caused by oxygen plasma on the a-IGZO
surface.®> Hence, sample B showed a positive shift (up to
0.82 V) in threshold voltage during a stress time of 3000 s
due to the trapping of electrons at the interface and bulk oxide,

J. Mater. Chem. C, 2023, 11, 7121-7143 | 7125
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while sample A showed a AVy, value of ~0 V under PBS test
(Fig. 5(b)-(d).

Since the defect states of the back channel of AOSs signifi-
cantly affect the TFT performance and stability, the passivation
of the back channel with appropriate materials could be a
solution to enhance the stability of AOS TFTs.*” In 2017, our
group investigated the multifunctional organic passivation
layer between a-IGZO and copper electrode to prevent copper
ion migration and ensure high bias stability of the TFTs
(Fig. 6(a)).®® Copper ion migration to the a-IGZO layer can
generate acceptor- or donor-like traps and induce device
instability.?” According to the hard-soft acid-base (HSAB)
theory, copper ions, which are regarded as soft acids, chemi-
cally interact with organic semiconductors composed of S and P
atoms and delocalized n-electrons, which are regarded as soft
bases. Thus,[6,6]-phenyl-C61-butyric acid methyl ester (PCBM)
layer on a-IGZO could effectively block copper-ion diffusion,
resulting in a small Vi, shift of 1.36 V under PBS conditions
(Vbs = 25V, Vg = 50 V) for 3600 s (Fig. 6(b)). In addition to
blocking copper-ion migration, the PCBM layer could also act
as a passivation layer suppressing the effect of external impu-
rities such as H,O and O, on the a-IGZO layer.%®

Recently, Shiah et al. reported the mechanisms of instabil-
ities in AOSs induced by carbon monoxide (CO)-related impu-
rities during the photolithography process and improved the
stability of amorphous In-Sn-Zn-O (a-ITZO) TFTs through

(b) 10°

- -
e, S
S &

Drain Current [A]

4 2 0 2 4 6 8 10

09} -

—{1— Sample A
—O— Sample B

0 1000 2000 3000
Stress Time [S]

Fig. 5 (a) Device schematic of the TFTs, Transfer curves during the PBS test of (b) sample A and (c) sample B, (d) comparison of the variation of Vi, versus the
stress time, with a Vs value of 5V applied for 3000 s during the PBS test. Copyright 2016 American Institute of Physics. Reproduced with permission from ref. 84.
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Fig. 6 (a) Schematics showing the device structures of a-IGZO TFTs with and without organic semiconductor interfacial layers, (b) a-IGZO TFTs with

PCBM interlayer with respect to the stress time under a drain bias of 100 V. Copyright 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced
with permission from.8®

post-deposition annealing.’® A large number of CO-related negative shift in the transfer curve occurs due to CO-related
impurities in AOS could occur during the photolithography impurities. To overcome the detrimental impurities, post-
process due to the chemical reactions between oxide semicon- deposition annealing at high temperatures above 350 °C is required
ductors and photoresist (PR). These CO-related impurities to improve the NBS stability (Fig. 7(a)-(d)). Therefore, the a-ITZO
would act as donor-like states, causing a shift downwards in  TFT without annealing after PR contamination exhibited a Vy, shift
the Fermi level of AOS during NBS, and the adsorbates would value of —11 V, while the most stable a-ITZO with annealing at
donate free electrons to the CBM of AOS.”° Thus, a severe 400 °C exhibited a Vi, shift value of —0.02 V under NBS.
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3. Stress induced by illumination

In addition to the effects of voltage bias stress on AOS TFTs,
illumination can also cause the degradation of the device
electrical performance.”’ In the display array, light exposure
to AOS TFTs in the backplane is unavoidable due to the back-
light units. Furthermore, for transparent electronic devices,
AOSs would inevitably be exposed to external illumination.
Under negative gate bias with light illumination, it is com-
monly known that the transfer curve shifts in the negative
direction.”” Light illumination induces the generation of elec-
tron-hole pairs mediated by the defect states and the photo-
excitation of neutral oxygen vacancies defects (Vo) to form
ionized oxygen vacancies (Vo>*).”>* Negative gate bias would
make photoexcited holes migrate toward the front channel.®
During this process, the photo-created holes become trapped at
the interfacial trap state and are subsequently injected into the
gate dielectric layer. Furthermore, the transition of V,, states to

View Article Online
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Vo>" shallow states induced by illumination would result in the
generation of additional delocalized electrons in the CBM.>?
Especially in ambient atmosphere, light exposure would also
lead to the oxygen desorption at the back-channel surface of
AOS, resulting in the addition of free electrons in the channel.
Therefore, negative bias illumination stress (NBIS) reduced the
threshold voltage values needed to achieve the same drain
current and caused a negative shift in the threshold voltage
values (Fig. 8).°> To this end, various approaches have been
investigated to overcome the stresses induced by illumination
in AOS TFTs (Table 2). For instance, given the mechanism of
the generation of ionized oxygen vacancy defects by light
illumination, methods to suppress/prevent the formation of
oxygen vacancies in the AOSs would be one approach to
enhance the stability of the devices against illumination stress.

As described above, the passivation of the AOS back-channel
layer can enhance the stability of AOS TFTs under illumination
stress.’® Yang et al. employed PEALD-derived AlOx as the
passivation layer for the Al-Sn-Zn-In-O (AT-ZIO) semiconduc-
tor under light-illuminated negative bias stress conditions to
prevent the interaction between the back-channel surface and
ambient environment.”® Fig. 9(a) shows that light exposure
induces the desorption of the oxygen species adsorbed to the
back-channel surface of AOS due to the lower binding energy
between the back-channel and oxygen species than photon
energy (>2 eV). Photodesorption of oxygen species would lead
to the release of free electrons into the bulk semiconductors,
causing Vi, shifts in the TFT.”” Hence, the un-passivated
AT-Z1O-based TFT exhibited a huge Vy, shift of 11.5 V after
applying NBS with green light illumination for 10* s, as shown
in Fig. 9(b). On the other hand, the AT-ZIO-based TFT device
passivated with PEALD-derived AlOx showed a much smaller
shift of Vj, value (0.72 V) under the same condition (Fig. 9(c)).
Therefore, the light-induced bias stability of oxide TFTs could
be improved using a suitable passivation layer.

Yun et al. introduced the multivalent V cation, which acts as
an oxygen vacancy suppressing dopant, into the zinc-tin oxide
(ZzTO) channel and attempted to fabricate a bilayer TFT with
both high stability and mobility.’® Vanadium is considered a Vo
suppressor in ZTO semiconductor materials due to its high
Gibbs free energy for the formation of Vo and bond dissociation

Table 2 Threshold voltage shift and methods to enhance the stability of metal-oxide thin-film transistors under illumination stress

Stress

Year Channel Light source Time (s) Applied voltage (V) Method AVp® (V) Ref.

2010 AT-ZIO 530 nm, 0.1 mW cm > 10000 —-20 —11.5 95
AT-ZIO 530 nm, 0.1 mW cm > 10000 —20 Al,O; passivation 0.72

2015 ZTO 550 nm, 0.1 mW cm > 5000 -30 -7.3 98
VZTO/ZTO 550 nm, 0.1 mW cm > 5000 -30 Bilayer structure —0.9

2018 1GZO Halogen lamp 2000 -30 102
1GZO Halogen lamp 2000 -30 Cyclic annealing

2018 1Z0 White LED 12 000 cd m > 7200 —-20 -16.5° 105
PI1ZO White LED, 12000 cd m~2 7200 —20 Doping Pr —2.0°

2019 170 White LED, 11 000 lux 3600 —-20 —-11 107
ZGO White LED, 11000 lux 3600 —20 Bandgap engineering 0

“ Threshold voltage shift (AVy,) during stress. ” Turn-on voltage shift during stress.
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(a) Schematic energy band diagram showing the photodesorption of oxygen molecules into the ambient atmosphere for the un-passivated

device under the application of NBS. The desorption of oxygen ions would result in an increase in the net free carrier density, enhancing the negative V4,
shift in oxide TFTs. (b) The evolution of the transfer curves for the unpassivated device and (c) passivated device with increasing NBS time upon green light
irradiation. Copyright 2010 American Institute of Physics. Reproduced with permission from ref. 95.

energy between vanadium and oxygen. However, the vanadium-
doped ZTO (VZTO) layer showed semi-insulating behavior in
TFTs due to a significant reduction of Sn and V metal ions.
Therefore, the authors employed a VZTO/ZTO bilayer as the
active layer and compared the electrical characteristics of
bilayer structure TFTs with those based on ZTO during stress
testing. Under the NBIS test, the ZTO-based TFT exhibited
severe changes in electrical characteristics. The AVy, values of
ZTO TFT under illumination stress (IS) only and under NBIS for
5000 s were —2.1 V and —7.3 V, respectively (Fig. 10(a)). On the
other hand, the transfer curve of VZTO/ZTO TFT changed
slightly with a AV, value of 0.9 V (Fig. 10(b)). In X-ray photo-
electron spectroscopy (XPS) analysis, the relative peak area of
Vo in the ZTO layer was 13.7%, and it reduced to 4.5% in the
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Fig. 10 Change in transfer curves of the (a) ZTO TFT and VZTO/ZTO
bilayer TFT under illumination stress (IS) only and negative bias illumination
stress (NBIS), Schematic illustrations of the change in the subgap states of
(c) ZTO and (d) VZTO/ZTO films under IS. Copyright 2015 American
Chemistry Society. Reproduced with permission from ref. 98.
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VZTO/ZTO layer. This indicates that the VZTO/ZTO bilayer TFT
has fewer donor-like defects activated under 550 nm light illu-
mination compared to ZTO-based single-layer TFT (Fig. 10(c)
and (d)). Therefore, the VZTO/ZTO-based TFT ensured both high
mobility and high stability under illumination stress compared to
the VZTO single-layer TFT and ZTO single-layer TFT.

Annealing conditions could also have a huge impact on the
defect states in the AOS layer, thus affecting the electrical
stability under illumination. To this end, various annealing
methods for AOS have been investigated, including UV irradia-
tion, microwave energy, temperature modulation, and partial
pressure gases.”” %! Especially in the study by Chen et al., a
cyclical low-temperature annealing process was employed to
alleviate the NBIS-induced instability of the a-IGZO TFT.'** The
cyclical annealing process in O, ambient condition at 220 °C is
composed of an alternating heating process progressed at
220 °C for 3 min followed by 1 min cooling period (Fig. 11(a)).
This repeated annealing and cooling process would reduce the
defects and facilitate the bonding of atoms in AOS. Metal-oxygen
bonding is associated with atomic bond length. While a longer
distance between metal and oxygen atoms makes it difficult to
form bonds but conversely, closer metal/oxygen atoms tend to
form stronger bonds (Fig. 11(b))."**'** In this experiment, oxygen
vacancies in oxide semiconductors could effectively be filled by the
cyclical annealing process, with an atom-oxygen bonding mecha-
nism occurring during the repeated cooling phases. Therefore, a
denser and stronger oxygen bond could be formed by the cyclical
annealing method compared to the conventional long annealing
process. A comparison between the cyclical annealing method and
the conventional long annealing method is shown in Fig. 10(c) and
(d). As shown, while the conventional an-hour annealing process
afforded an improvement of Vj, shift by 7.36 V (Fig. 11(c)), the
cyclical annealing method resulted in a 13 V improvement in Vy,
value (Fig. 11(d)).

In 2019, Xu et al. investigated the effect of introducing
praseodymium (Pr) ions into In-Zn-O (IZO) since moderate
acceptor-like trap states formed by Pr ions would suppress
photo-induced electrons in the conduction band and afford
stable TFTs under illumination stress."® Normally, it is known

J. Mater. Chem. C, 2023, 11, 7121-7143 | 7129


https://doi.org/10.1039/d3tc00417a

Published on 23 May 2023. Downloaded by Y unnan University on 8/24/2025 1:45:34 PM.

View Article Online

Highlight Journal of Materials Chemistry C
(a)
Temperature
E Anneal Temperature
! 3min 3 min 3 min 3 min 20T
(b)
s Vo~
g - e 0 S
. __ J *
________ distance | u h
. 0
L — @{ \zn
.. distance _
(c) (d)
" 0, anneal 1hr 0, anneal 3min four times
r £y 25
e —— — o 13V
[ - y 20 4 2nd —5
1 7.36V . m -
s ; S u|l"™ _- . :
S 1 . g " . .
< . - q 0} * .
1/ = st Y&, s ¢
L ] ,. ‘ d
0# o . . - 0¢ - . -
0 500 1000 1500 2000 0 500 1000 1500 2000
NBIS stress(s) Stress Time (s)
Fig. 11 (a) Steps of the cyclical annealing process, (b) if the atomic spacing is too far, it is not conducive to oxygen bonding, while the shorter atomic

spacing favors oxygen bonding, (c) after uncycled oxygen annealing for 1 h, the Vi, shift improves by 7.36 V, (d) after cyclical annealing, the Vi, shift
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that V,, states near the valence-band maximum (VBM) would be
excited to Vo> states that donate the delocalized electron to
CBM.?”'%® Furthermore, with the doping of Pr, shallow
acceptor-like trap states at ~0.3 V below CBM could be
induced. Under illumination, photo-induced electrons are
trapped by these acceptor-like trap states, resulting in the
suppression of additional free carriers. Furthermore, the shal-
low acceptor-like states (Pry*) charging with the photo-induced
electrons would lower the energy of Pry" states (Pr.*) close to Vo
states. This process would lead to the recombination of Vo>*
and the photo-induced electron to Vi and Pr." would recover to
the initial Pry" states by relaxation. The Pr-induced traps would
act as recombination centers for the photo-induced electrons

7130 | J Mater. Chem. C, 2023, 11, 7121-7143

with permission from ref. 102.

and Vo”" (Fig. 12(a)). Furthermore, doping of Pr in IZO leads to
a decrease in the Vg ratio due to the strong bonding strength of
Pr-O (753 kJ mol "), suppressing the V,, formation, as analyzed
by XPS (Fig. 12(b)). Fig. 12(c) shows the transfer curves of PriZO
semiconductor under an NBIS without (0%) and with (2.98%)
Pr doping, respectively. As shown, a V,, shift of —16.5 V with
severe degradation of SS was observed for TFT without Pr
doping, whereas the TFT with Pr doping (2.98%) exhibited a
Von shift of —2.0 V.

The sub-gap states of oxide semiconductors near the VBM
could be one of the causes of photo-induced instability in AOS
TFTs. Therefore, the energy difference between the sub-gap
states and the CBM should be widened to be transparent over

This journal is © The Royal Society of Chemistry 2023
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the entire visible-light region, in order to prevent light-induced
instability of AOS TFTs. To this end, Kim et al. investigated the
effect of widening the band gap (E;) on the photo-stability of
AOSs while retaining their electrical performance.'®” To widen
the Ey, light metal cations such as Al and Si can be introduced,
but this leads to small band dispersion, which could interrupt
the electrical performance.'®® Thus, a wide Ey with high mobi-
lity can be attained by deepening the VBM and retaining the
large conduction band dispersion (Fig. 13(a)). It was found that
amorphous Zn-Ga-O (a-ZGO) showed a large variation in the
energy level of VBM, corresponding to ionization potential,
while the energy level of CBM remained unchanged. Covalent
bond interaction between Zn 3d-orbital and O 2p-orbital makes
the anti-bonding level shallow, whereas a-GaOx has a deep
ionization potential of 8.2 eV."*” In other words, controlling the
ratio of Zn/Ga would exhibit the appropriate energy level of the
VBM (Fig. 13(b)). Consequently, the TFT with a-Zn,;Ga, 0,
with the energy difference between the sub-gap states and the
CBM of a-ZGO that is larger than ~3.0 eV, exhibited excellent
photo-stability compared to a-IGZO and a-IZO, with little Vi,
shift. Furthermore, the field-effect mobility in the saturation
regime of the a-ZGO TFT was ~9 cm® V™' s, which implies no
degradation of electrical performance (Fig. 13(c)).

4. Stress induced by heat

Similar to bias and illumination stress, high temperature has
also been known to degrade the electrical performance of AOS
TFTs.'°® When the display pixel arrays operate for a long period
of time, the heat generated by resistance in the circuits tends to
induce thermal stress in AOS TFTs. When thermal stress is
applied to AOSs, the electrons in the oxide semiconductors will

This journal is © The Royal Society of Chemistry 2023
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be accelerated, resulting in high kinetic energy.''® Highly
energetic electrons would collide with both metal cations and
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Table 3 Threshold voltage shift and methods to enhance the stability of metal-oxide thin-film transistors under heat stress

Stress

Year Channel Temperature (°C) Time (s) Applied voltage (V) Method AV (V) Ref.

2011 ZnO 60 7200 —20 —4.91 112
Y-ZnO 60 7200 —20 Doping Y —-1.72

2013 1GZO 60 3600 —20 —-3.21 113
IGZO:N 60 3600 —20 Doping nitrogen —1.13

2014 IGZO 100 10000 20 SiOx passivation —6.24 114
1GZO 100 10000 20 SiNx:F* passivation —0.45

2018 170 60 7200 20 9.52 115
PrizO 60 7200 20 Doping Pr 1.97

2021 1GZO 50 10000 20 9.22 116
OSL/1GZO 50 10000 20 Oxygen scavenger layer 2.31

“ Threshold voltage shift (AVy,) during stress. ” Oxygen scavenger layer. ¢ Fluorinated silicon nitride.
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(a) Variations in the transfer characteristics of TFTs fabricated with (a) ZnO and (b) 1% Y—-ZnO under the NBTS condition of Vps =10V, Vgs =

—20V, and T = 60 °C for a duration of 2 h. Copyright 2011 The Royal Society of Chemistry. Reproduced with permission from ref. 112.

oxygen anions, breaking the chemical bonds and generating
interstitial and vacancy defects. Therefore, heat stress can
cause a severe hump phenomenon and a shift in the threshold
voltage in the transfer characteristics of AOS TFTs.''' To
prevent thermal stresses, various approaches have been carried
out, such as doping in the AOS and introducing a passivation
layer and an oxygen scavenger layer, as described below
(Table 3).*">711¢

To overcome device instability caused by heat stress, Jun
et al. employed yttrium (Y) as a dopant for the fabrication of
solution-processed ZnO TFTs.'*> Since yttrium exhibits high
oxygen-bonding energy (~719.6 k] mol %), Y-doped ZnO-based
TFT could efficiently reduce the oxygen vacancy and carrier
concentration compared to pristine ZnO TFT. Thermal stress
on AOSs would induce the excitation of electron-hole pairs,
resulting in free electron carriers and trapped holes at interface
trap states. As a result, these would cause a negative shift in
threshold voltage values. In this study, the optimized TFT based
on 1% Y-doped ZnO exhibited higher stability under negative-
bias temperature stress (NBTS) test at 60 °C for 2 h with a AV,
of —1.72 V, compared to the ZnO-based TFT (AVy, of —4.91 V)
(Fig. 14(a) and (b)). Apparently, broadening the optical band
gap by doping with metallic cation (Y) having high bonding

7132 | J. Mater. Chem. C, 2023, 1, 7121-7143

energy with oxygen resulted in the endurance of the devices
against thermal stress due to the suppression of carrier
excitation.

Similarly, to reduce the defect states in the AOS channel
layer and interface, the effect of nitrogen (N) doping in a-IGZO
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Fig. 15 NBTS stability of transfer curves of 20 V gate bias stressing at
333 K: (a) undoped and (b) N-doped a-IGZO devices. Copyright 2013
American Institute of Physics. Reproduced with permission from ref. 113.
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on the stability of resulting TFT under NBTS was investigated
by Raja et al.'™® Since the ionic radius of nitrogen is similar to
that of oxygen, nitrogen could be an excellent substitution
dopant for oxygen.''” Hence, nitrogen atoms could compensate
for the acceptor states and passivate intrinsic donor states in
AOS films. As shown in Fig. 15, the N-doped a-IGZO TFT
exhibited highly stable operation and high switching behavior
in the subthreshold region, with field-effect mobility of
8.85 cm® V™' s and a low SS of 0.28 V dec™ !, compared to
the undoped a-IGZO TFT (mobility of 9.82 cm® V' s~ " and SS
of 1.10 V dec™ ). Especially, under NBTS test at 333 K for a
duration of 3600 s, the N-doped a-IGZO device showed
a smaller AVy, of 1.13 V than the undoped a-IGZO device
(AVq, = 3.21 V) (Fig. 15).
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In terms of trap passivation in AOSs, fluorine (F) is a
promising candidate for passivating oxygen vacancies and weak
bonds in oxide semiconductors. This is because its ionic radius
is similar to that of an oxygen ion. During device operation,
fluorine ions can fill in the weakly bonded oxygen and
oxygen-deficient sites. Furthermore, the Zn-F bond strength
(364 kJ mol ') is relatively high, and thus F could substitute
weakly bonded Zn-O to form thermally stable Zn-F, providing
stable device performance under thermal stress. Therefore,
Jiang et al. studied the effect of a fluorinated silicon nitride
(SiNx:F) passivation layer on the PBTS stability of a-IGZO
TFTs in comparison to a SiOx passivation layer."'* As shown
in Fig. 16, a-IGZO TFTs with SiOx passivation showed a
negative Vi, shift of —6.24 V with a hump behavior under PBTS
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Fig. 16 (a) Changes in transfer characteristics during PBTS of 100 °C for the a-1GZO TFTs with (a) SiOx and (b) SiNx:F passivations after N, annealing at
350 °C for 3 h. Copyright 2014 American Institute of Physics. Reproduced with permission from ref. 114.
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of 10* s at 100 °C (Fig. 16(a)). On the other hand, the a-IGZO
device with SiNx:F passivation exhibited highly stable operation
with a Vi, shift of only 0.45 V under the same PBTS condition
(Fig. 16(b)).

Similar to the studies mentioned above, Li et al. employed
praseodymium (Pr) as a dopant in indium-zinc oxide (IZO)-
based TFTs to investigate the mechanism of thermal stability
and enhance PBTS and NBTS stability."*> Carbon residues
remaining in the AOSs after the annealing process could afford
poor thermal stability of oxide TFTs."'® For instance, in the 1ZO
film formed via the alcoholysis process, the -OCH; and -CH,—
(linked to -OCHj3) with strong electron-donating properties
could easily be oxidized to carboxylic acid groups in high
temperatures (Fig. 17(a)). These carboxylic acid groups, which
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have a strong electron-withdrawing property would trap the
electrons and generate the five-membered ring structure, indu-
cing the steric hindrance and tension during thermal stress.
On the other hand, for Pr-doped IZO film, the -OCH; and
—-CH,- are hardly oxidized to carboxylic acid groups, affording a
more stable ester group with the passivation effect of PrOx
(Fig. 18(b)). As a result, Pr-doped IZO-based TFTs resulted
in more stable PBTS performance at 60 °C for 7200 s with a
Vin shift of 1.97 V, compared to that of undoped IZO-TFTs
(AVi, = 9.52 V) (Fig. 17(c) and (d)).

While oxygen vacancies are a well-known cause of instability
in AOSs, they also act as a carrier source of AOSs. Thus,
ensuring both high mobility and stability of AOSs can be
challenging due to their trade-off relationship.®® Kim et al

OSL/a-IGZO TFT

30 20 10 0 10 20 30
Gate voltage (V)

@:Hf ):Metal(In,Ga,zn) @:Oxygen { ):V,

HighO
High oxidation

a-IGZo

High
High conductivity

Fig. 18 PBTS test results of the (a) a-IGZO TFT, (b) OSL/a-IGZO TFT, (c) schematic illustration of the oxygen scavenging effect during the annealing
process. Copyright 2021 American Chemical Society. Reproduced with permission from ref. 116.

Table 4 Threshold voltage shift and methods to enhance the stability of metal-oxide thin-film transistor under illumination and heat stress

Stress

Year Channel Temperature (°C) Light source

Time (s) Applied voltage (V) Method

AV (V) Ref.

2010 GIZO 60 Halogen lamp 10800 —20 —3.5 123
GIZO 60 Halogen lamp 10800 —20 Deposition of ES? layer —0.8

2013 1IGZO 60 White LED, 2000 lux —-20 —7.94 124
IGZO 60 White LED, 2000 lux —20 Water vapor condition —3.36
IGZO 60 White LED, 2000 lux —20 High pressure water vapor condition —1.96

“ Threshold voltage shift (AVy,) during stress. ” Etch-stopper.
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proposed a new fabrication method that introduces an oxygen
scavenger layer (OSL) on AOS to ensure high mobility and
stability even at a low-temperature annealing process.'’® In
their study, the authors employed Hf-doped a-IGZO layer as the
OSL because of its ability to absorb oxygen ions from the AOS,
owing to the high oxygen bonding strength of Hf. PBTS tests
(Ve =20V, Vps=10.1V, 50 °C) were performed to investigate the
effect of the OSL on the a-IGZO layer. Whereas the Vi, shift of
an a-IGZO layer was 9.22 V (Fig. 18(a)), the Vy, shift of an OSL/a-

(a)
/ \_ﬁassivatio}\
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IGZO TFT was 2.31 V (Fig. 18(b)). The PBTS stability was
improved by reduced Vo concentration of back channel, which
easily attracts surrounding oxygen ions compared to a-IGZO
TFTs (Fig. 18(c)).**"*%° Thus, Vo, which acts as a carrier source,
increases in the a-IGZO layer as the Hf ions in the OSL absorb
the oxygen ions."”" In addition, decreasing Vo, in the OSL would
prevent the adsorption of oxygen molecules from ambient air.
As a result, the OSL/a-IGZO TFT concurrently exhibited high
mobility and high PBTS stability.
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Fig. 19 Schematic cross-section of the GIZO TFTs (W/L = 70/20 pm), which have an inverted staggered bottom-gate structure with (a) back-channel-
etch (BCE) and (b) etch stopper (ES) configuration. Evolutions of the transfer curves as a function of the applied NBTIS time for the (c) BCE and (d) ES
configurations. Copyright 2010 The Institute of Physics Publishing. Reproduced with permission from ref. 123.
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Fig. 20 NBTIS results of a-IGZO TFTs for the post-annealing condition of (a) air at 0.1 MPa, (b) N, + H,O (10%) at 0.1 MPa, and (c) N, + H,O (10%) at
0.5 MPa. Copyright 2013 American Institute of Physics. Reproduced with permission from ref. 124.
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5. Stress induced by illumination and
heat

While display devices are in operation, TFTs are generally
exposed to light illumination from the backlight at a tempera-
ture relatively higher than room temperature. Stress induced by
illumination on AOS TFTs tends to generate free electrons
mediated by the defect states and photoionized oxygen
vacancies.'*? At the same time, thermal stress could induce
more defects relatively easily.'>> Hence, due to the stress of
both illumination and heat, AOS TFTs would be severely
damaged. Although AOS TFTs often experience both of these
stresses simultaneously, there are few studies that describe the
combined effect of these stresses on AOS TFTs and the methods
to overcome them for enhanced stability of the resulting
devices (Table 4).'>*1*

Kwon et al. employed an etch-stopper (ES) layer for Ga-In-
Zn-O (GIZO) TFTs to improve device stability under negative
bias thermal stress with light.'*®* The GIZO TFT device fabri-
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Fig. 21 The scheme of degradation mechanism of AOS under ionizing
radiation stress.
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cated with a back-channel-etch (BCE) process (Fig. 19(a)) adopts
a simple fabrication process but is vulnerable to plasma
damage during the dry-etch process. Thus, TFTs with BCE
configuration tend to exhibit more structural defects and
undesired carrier trap states.'>® To prevent these issues, the
ES layer was introduced to protect the GIZO channel layer
(Fig. 19(b)). In terms of the film morphology, a rough interfacial
layer was observed between the channel and passivation layer
in the GIZO device without the ES layer, while a smooth layer
was formed in the ES type device (not shown). As a result, the
TFT with a BCE configuration showed a large negative shift of
3.5 V in the V,, value with degradation in SS value under
negative-bias temperature illumination stress (NBTIS) (Fig. 19(c)).
On the other hand, the TFT with ES configuration showed highly
stable operation with a Vy shift of only 0.8 V without any
deterioration in the SS value (Fig. 19(d)).

Rim et al. proposed that a combined annealing method
using water vapor and high pressure could improve the stability
and reduce the hump phenomenon of a-IGZO TFTs under
NBTIS."** Under the water vapor and high-pressure annealing
conditions, water molecules can efficiently diffuse and pene-
trate into the a-IGZO film, passivating defects such as oxygen
vacancies in the a-IGZO films.”*"*® The reduction of oxygen
vacancy formed by diffused water vapor would lead to the
reduction of the photo-induced transition from neutral oxygen
vacancy to ionized oxygen vacancy under NBTIS. Furthermore,
this could reduce the hump phenomenon observed in transfer
characteristics of AOS TFTs under NBTIS tests. As shown in
Fig. 20, the a-IGZO TFT annealed at high-pressure (0.5 MPa)
under 10% water vapor conditions exhibited a lower AVy, value
of —1.96 V under NBTIS for 2 h than that annealed at 0.1 MPa
(AVi, = —7.94 V) under ambient air or that annealed at relatively
low pressure (0.1 MPa) (AVy, = —3.36 V).

6. Stress induced by ionizing radiation

Electronic devices are often used in harsh environments such
as the medical, space, and energy industries."*” As a result, it is

Table 5 Threshold voltages shift and methods to enhance the stability of metal-oxide thin-film transistors under ionizing radiation stress

Radiation
Year Channel Type Beam energy Dose Method AV (V) Ref.
2016 GIZO X-ray 17.5 keVv 410 krad Dielectric thickness control (385 nm) —5.6 137
GIZO X-ray 17.5 keV 410 krad Dielectric thickness control (114 nm) -1.1
2018 IGZO Proton 5 meV 10" Dose —93.8 138
ZTO Proton 5 meV 10" Dose ZTO semiconductor —6.3
ZTO Proton 5 meV 10" Dose PCBM Passvation 5
2020 WO Co-60 source 1000 krad Doping W (2%) —6.90 139
WO Co-60 source 1000 krad Doping W (4%) —4.70
WO Co-60 source 1000 krad Doping W (6%) —3.50
2021 IGTO Proton 5 meV 10" Dose Film thickness control (42 nm) 140
IGTO Proton 5 meV 10" Dose Film thickness control (27 nm) —5.97 (AV,p)
IGTO Proton 5 meV 10" Dose Film thickness control (12 nm) —0.57 (AV,p)
2021 InOx Gamma-ray 662 keV 103 krad ZrLaO gate dielectric 0.16 141

“ Threshold voltage shift (AVy,) during stress. ” Turn-on voltage shift (AV,,) during stress.
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Fig. 22 Transport parameters of flexible transistors based on oxide or organic semiconductor as a function of total X-ray exposure dose: (a) mobility
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unavoidable that these devices would be exposed to ionizing radiation induces the electrical degradation of AOS TFTs due to
radiation, such as high-energy photons and particles. Ionizing the formation of semiconductor channel defects, structural
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Fig. 23 (a) Schematic of high-energy proton irradiation on oxide semiconductor TFTs (a-ZTO, a-1GZO, ZnO), XPS Ols spectra of oxide semiconductor
films before and after various doses of 5 MeV proton irradiation for (b) a-1GZO, (c) a-ZTO (4:1), Transfer curves of (d) a-IGZO, (e) a-ZTO (4:1), and
(f) a-ZTO(4 : 1)/PCBM thin-film transistors before and after 5 MeV proton irradiation dose of 10*%, 10*, and 10> cm 2. Copyright 2018 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. Reproduced with permission from ref. 138.
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disorder, and trapped charges at the gate dielectric and semi-
conductor-dielectric interface.”*®**° The dominant radiation-
induced channel defects are known to be oxygen vacancies.""
Oxygen vacancies formed by radiation would act as shallow-
donor states and/or deep-trap states.'® Shallow-donor states
near the CBM can generate excessive carriers and cause thresh-
old voltage shift,"*>"** while deep-trap states at the band-tail
and mid-gap can capture holes and electrons for a long period
of time, affording an increase in subthreshold swing (SS) and
carrier mobility.”** Besides the TFT channel defects, high-
energy ionizing radiation could induce the generation of elec-
tron-hole pairs in the gate dielectric layer and afford localized
trap states in the dielectric and semiconductor-dielectric inter-
face, resulting in the degradation of device performance
(Fig. 21).”7"3>"3° There have been a few recent efforts to
diminish/prevent the degradation of AOS TFTs under ionizing
radiation stress (Table 5)."*7 4

To prevent the degradation of AOS TFTs by X-ray radiation
exposure, radiation-hardened fully flexible TFT with a GIZO
and a multilayer high-k dielectric Ta,0s/SiO, was introduced by
Cramer et al.'®” To assess radiation hardness, the TFTs were
exposed to photons emitted from a Mo X-ray at a dose rate of
1.5 krad min " (Si0,). As shown in Fig. 22, the GIZO-based TFT
retained its high electrical performance, such as mobility, Vi,
and SS, compared to the organic TFT under X-ray exposure.
Furthermore, the effect of radiation exposure on various thick-
nesses (114, 250, and 381 nm) of gate insulator was also
investigated (Fig. 22(d)). During exposure to X-ray irradiation,
the smallest decrease in Vi, (—1.1 V) was observed for the TFT
with the thinnest insulator, while the device with the thickest
insulator showed a Vg, change of —5.6 V. The number of
charged traps in the gate insulator would increase with the
thickness of the dielectric as more highly energetic X-ray
photons were absorbed.'*>

In 2018, our group investigated the effect of the atomic
composition of various AOSs against proton radiation and
developed a highly-stable oxide semiconductor, a-ZTO, with
an optimized Zn:Sn (4:1) ratio (Fig. 23(a))."*® High-energy
proton collision with AOS results in oxygen vacancy generation
in semiconductors, which leads to the formation of shallow
donor states and deep trap states. X-ray photoemission spectro-
scopy (XPS) analysis showed that a-ZTO (4: 1) generated fewer
oxygen vacancies than a-IGZO under 5 MeV proton radiation

7138 | J Mater. Chem. C, 2023, 1, 7121-7143
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Fig. 26 (a) Summarized shift of flat band-voltage(AVeg), oxide trap density (AN, and interface trap density (AN;) of Zrgglag;O, metal-oxide-
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(c) voltage transfer characteristic curve of 13 MQ resistor-loaded inverters (at Vpp = 4 V) based on InO,/ZrgoLag 10, TFTs. Copyright 2021 American

Chemical Society. Reproduced with permission from ref. 141.

(Fig. 23(b) and (c)). The structural flexibility of Zn as well as
strong Sn-oxygen bonding in ZTO semiconductor seems to
have afforded high stability for the resulting device under
proton radiation. In the transfer curve, a-ZTO (4:1) exhibited
stable performance with a AVy, shift of —6.3 V and a slight
increase in mobility compared to a-IGZO under 10"> cm™2 dose
of proton irradiation (Fig. 23(d) and (e)). In addition, back-
channel passivation was employed to further saturate the
unfilled coordination at the back channel of the oxide and
suppress the formation of oxygen vacancies. As shown in
Fig. 23(f), a-ZTO (4:1) passivated with PCBM exhibited more
stable performance with a Vi, change of <5 V under 10" cm™>
dose of proton irradiation.

Ruan et al. investigated the effect of tungsten (W)-doping on
the radiation hardness of indium oxide TFTs against high-
energy ionizing radiation.”® The channel conductivity and
carrier concentration generally increases with increasing ioniz-
ing radiation dosage.'*’ It is known that tungsten with high
oxygen bond dissociation energy could act as an effective
carrier suppressor. The active layers of amorphous W-doped
indium oxide (a-IWO) film with different WO; contents (2 wt%,
4 wt%, and 6 wt%) were fabricated by room-temperature
reactive sputtering. As shown in Fig. 24, the a-IWO TFT with
2%, 4%, and 6% WO; contents exhibited threshold voltage
shifts of 6.90 V, 4.65 V, and 3.50 V, respectively, under 100 krad
high dosage ionizing radiation exposure. The TFT with IWO
semiconductor film with 4% WOj; content exhibited higher
mobility of 14.49 em® V™' 57" than that of IWO film with 6%
WO, content (4.74 cm® V' s7'). Therefore, considering the
trade-off between mobility and stability, the IWO film with 4%
WO; content was deemed the optimized AOS under radiation
exposure.

Shin et al. investigated the effects of channel thickness
on proton radiation damage in In-Ga-Sn-O (IGTO) semi-
conductors."’ In this experiment, IGTO TFTs with thicknesses
of 12, 27, and 42 nm were exposed to 5 MeV proton radiation
with a 10" em~? dose. As mentioned above, an oxygen vacancy
(Vo) acts as a shallow donor as well as a deep trap. As shown
in Fig. 25(a), the energy diagram of the thick and thin
IGTO semiconductors before and after proton radiation
indicates that as the film thickness increases, there is a more

This journal is © The Royal Society of Chemistry 2023

pronounced increase in the V," concentration near the CBM.
This would induce an increase of electron free carriers that
affect electrical performance, such as mobility and Vi,. When
proton particles collide with the IGTO film, the oxygen atoms
would eject from the lattice and initiate a multiple displace-
ment chain reaction. This collision would be more severe in
thicker AOS film, resulting in the formation of a larger number
of vacancy sites (Fig. 25(b)). As a result, the TFT with the
thinnest IGTO channel (12 nm) exhibited the highest radiation
hardness with a V,, shift of —0.5 V under proton radiation of
10" em~? dose.

Fang et al. employed radiation-hardened ZrLaO gate dielec-
tric layers to reduce/prevent defects induced by gamma-ray
radiation for indium oxide (InOx) TFTs.""" Doping of La in
ZrO, demonstrated better electrical performance of the result-
ing device with radiation hardness due to the higher La-O bond
dissociation energy than that of the Zr-O bond and the sup-
pressed Vi, generation in the oxide layer. The Zr, oLa, ,Oy-based
metal-oxide-semiconductor capacitors (MOSCAPs) exhibited a
low flat band-voltage (Vgg) sensitivity of 0.11 mV krad ' under
low dose and 0.19 mV krad ' under high dose gamma-ray
radiation exposure, respectively (Fig. 26(a)). Furthermore, InO,/
Zry9Lag 10y TFTs exhibited a small subthreshold swing (SS) of
0.11 V dec " and a small interface trap density (D;) of 1 x
10" em % To identify radiation stability, PBS test was per-
formed for each device after gamma-ray exposure. A small AVy,
was observed under 600 s PBS test after gamma-ray 103 krad
exposure (Fig. 26(b)). In addition, InO,/Zr, oLa, 0, TFT-based
inverter devices were fabricated with stable operation under
gamma-ray radiation (Fig. 26(c)).

7. Conclusion and outlook

For the practical application of display technology at an indus-
trial level, ensuring the stability of AOS TFTs against various
external stresses is of great importance. To achieve highly-
stable TFTs based on AOSs under various stresses, methods
to control the defect states vulnerable to stresses have been
investigated widely. This highlight article explores the degrada-
tion mechanisms of AOS TFTs under five different types of
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stress and introduces several recent approaches to reduce/prevent
stress-induced instability. The external stresses are categorized
into five groups: (i) voltage bias stress, (ii) illumination stress,
(iii) heat stress, (iv) illumination and heat stress, and (v) ionizing
radiation stress. The concepts for each category, along with
representative examples employed to prevent the degradation
induced by each stress, are summarized in Tables 1-5.

Intrinsic structural defects, as well as stress-induced
changes, in AOS TFTs have been known to deteriorate the
electrical performance of the corresponding devices. Various
approaches to reduce/prevent the generation of defect states
have been investigated for each external stress. As for the
voltage bias stress, gate bias stresses such as PBS and NBS
are representative examples, which induce electron traps and
migration of ionized oxygen vacancies. To suppress bias stress-
induced degradation of the devices, most efforts have focused
on the prevention/reduction of defect generation in AOSs.
These include controlling oxygen vacancy concentration,
doping metal cations to suppress oxygen vacancies, passivating
the back-channel, and post-deposition annealing. Illumination
stress is inevitable due to the backlight unit in the display pixel
array. When AOS TFTs are exposed to light, several processes
can occur, including photoionization of oxygen vacancies,
generation of electron-hole pairs, and photo-desorption of
oxygen from the back channel of AOS. In the illumination
stress section, various approaches to enhance the stability
of AOSs under illumination, such as the use of passivation,
introduction of oxygen vacancy suppressors, reduction of
defects via cyclic annealing process, and band-gap engineering,
were discussed. Thermal stress can damage devices by accel-
erating electrons, which tend to break chemical bonds and
generate defects (mostly oxygen vacancies). Therefore, previous
research studies aimed at alleviating the degradation of AOS
TFTs caused by heat stress were mainly focused on using
dopants such as yttrium, nitrogen, fluorine, and praseodymium
to suppress oxygen vacancies. In a real display operation of
pixel arrays, both heat and illumination stresses might be
applied to TFTs simultaneously. Thus, research efforts to
reduce light- and heat-induced defects by using a passivation
layer or optimizing annealing conditions have been investi-
gated. In addition, AOS TFTs used for mission-critical appli-
cations can be degraded by ionizing radiation in harsh
environments. Under ionizing radiation stress, oxygen vacan-
cies are generated in the semiconductor layer and holes are
trapped in the dielectric layer and at the semiconductor-
dielectric interface. The TFTs based on novel oxide semi-
conductors and gate dielectrics with optimized thickness and
dopants resistant to ionizing radiation have been reported.

So far, previous research on improving the stability of AOS
TFT against various external stresses has been successful.
While there have been several successful research studies on
identifying degradation mechanisms and improving device
stability in AOS TFTs, there is currently a lack of quantitative
assessment methodologies for their electrical stability. Most
research studies have been conducted using their own proto-
cols, which involve varying stress times, irradiation doses,
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applied voltages, and other parameters. Therefore, it is neces-
sary to systematize the stability assessment index in order to
advance towards the high-tech next-generation flat panel dis-
play industry. The change in Vy, value could serve as a metric
for assessing the performance index, as it undergoes a significant
shift under stress conditions, unlike other electrical parameters
such as SS, current on-off ratio, and mobility. Therefore, a
systematic approach is required to analyze the stability of various
AOS TFTs by considering the dependence of the Vi, shift on
stress times, temperature, irradiation dose, and applied voltage.
We expect this highlight to further inspire the standardization of
research protocols for analyzing stress-induced degradation, as
well as new research for developing highly stable AOS TFTs with
high electrical performance.
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