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Hydrogen Bistability as the Origin of Photo-Bias-Thermal
Instabilities in Amorphous Oxide Semiconductors

Youngho Kang, Byung Du Ahn, Ji Hun Song, Yeon Gon Mo, Ho-Hyun Nahm,*

Seungwu Han, and Jae Kyeong Jeong*

Zinc-based metal oxide semiconductors have attracted attention as an alterna-
tive to current silicon-based semiconductors for applications in transparent

and flexible electronics. Despite this, metal oxide transistors require significant
improvements in performance and electrical reliability before they can be applied
widely in optoelectronics. Amorphous indium—zinc—tin oxide (a-1ZTO) has been
considered an alternative channel layer to a prototypical indium—gallium-zinc
oxide (IGZO) with the aim of achieving a high mobility (>40 cm? Vs™) transis-
tors. The effects of the gate bias and light stress on the resulting a-1ZTO field-
effect transistors are examined in detail. Hydrogen impurities in the a-IZTO
semiconductor are found to play a direct role in determining the photo-bias
stability of the resulting transistors. The Al,O;-inserted IZTO thin-film transis-
tors (TFTs) are hydrogen-poor, and consequently show better resistance to the
external-bias-thermal stress and photo-bias-thermal stress than the hydrogen-
rich control IZTO TFTs. First-principles calculations show that even in the amor-
phous phase, hydrogen impurities including interstitial H and substitutional H
can be bistable centers with an electronic deep-to-shallow transition through
large lattice relaxation. The negative threshold voltage shift of the a-IZTO transis-
tors under a negative-bias-thermal stress and negative-bias-illumination stress
condition is attributed to the transition from the acceptor-like deep interstitial H;
(or substitutional H-DX") to the shallow H;* (or Ho*) with a high (low) activation
energy barrier. Conclusively, the delicate controllability of hydrogen is a key factor
to achieve the high performance and stability of the metal oxide transistors.

1. Introduction

and flexible electronic devices.'? For
this purpose, semiconducting oxides
have been studied intensively for use in
transparent and flexible electronics, such
as pixel drivers for flat panel displays
(FPDs), electronic paper, skin sensor,
and smart identification cards.’7] These
emerging applications are enabled by the
intriguing properties of semiconducting
oxide thin-film transistors (TFTs), such as
high mobility (>10 cm? Vs™), steep sub-
threshold slope (<300 mV decade™), good
transparency (>80% to visible light), and
low temperature processing.®’ Histori-
cally, indium-based oxide materials have
been used mainly as passive transparent
conducting oxide (TCO) films for flat-
screen displays, energy-efficient windows,
light-emitting diodes, and photovoltaic
cell. The controllability of the chemical
compositions in the multicomponent
metal oxide system enables tailoring of the
electrical, optical, chemical, and physical
properties. In particular, the discovery of
carrier suppressors, such as Ga, Hf, Zr,
etc., in multicomponent metal oxide mate-
rials allows an extension of the electronic
applications from the traditional passive
electrode components to the semicon-

ducting active components for the field-effect transistors.[110:11]

Despite these promising properties, the instability of semicon-

The lack of transparency and high temperature processing in sil-
icon-based electronics prevent their applications in transparent

ducting oxide-based TFTs under the electrical and light stress
is critical hurdles against commercialization of the devices.

(12]
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Intrinsic defects, such as oxygen vacancies (Vy), cation intersti-
tials and oxygen interstitials (O;), were suggested as the origin
of this instability.'>2!] Nevertheless, the deeper insight into
complex defect physics in semiconducting oxides is essential
for gaining a complete understanding of the bias- and photo-
instability of metal oxide-based TFTs, which is a prerequisite for
developing stable materials with better performance.

In a microscopic viewpoint, the shallow donors in semicon-
ducting oxide materials created by the photo-bias stress do not
recover instantaneously to their original state, leading to a dis-
placement retained for a prolong time of the threshold voltage
in the semiconducting oxide TFTs. The microscopic mecha-
nisms proposed to date are based on bistable centers allowing
for an electronic deep-to-shallow transition, such as DX in
AlLGa; As? Vg in crystal ZnO (c-ZnO)/a-InGaZnO,,123-2°]
peroxide (0,%7),%% and O2%?! in a-InGaZnO,. In particular,
the photostress creates electron-hole pairs first. If the holes
are captured by deep centers, such as V°, 0>+ O~ (disorder
defect), and O (bonded to cations), the deep centers can
transform to shallow ones, such as V2%, 0,27, and O;° (attached
to an anion). The recombination of these ionized defects and
electrons occurs with certain activation energies, extending the
lifetime of electrons in the conduction band, which leads to a
negative shift in the threshold voltage (Vry). Therefore, it is
essential to identify the types of bistable centers in the semicon-
ducting oxides.

Hydrogen is introduced easily in oxides as a ubiquitous
impurity, and critically affects the electrical and optical prop-
erties of the host material. Many theoretical and experimental
studies suggest that hydrogen impurity is responsible for the
n-type conductivity of oxides.”’-3% This is because hydrogen
becomes a shallow donor in two forms; interstitial H (H;) and
substitutional H at the O site (Ho) (as in c-Zn0).*-l Some
studies reported that hydrogen annealing suppresses the insta-
bility of amorphous indium-zinc—tin oxide (a-IGZO)B! because
H passivates the instability sources, such as Vg in the form
of Hp.?2 On the other hand, the present study found that the
TFT instability is strongly proportional to the H-contamination
profile in a-IZTO. Therefore, the H-induced instabilities of
amorphous oxides are still unresolved. H-related instabilities
may have two origins: (i) hydrogen impurities increase the con-
centrations of the presently-identified bistable centers or (ii)
hydrogen impurities become bistable centers themselves. For
an indirect scenario, it can be simply understood because the
relative formation enthalpies of deep V° (027) in O-deficient
(O-rich) conditions are lower with respect to shallow Vo2t (09)
at the rising Fermi level (Ef), which is driven by the shallow
H. On the other hand, considering the variety of the coupling
between H and other defects, it is unclear if the validity of
deep Vo° and O in terms of a point defect is sustained (for
example, the H-passivated V, model in ref. B2, Therefore, other
aspects on hydrogen should be considered. Indeed, there is con-
siderable evidence suggesting that hydrogen would be a bistable
center. Recently, it was suggested that theoretically there can be
acceptor-like hydrogen states with deep levels, i.e., metastable
H;~ (bonded to Zn atoms)?*®! for H; and stable H-DX~ (regarded
as a complex defect of Vo%+H;)** for Hy in ¢-ZnO. Further-
more, the concentration of n-type free carriers was measured
experimentally to be much lower than the H-concentration in
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amorphous oxides, such as a-InGaZnO,.>! Despite this uncer-
tainty for hydrogen, to the best of the authors’ knowledge, there
are no reports of the bistability of hydrogen in the amorphous
phase; hence, the bistability issue remains to be examined.

On the other hand, indium—gallium-zinc oxide (IGZO) is
the most popular channel material for semiconducting oxide
TFTs, where the indium and gallium cations act the mobility
enhancer and carrier suppressor, respectively.'*? Although
increasing the indium fraction in IGZO allows an enhanced
charge carrier mobility from the low electron effective mass
and efficient intercalation of the In 5s orbital in In,0s3, the elec-
trical and optical stabilities of the resulting device deteriorate
due to the easier creation of Vg in an indium-rich composi-
tion.?*37) The mobility of IGZO TFTs with an acceptable sta-
bility is limited to =10 cm? Vs™l. To meet the requirements of
the high resolution (>200 pixels per inch), large area (>60 in.),
high frame rate (>240 Hz), and 3D visual effects for the next
generation FPDs, flexible and/or transparent display, the field-
effect mobility need to be improved to more than 30 cm? Vs[4

In this study, the a-IZTO film was chosen as the channel
layer for the semiconducting oxide TFTs because a substantially
higher field-effect mobility can be obtained because of the syn-
ergic intercalation of the 5s orbital of indium and tin atoms.*®! To
examine the effects of hydrogen contamination on the light- and
bias-induced instabilities of a-IZTO, two types of a-IZTO TFTs
with a different hydrogen content in the channel layer were fab-
ricated. The a-IZTO TFTs with a hydrogen-rich channel (here-
after referred as a control device) exhibited a promising high
saturation mobility (psar) of 48.0 cm? Vs, low subthreshold
gate swing of 0.14 V decade™, threshold voltage of 0.4 V and
Ionjorr Tatio of 10°. In contrast, the pgar value was reduced to
20.5 cm? Vs! for hydrogen-poor a-IZTO TFTs, whereas the
other device parameters were comparable to those of the control
device. On the other hand, the positive (PBTS), negative-bias-
thermal stress (NBTS) and negative-bias-illumination stress
(NBIS) stabilities for the hydrogen-poor a-IZTO TFTs were
much better than those of the control device. We also examined
the hydrogen-related electronic states in a-IZTO semiconduc-
tors thoroughly using first-principles calculations. The electronic
structure calculation indicated that the bistable hydrogen impu-
rities are generally responsible for the Vi instabilities under
various bias and photo-bias stress conditions in metal oxide
semiconductors. To date, ubiquitous hydrogen impurity has
been considered an assistant that can alter the electronic prop-
erties and concentration of deep trap centers, such as oxygen
vacancies, oxygen interstitials, and peroxide in the host material.
These results can provide a comprehensive single framework to
understand the PBTS, NBTS, and NBIS instability of any semi-
conducting oxide TFT based on the simultaneous consideration
of well-known deep trap centers and hydrogen impurities.

2. Results and Discussion

2.1. Performance and Photo-Bias-Thermal-Stress instabilities of
a-1ZTO TFTs

Two a-IZTO TFT devices were fabricated, in which the
hydrogen concentration was tuned differently to examine the

Adv. Electron. Mater. 2015, 1, 1400006
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Figure 1. Schematic cross-section of the a) control and d) Al,Os-inserted a-IZTO TFTs. Representative transfer characteristics for the b) control and
e) Al,Os-inserted a-1ZTO TFTs: the corresponding output characteristics for the c) control and f) Al,O;-inserted a-1IZTO TFTs.

effect of hydrogen impurities on the mobility and instability of
the a-IZTO field-effect transistors. Figure 1a,d shows a sche-
matic cross-section of the a-IZTO TFTs without (control device)
and with an Al,O; interlayer (referred to as Al,Os-inserted
device), respectively. The PECVD-derived SiO, passivation layer
contained a huge hydrogen concentration, which was con-
trolled by feeding a high flow rate of SiH, gas to the reactor
during the deposition process. In the case of the control device,
the hydrogen in the passivation SiO, layer would diffuse into
the a-IZTO channel layer through the underlying etch stop
layer (ESL) SiO, film during post deposition annealing (PDA)
at 350 °C (Figure la). In contrast, the Al,Oj-inserted device
would have a lower hydrogen concentration in the a-IZTO
channel layer because rf-sputtered Al,0; films have excel-
lent diffusion barrier properties against hydrogen permeation
(Figure 1d). Figure 1b,e shows the representative transfer char-
acteristics of the control and Al,Oj-inserted a-1ZTO TFTs. The
field-effect mobility (psar) was determined from the maximum
incremental slope of an Ipg!/? versus Vg plot in the satura-
tion region according to the following equation: Ipg = (WC;/2L)
Bsat(Ves—Vry)? where L is the channel length, W is the width,

and C; is the gate capacitance per unit area. The Vyy was
determined from the gate voltage (Vgs) needed to produce a
drain current of L/ W x 10 nA at Vpg = 5.1 V. The subthreshold
gate swing (SS = dVgg/dloglps) was extracted from the linear
portion of a plot of the log Ipg versus Vgs. The a-IZTO TFTs
without an Al,O; interlayer (control device) exhibited a high
psar of 48.0 cm? Vs71, low SS of 0.15 V decade™, Vi of 0.4V,
and Iy orr ratio of 10'°. The high mobility for the a-IZTO TFTs
was achieved without compromising the Ioyopr ratio because
the Ioyopr ratio (210%) and field-effect mobility are equally
important in designing a practical active-matrix pixel back-
plane. Although a high mobility exceeding 60 cm? Vs™! for
the oxide TFTs has been reported frequently, they suffer from
a low Ioyjopr Tatio presumably due to the high conductivity
of the channel layer, ill-defined channel dimensions or inad-
equately high gate leakage current.?>*#! On the other hand, the
psar and Vqy values for the a-IZTO TFTs with an Al,O; inter-
layer were reduced to 20.5 cm? Vs™! and positively displaced to
1.4 V, respectively (Figure le), whereas the Ioyopr ratio was
comparable to the control device, as summarized in Table 1.
The corresponding output characteristics for the control and

Table 1. Device parameters including psar, SS, Vin, lonjoft: Dit, maxs and Nis may of the control and Al;Os-inserted a-1ZTO TFTs.

Sample psar [cm? Vs71] SS [V decade™] Vin V] Lonjoff Dit, max [V €M7 Ngs, max [V cm™3]
Control device 48.0 0.15 10" 2.3x10" 4.6x10'®
Al,Oxinserted device 20.5 0.10 10'° 1.6x 10" 3.1x10'®
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Figure 2. SIMS depth profile of a) OH™ and b) hydrogen concentration in
a-1ZTO thin films for the control and Al,O;-inserted devices.

Al)Os-inserted a-IZTO TFTs were shown in Figure 1cf. The
output current of the Al,Osz-inserted device was diminished due
to its lower mobility compared to the control device.

To explain the different mobility of both devices, SIMS depth
profiling of hydrogen species was performed for both samples.
Figure 2 showed the SIMS depth profiles of OH™ and hydrogen
concentration in a-IZTO thin films with a passivation stack of
Si0,(200 nm)/Si0,(300 nm) and Si0,(200 nm)/Al,O;(50 nm)/
Si0,(300 nm). A lower hydrogen concentration including OH~
and atomic hydrogen was observed for the Al,0s-inserted stack.
The 300-nm-thick SiO, passivation film was prepared under
hydrogen-rich conditions (see the Experimental Section). There-
fore, during thermal annealing at 350 °C for 60 min, the dif
fusion of hydrogen species into the a-IZTO channel layer was
suppressed due to the existence of Al,O; films for the Al,Os-
inserted samples. As mentioned previously, some of the incor-
porated hydrogen species act as shallow donors. Therefore, the
tailing states below the conduction band minimum of a-IZTO
semiconductor for the Al,O;-inserted field-effect transistors will
be less filled because of the lower hydrogen-donated free elec-
trons. Therefore, the higher pgar and lower Vyy for the control
device compared to those of Al,Os-inserted devices can be attrib-
uted to their larger free electron density as a result of the higher
level of hydrogen incorporation because charge carrier transport
in the zinc-based oxide semiconductor is governed by a perco-
lation conduction mechanism. The variations in SS values for
both devices also need to be considered carefully because of
the double-sided character of the hydrogen impurities. The SS
values (=0.10 V decade™) for the Al,Os-inserted a-IZTO TFTs
were lower than those (=0.15 V decade™) of the control a-1ZTO
TFTs. The fast bulk trap density (Ngs) in the forbidden gap of
a-IZTO semiconductor and semiconductor-insulator trap den-
sity (Dj) can be estimated from the following equation*?

SS = gkyT(Nssta, + Dy) [ [Ci log(e)], (1)
where g is the electron charge, kg is Boltzmann's constant, T
is the absolute temperature, and t4, is the channel layer thick-
ness. The maximum Ngg .x (Ditmay) value in the a-IZTO TFTs
was estimated by setting the Dj; (Nss) value to zero. The Ngg max
(Ditmax) values for the control and Al,Oj-inserted a-IZTO
TFTs were 4.6 X 10 eVt cm™ (2.3 x 10! eV! cm™) and
3.1x 10 eV cm™ (1.6 x 10 eV~! cm™), respectively. For the
benchmarking comparison, these Ngs ,,x values for the a-IZTO
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TFTs were lower than those ((1-6) X 10" eV~ cm™) of the
1GZOM™I and 1ZTOM TFTs. It should be noted that the lower
Nss (Dy) values for the a-IZTO TFTs in this study can also come
from the different compositions or/and components in the
channel layer. The high mobility of the a-IZTO TFTs would be
a reflection of the lower Ngg distribution in the forbidden band
gap of the a-IZTO semiconductor and lower D;, value between
a-IZTO and SiO, film. In addition, the higher Ngg value for the
control devices compared to the Al,Oz-inserted devices suggests
that the incorporation of hydrogen species can accompany the
creation of the defect state as well as the electron doping into
a-IZTO channel. For further insight, the density-of-state (DOS)
distributions for both devices were extracted using the Meyer—
Neldel rule (NMR). Temperature-dependent field effect data
were used to calculate the near conduction band. The drain cur-
rent (Ipg) was thermally activated, which can be described by
the following equationt’!

E,
Ips = Ipso eXP( kT) (2)

where Ipgo is the prefactor, E, is the activation energy, K is
the Boltzmann constant, and T is the temperature. The E, of
IZTO TFT with different etch-stopper layers is Vs-dependent,
and their relationship obeys the MN rule. The MN rule is an
intrinsic property of a disordered semiconductor, which has
been reported in various organic and inorganic semiconductor
materials, including pentacene,*® a-Si,*’l and a-1GZ0.1*! The
MN rule is expressed as follows!*®!

Inso = Ipsoo eXP(A'Ea) (3)

where A is the MN parameter. Using the MN relation, extraction
of the DOS distribution for the a-IZTO TFTs was performed
assuming that most induced electron charges are occupied in
the localized energy states, and the probability of finding an
electron at a certain energy level is determined by the 0 K Fermi
statistics, as reported by Chen et al.*! The total DOS distribu-
tion for the sample A and B devices with different etch stopper
layers was calculated, as shown in Figure 3. The overall DOS
distribution for the a-IZTO TFTs with the Al,O; interlayer was
smaller than that of the control a-IZTO TFTs over the 0.2-0.3 eV
energy range extracted. This agrees with the comparative results
for the Ngg values calculated from the SS value.

The effects of hydrogen incorporation on the dark PBTS and
NBTS instability of the resulting a-IZTO TFTs was investigated.
The devices were stressed under the following conditions: Vg at
Vip +20V and Vi — 20 V for the PBTS and NBTS, respectively,
at room temperature. The Vpg was fixed to 5.1 V and the BTS
duration was 3600 s. Figure 4a,b presents the evolution of the
transfer curve as a function of the applied PBTS time for the con-
trol and Al,Os-inserted device, respectively. For the control device,
the parallel Vqy shift of 0.41 V to the positive direction after the
application of PBTS was observed without an accompanying
change in mobility, SS and Ioyopr Tatio. The positive Vryy shift
for the Al,Os-inserted device was reduced drastically to 0.13 V.
The superior electrical stability for the Al,Oj-inserted device was
preserved for the NBTS duration: the negative Vyy shift for
the control and Al,Oj-inserted device were —6.0 and —1.5 V,

Adv. Electron. Mater. 2015, 1, 1400006
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Figure 3. DOS distributions of a) the control and b) Al,Os-inserted
a-1ZTO TFTs.

respectively, as shown in Figure. 4c,d. The NBIS stability, which
is one of the critical figure-of-merits for optoelectronics applica-
tions of the a-IZTO semiconductor, was also examined for both
devices. The bias thermal stress condition for NBIS instability
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was identical to the NBTS except for light irradiation. To amplify
the Vpy variation of the a-IZTO TFTs during the NBIS applica-
tions, the blue LED was used as a light source where the light
intensity was 75 pW cm™2. The Viy shift was accelerated by the
simultaneous light irradiation on the channel region. Figure 5a,b
shows the evolution of the transfer characteristics of the con-
trol and Al,Oj-inserted devices, respectively, as a function of the
NBIS time. The control device suffered from a huge negative
Vry shift (-8.4 V) during the NBIS duration, whereas the Vi
instability for the Al,O5-inserted devices was strongly suppressed
(AVry =—=3.0 V). It is noted that under only the NBIS condition,
the hump near the subthreshold drain current region of the
transfer characteristics was observed for both devices (Figure 5)
whereas the application of dark PBTS and NBTS into the a-IZTO
TFTs caused the parallel displacement of the transfer character-
istics without any distortion (Figure 4). The hump occurrence in
terms of transfer characteristics depended on the gate bias sweep
direction: in the case of reverse gate sweep (Vgg: from 15 to
—15 V) the hump could not be observed (data not shown). This
gate sweep-direction dependent hump occurrence under photon
illumination was attributed to either the trapping of the photoin-
duced hole carriers,*>>% or the pile-up of ionic defects such as
V2B and H;P? at the dielectric/channel interface.

10°
__10°
EN
» 10
0
10°
10-11
10" o
-15 -10 -5 0 5 10 15
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10°
__10°
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Figure 4. Evolution of the transfer curve as a function of the applied PBTS time for a) the control and b) Al,Os-inserted device. The effect of the NBTS
duration on the transfer characteristics for c) the control and d) Al,Os-inserted device.
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s applied gate bias stress). The relaxation time
10 (1) was activated thermally according to the

10° following equation [°354

<

3{2 107 T=V" exp(ki ) (5)
10° where E; is the activation energy for the pro-
cess, v is the frequency prefactor for emis-
10" sion over the barrier, T is the absolute tem-
ol SR} perature, and kg is the Boltzmann constant.
10" AT . . . 10 . . Figure 7b,e presents the variations of In ©
15710 5 0 5 10 '15 10 5 5 10 15 453 function of the reciprocal temperature
Ves (V) Vs (V) for the control and Al,Os-inserted devices,

Figure 5. Evolution of the transfer characteristics for a) the control and b) Al,Oj-inserted
devices, respectively, as a function of the NBIS time. The gate voltage during the transfer curve

measurement was sweep from —15 to 15 V (forward sweep).

The activation energy for the NBTS and recovery behavior was
examined. Figure 6 shows the recovery behavior of the C-V char-
acteristics for the control and Al,Os-inserted devices. The C-V
curves during the NBTS duration were shifted negatively, which
is consistent with the negative Vry shift, as shown in Figure 4c,d.
After turning off the NBTS, the C-V curves partially recovered
to the original Vry direction. The transition of the charge state
in the hydrogen impurities would be strongly related to the acti-
vation energy of the NBTS and recovery process. Therefore, the
kinetics of the NBTS and recovery process was also investigated.
Figure 7 presents the temperature-dependent Vry variations of
both devices as a function of the NBTS time. The data were fitted
using a stretched exponential formulal>*>4

|AVi(8)] = Ve {1_exp{_(£)ﬁ}}, (4)

where 7 is the relaxation time, f3 is the dispersion parameter
of the barrier energy height, and V; is Vs — Vipo (Vs is the

respectively. The data were well fitted using
Equation (5), suggesting that the devices
have a temperature dependence on 7 and the
NBTS-induced Vy, shift is a thermally acti-
vated process. The E7 values for the control and Al,O;-inserted
devices were calculated from the slope of the straight lines. The
Etyprs values of the control and Al,Oj-inserted devices were
0.31 and 0.90 eV under NBTS condition, respectively. There-
fore, the inferior NBTS stability of the control IZTO TFTs can
be attributed to the lower activation energy of 0.31 eV. This
suggests that the a-IZTO materials with a large hydrogen con-
centration would have a variety of paths to the deep-to-shallow
transition in hydrogen impurities. This speculation can be fur-
ther supported by the smaller 8 values of the control device, as
shown in Figure 7¢,f, because the f3 is a measure of the spread
in the Et distribution.”® Figure 8a,d shows the temperature-
dependent recovery behavior of the Vyy value for the con-
trol and Al,O;-inserted devices, respectively. To accelerate the
recovery process, a positive gate bias stress of Vyy + 20 V was
applied during the measurements of the transfer curves. From
linear fitting between 1/T versus In 7 using Equation (5), the
ET ecovery Values extracted for the control and Al,Os-inserted
devices were 0.10 and 0.51 eV under PBTS condition, respec-
tively. In addition, the faster recovery for the control device
compared to the Al,Oj-inserted device, as

—a— initial
—e— stress 3600s
—m— after recovery

Capacitance (arb. unit)
Capacitance (arb. unit)

shown in Figure 6, can also be explained by
the smaller ET,ecovery Value of 0.10 eV. The
extracted f3 values for both devices were com-
parable to those for the NBTS induced transi-
tion process.

The difference between the control and
Al,Os-inserted devices on the light- and bias-
induced instabilities of a-IZTO semiconduc-
tors cannot be explained by the well-known
mechanisms involving oxygen vacancies.
First, the superior PBTS stability for the
Al,Osz-inserted device can be explained by
charge trapping modeling. The amount of

4 2 0 2 4
VGS (V)

Figure 6. Recovery behavior of the C-V characteristics for a) the control and b) Al,Os-inserted
devices, respectively. The C-V curves were shifted to the negative direction during the NBTS
duration, which is consistent with the negative Vyy shift, as shown in Figure 4c,d. After turning
off the NBTS, the C-V curves were recovered partially to the original V1 direction.
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the positive Vyy shift under the PBTS con-
dition would be proportional to the charge
trapping frequency of the accumulated car-
riers at the defect sites including the gate
dielectric and IZTO channel layer. Therefore,
the stronger resistance of the Al,O;-inserted
device under the PBTS condition appears to
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Figure 7. Temperature-dependent Vy variations for a) the control and d) Al,Os-inserted devices under the NBTS conditions. Relationship between 1/T
versus In(7) for b) the control and e) Al,O5-inserted devices. The corresponding dispersion parameter 3 as a function of the reciprocal temperature for
c) the control and f) Al,Os-inserted devices.

be due to the lower concentration of tailing states, as shown  the Al,Os-inserted device was lower than those for the control
in Figure 3. This result is well corroborated by the fact that  device (see Table 1). On the other hand, the origin of the lower
the Nssmax and Dy gy Values extracted from the SS factor for  tailing states in the Al,Os-inserted device is unclear. Moreover,
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Figure 8. Temperature-dependent Vy variations for a) control and d) Al,Os-inserted devices under the PBTS conditions. Relationship between 1/T
versus In(7) for b) control and e) Al,Os-inserted devices. The corresponding dispersion parameter f3 as a function of the reciprocal temperature for
c) control and f) Al,Os-inserted devices.
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the reason why the Al,Os-inserted device
showed better NBTS and NBIS stability is
more ambiguous. The NBTS- and NBIS-
induced instabilities of the semiconducting
oxide TFTs have been understood based
mainly on the oxygen vacancy model, which
basically suggests an anion (oxygen)-defi-
ciency in the semiconductor layer. The deep
oxygen vacancy defect (V%) can be excited
into the shallow ionized oxygen vacancy
defect (Vo?*) by the application of NBTS or
NBIS, leading to free electron carriers in the
conduction band and a negative Vyy shift of
the resulting oxide TFTs. On the other hand,
this Vo model cannot explicitly explain the
strongly hydrogen content-dependent NBTS
and NBIS instabilities for the two samples.
Therefore, the fundamental origin of the
PBTS, NBTS, and NBIS instability of the
a-IZTO TFTs seems to be mainly associated
with the electronic structures of the bistable
hydrogen impurities.

2.2. Bistable Hydrogen in a-1ZTO

In ¢ZnO, it is well-known that each type of
H impurity at the interstitial and substitu-
tional sites exhibits two different charge states
as a bistable center.l?,2%3334 The shallow H;*,
which is bonded to an O atom, is stable as a
hydroxyl OH™?7), and acceptor-like deep H;~, which is bonded to
Zn atoms, is metastable at the hollow site.**l On the other hand,
when H is strongly combined with Vg, shallow Hg" is stable
in the form of a multicenter bond at the V, site,*”) and in the
negative charge state, the deep H-DX" is stable compared to the
Ho* with two additional electrons at conduction band minimum
(CBM) (Ho" + 2e at CBM).13 However, since the bistability of the
hydrogen impurities in the amorphous phase may be different
from those in the crystal, density functional theory (DFT) calcu-
lations were performed to determine whether there are deep H
centers in a-IZTO or not. We find that similarly to ¢-ZnO, there
can be the acceptor-like deep H-related centers (H;~ and H-DX")
in amorphous phase, which suggests that the deep H centers can
Dbe assigned as a major origin of the carrier-induced instabilities
in the oxide TFT, resulting in a negative shift of Vyy.

Figure 9 shows the atomic structure of four kinds of H
impurities in a-IZTO, which are similar to those in ¢-ZnO. In
fact, it was difficult to uniquely define the
interstitial and substitutional sites in the
amorphous phase due to the lack of perio-
dicity, and in principle, all the H impurities

'a\
Mﬁh\)iié

www.MaterialsViews.com

(d) H-DX-

Figure 9. Atomic structures of a) H;*, b) H", ¢) Ho", and d) H-DX in a-IZTO material.

the calculated results of H. Nevertheless, the structural and
electronic characteristics of H;” and H-DX™ in ¢-ZnOB334 were
found to be qualitatively conserved in a-IZTO. The summarized
results of four H type are shown in Table 2. Figure 9a,b shows
that H;* and H;™ for the interstitial case are bonded with O and
cations atoms, respectively, because of the delicate balance of
the Coulomb and quantum mechanical interactions between H
and the host atoms (In**, Sn*, Zn?*, and O%). For the sub-
stitutional case, while Ho" has Zn surrounding the location
of the host O atom, as shown in Figure 9c¢, the H in H-DX is
largely displaced from on-site Hg, site into an interstitial H; one
(leaving a V) through large lattice relaxation (LLR), resulting
in a complex defect of Vo + Hy, as shown in Figure 9d. Inter-
estingly, as our expectation, H;” and H-DX™ have deep impurity
levels, as shown in Figure 10a,b, whereas all the H;* and Hq"
are shallow, which plays the role of donating an electron into
the host. Moreover, because a-IZTO is an amorphous phase,

Table 2. Summarized results including structural and electronic characteristics on four types
of hydrogen impurities (i.e., H;, Hi", Ho", and H-DX™ (Vo? + H{)).

become different, indicating that the atomic Defect type Charge state  Type of neighboring Electronic impurity
and electronic structures of the H impuri- atoms (M=metal) _levels (eV) (Ec=CBM)
ties are slightly or significantly deviated with  H;* Interstitial +1 O-H >Ec
respect to the crystal phase. In this work, - Interstitial _ M-H about E-2.45
9, 10, 9, and 6 configurations for .each type, . Substitutional " M_H S,
H{*, H;i", Hp", and H-DX", respectively, were

H-DX~ Substitutional -1 M-H about E~1.58

sampled individually to statistically analyze

1400006 (8 of 13) wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Electron. Mater. 2015, 1, 1400006



ADVANCED
ELECTRONIC

'a\
M.,.\«\)_'ié

www.MaterialsViews.com

Conduction band

289eV |245eV | 158eV

(c)

Figure 10. Partial charge densities of a) H;™ and b) H-DX™ electronic
states. ¢) The schematic diagram of the energy distributions of the H
levels.

the deep levels of H;” and H-DX™ are located broadly above the
VBM, as shown in Figure 10c. The impurity levels of H;™ are
found to be distributed more widely and deeper compared to
those of H-DX". The average minimum excitation energies
that are required for the direct transition of electrons from the
impurity level to CBM were calculated separately to be 2.45 and
1.58 eV for H;~ and H-DX, respectively. Therefore, H-DX" is
active compared to H;~ on the visible light (low energy) illumi-
nation or the thermal excitation.

To assess the thermal stability of each H impurity in a-IZTO,
the formation energy (Ey) was calculated using the following
equation

E; =E —E{ = Anpi; +qEx, (6)

where E| is the total energy of a supercell containing the impu-
rity (defect) with a g-charge state, EY is the total energy of a per-
fect supercell, and An; and p; are the change in the number of
atoms in the supercell and the chemical potential, respectively.
For the charged supercell calculations, the spurious mono-
pole electrostatic interaction was corrected within the Makov
and Payne scheme.® Here, it was considered to be the O-
and H-rich condition, in which pg and py are given by a half
of the total energy of O, and H, molecules, respectively. The
Fermi level (Ef) is an electronic chemical potential, where the
valence band maximum (VBM) is aligned to zero. Therefore,
the position of Ef corresponds to CBM when Ef equals the band

Adv. Electron. Mater. 2015, 1, 1400006
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gap. Because of the underestimation of the calculated band gap
in the conventional DFT calculations, the band gap correction
scheme was used to estimate E; by applying the quasiparticle
(QP) shifts of both the band edges, which are adjusted by the
weight-average on the composition rate of a-IZTO (based on
the QP shifts of the crystal In,03, SnO,, and ZnO in ref. 7l to
be the experimental band gap. The QP-shifted values for VBM
and CBM, considering the difference between the experimental
(3.19 eV) and theoretical (1.30 eV) optical band gaps, were cal-
culated to be —0.48 and 1.41 eV, respectively. The relatively large
QP shift of CBM in a-IZTO is consistent with that of amorphous
InGaZnO,.58

Figure 11 shows the calculated formation energies, Es, of
the four types of H impurities. Because the Es of each type in
amorphous phase are distributed widely due to a deficiency of
periodicity, they were averaged out on the tested configurations
of H;*, Hi", Hp*, and H-DX, respectively, to show the devia-
tion width for each type. The averaged thermal transition level,
€(+/-)aw from H;i* (Ho") to H;y” (H-DX") was 2.79 (2.96) eV
above the VBM. Therefore, regardless of the existence of Vg
(O-chemical potential), in most regions of Eg, H;* and Hy" are
more stable than H;~ and H-DX", indicating that H can be one
of the sources for n-type conductivity of a-IZTO. On the other

g(+/-), CBM
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Figure 11. Formation energies of a) H;* (blue lines), H;” (red lines),
b) Ho* (blue lines), and H-DX™ (red lines) with respect to the Fermi level
(E¢) assuming H-rich and O-rich conditions. The averaged thermal tran-
sition levels (g(+/-).s) for H; and Hq are noted by the vertical (green)
lines, respectively. The solid and dashed lines indicate the average value
and the deviation of the formation energies, respectively. 0 of E¢ cor-
responds to VBM.
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Figure 12. Schematic configuration-energy diagrams for the transition
of the charge states between H;~ (H-DX") and H;* (Hg"). The solid red
and blue lines denote the transitions from H;” to H;* and H-DX™ to Hg™,
respectively, in the negative charge state. The dashed red and blue lines
indicate the energy curves for the structural transitions of H; and Ho,
respectively, when the electrons are excited to the conduction band in
the positive charge state.

hand, H;” and H-DX" were energetically comparable to H;* and
Ho* when Ef is close to CBM. Thus, this indicates that the H;*,
Ho*, Hi", and H-DX" states can coexist in the n-type semicon-
ducting a-IZTO, depending on the growth and annealing condi-
tions. Furthermore, remarkably, the &(+/-),, of H; is found to be
slightly lower than that of Hp. In the semiconducting a-IZTO
with the carrier concentration of the 10'7 cm™ order, which was
located approximately (below) at CBM, the concentration of the
deep H-DX™ should be changed more sensitively than that of
the deep Hj, because the difference in the Ei between Hg*
and H-DX™ for Hg, is smaller than that for H; at Ep.

The total energy profiles of the structural transformation
between the H;~ (H-DX") and H;* (H") in the charge states of (+)
and (-) were calculated. Figure 12 shows a schematic configura-
tion-energy diagram for the transition of the charge states between
H;” (H-DX") and H;* (Ho"). When the electrons at the deep H
level are excited, the H;~ (H-DX") structure is relaxed spontane-
ously to H;* (Hg") structure approximately with an energy barrier
of zero (E, = 0.0 eV). The energy barriers (Egs) for the structural
recovery from the H;* and Hy* to H;” and H-DX™ were estimated
to be large within 1.05 < Eg < 2.05 eV and small within 0.04 < Eg <
0.81 eV, respectively. The recovery of some structural deformation
to the original states requires a significant thermal energy barrier.
In particular, the energetic barrier for the transition from H;" to
H;™ exhibited a relatively large value compared to that from Hy" to
H-DX", because a strong O—H bond needs to be broken.

2.3. Microscopic Mechanism of Hydrogen on Electrical
Instabilities in a-1IZTO

The bistable hydrogen impurities can explain the micro-
scopic origin of the negative or positive shifts of the Viy

wileyonlinelibrary.com
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with their fast or slow recovery processes under the NBTS
or light stress conditions. As mentioned above, the H;*, Ho",
H;~, and H-DX™ (=V° + H;) states can coexist in the a-IZTO
sample, depending on the growth condition. Therefore, when
external stresses, such as light illumination or negative electric
field, can cause electron excitation from deep H;~ and H-DX~
states to CBM, the large structural relaxation near the H site
is instantly induced without an energy barrier (due to E, =
0.0 eV) as follows:

Hi (Vo +Hyi) — Hi (Ho) + 2e ()

Based on the H-transition mechanism, the H-donated elec-
trons induce transient or persistent enhancement of the elec-
tron concentration in a-IZTO, resulting in the device insta-
bilities (negative Vy, shift). For the recovery process, when H;*
(Ho") captures two mobile electrons at CBM, structural recovery
from the H;" (Ho") to H;™ (H-DX") can be occurred as follows

H (H$)+2e — Hi (Vo + Hj) ®)

The NBTS-induced transition and PBTS-induced recovery
energy barriers (see schematic total energy profiles in Figure 12)
through the thermal process are distributed diversely for the H
impurity, which indicates that the transition and recovery can
occur with fast or slow times, depending on the H type and its
local configuration.

First, the superior results for the Al,Os-inserted device in
terms of the PBTS instabilities to the control device can be
explained based on the hydrogen model. Because the applica-
tion of PBTS on a-IZTO TFTs raises the Fp toward the CBM,
the H;~ (H-DX") charge state is favored compared to the H;*
(Ho") charge state. Therefore, the prolonged PBTS duration on
the a-IZTO TFTs causes conversion from the shallow H defect
states (H;" and Hq") to the acceptor-like deep defect states (H;~
and H-DX"). This Eg-induced conversion process would con-
sume the free electron carriers in the channel region, leading
to a positive Vry shift in the resulting devices. Therefore,
the superior PBTS stability of the Al,Oj-inserted device was
attributed to the lower existence (concentration) of shallow
H defects states, which is corroborated with the results of
Figure 4a,b.

Second, the NBTS and NBIS instabilities for both devices
can also be understandable in the frame of the hydrogen
model. When NBS is applied to the a-IZTO TFTs, the quasi-
Er in the channel region near the gate dielectric/semicon-
ductor interface moves the VBM downward due to the car-
rier depletion effect. The lowering of quasi-Eg in the a-IZTO
layer facilitates the transformation from the H;~ (or H-DX")
charge state to the H;" (Ho") charge state, which accompanies
the capture of a hole carrier or emitting of an electron carrier
(see Figure 11). These deep-to-shallow transitions of hydrogen
impurities cause electron doping in the conduction band,
leading to a negative Vyy shift of the resulting devices. There-
fore, the bistabilities of hydrogen impurities are the origin for
the inferior instability of the control device under the NBTS
and NBIS condition.

Third, the large difference between the activation bar-
riers of the control device and those of Al,Os-inserted device

Adv. Electron. Mater. 2015, 1, 1400006
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during NBTS, as shown in Figures 7 and 8, respectively, can
be explained qualitatively by the bistable H;~ and H-DX~
states. This is based on the differently calculated properties
of the thermal transition level (g(+/-),,), the H level within
band gap, and the recovery energy barrier (Ef in Figure 12)
for both H types. The measured free electron concentration
in the control device was higher than that in Al,Os-inserted
device. In the control device with a high electron concentra-
tion (corresponding to a high value in =107 cm™), Fy lies
at approximately 0.02 eV below the CBM (much closed to
CBM), and in the Al,Oj-inserted device with a low electron
concentration (corresponding to a low value in =107 ¢cm™3),
the Eg lies at approximately 0.08 eV below the CBM. There-
fore, although both H;~ and H-DX" in the control device are
possibly available, the formation energy of H-DX™ in the
Al,Os-inserted device is metastable with respect to Hq*, sug-
gesting that the concentration of H-DX™ is reduced drasti-
cally compared to the shallow Hqy* state (see Figure 11). For
this reason, by default, both H;” and H-DX" in the control
device with a large H concentration coexist, whereas H;~
exists mainly in the Al,Os-inserted device with a small H
concentration.

For the transition energy barrier in NBTS to excite the elec-
trons at the deep level without light illumination on both the
control and Al,O;-inserted devices (Figure 7), instability occurs
by thermal excitation from the deep state into the Eg, and
during the NBTS process, this can more easily occur due to
the upward-bending of the electronic structures at the a-IZTO
interface. It is noteworthy that the thermal excitation energy
for H;™ is largely required, compared to that of H-DX™ because
the impurity level of H;~ (located at 2.45 eV below CBM) is
deeper by 0.85 eV than that of H-DX (located at 1.58 eV
below CBM), as shown in Figure 10 and Table 2. In the case
of the control device having both H;~ with large barriers and
H-DX~ with small barriers, the transition energy barrier
would be more active by the low-barrier H-DX™ because the
transition of chemical state dominantly occurs along with a
low energy pathway. On the other hand, the Al,O;-inserted
device can be dominated by the transition of large-barrier
H;” because H-DX™ with small barriers is barely formed in the
Al,Os-inserted device. This indicates that the transition energy
barriers in the control device and Al,Oj-inserted device are
predominantly determined by H-DX~ and H;~, respectively,
which results in the higher transition energy barrier (E;yprs)
of the Al,O;-inserted device compared to the control device.
However, it is noted that it is difficult to quantitatively com-
pare experimental results with theoretical ones because exper-
imental measurements are performed under the conditions
different from theoretical calculations (i.e., negative electric
field and corresponding quasi-Eg). Nevertheless, the signifi-
cant difference (=0.85 eV) in the averaged thermal excitation
energy of H-DX™ and H;:0.85 eV is qualitatively consistent
with the large difference (=0.59 eV) in the activation energy
barrier (E;yprs) for the control and Al,Os-inserted device,
which were experimentally determined to be 0.31 and 0.90 eV,
respectively.

The recovery energy barrier qualitatively corresponds to
the Eg values in the Hf (H$) — Hi (VS +Hi) transitions, as
shown in the configurational energy diagram of Figure 12.
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The Eg values for each type, interstitial H; and substitutional
Ho, were calculated to be largely separated. The reason for
the different recovery barriers of both devices can also be
attributed to the aforementioned rationale. In case of the
control device with the coexistence of both Hy and H; types,
the recovery barrier (E ecovery) is mostly determined by H-DX
with low energy barriers. Conversely, H; with large energy
barriers for the Al,Os-inserted device dictates the recovery
process, which causes its Egrecovery Value to be larger than
that for the control device. The present recovery process was
measured under an applied positive bias (Figure 8) to raise
the Ep near the interface. Compared to the Eg values calcu-
lated without consideration of an externally applied positive
bias (see Figure 12), the experimentally determined recovery
barrier should decrease with increasing Ef, suggesting that
the experimental recovery barrier of 0.51 eV can be under-
stood qualitatively by the positive-bias-induced reduction of
the calculated Egvalues.

In addition, bistable hydrogen impurities are at least an
origin for the positive and negative Vyy shift of the oxide
TFTs in a variety of samples. Depending on the cation com-
position, the cation/anion ratio in the prepared semicon-
ducting oxide film and the integration processing condition,
the major source of the instabilities can be considered dif-
ferently, e.g., Vo, peroxide (0,27) and O-interstitial. It is also
noted that the gate field-assisted generation and migration of
ionic defects such as Vo', Zni**, and H;* etc., can also par-
tially contribute to the observed BTS-induced instabilities of
the a-IZTO TFTs,’%533% which was not fully considered in
this study. In particular, these defect generation and migra-
tion during BTS duration can be accelerated under light
illumination and elevated temperature because the incident
photon and thermal energy into a-IZTO film are likely to
facilitate the creation and/or migration of the specific point
defects. The combined experimental and theoretical study
of BTS and light-induced defect creation and migration in
metal oxide semiconductor is being conducted, which will be
reported elsewhere.

3. Conclusion

The hydrogen-rich control a-IZTO TFTs exhibited a high pgar
of 48.0 cm? Vs, low SS of 0.15 V decade™, Vi of 0.4 V, and
Ionjorr ratio of 10°. On the other hand, the pgar and Vi for
the hydrogen-poor Al,Os-inserted a-IZTO TFTs were reduced to
20.5 cm? Vs! and increased to 1.4 V, which can be attributed
to the lower n-type doping concentration of shallow hydrogen
defects. The Al,Os-inserted a-IZTO TFTs showed much better
stability than the control device under PBTS, NBTS, and NBIS
conditions, indicating that the hydrogen-related defects have
an adverse effect on the bias and photo-bias stabilities of the
devices. The activation energies for NBTS and recovery behavior
were extracted from the analysis based on the stretched expo-
nential formula. The E;ngrs and E;yecovery Values for the control
device were 0.31 and 0.10 eV, respectively whereas the signifi-
cant larger E;ngrs (0.9 eV) and Eirecovery (0.51 €V) values were
obtained for the Al,Os-inserted device. The H; and Hg in a-IZTO
material were calculated to be bistable centers with an electronic

wileyonlinelibrary.com

(11 of 13) 1400006

b |
G
[
-
>
n)
m
~




(-
™}
o
g
-l
md
=
4

1400006 (12 of 13)

ADVANCED
ELECTRONIC

Makies

MATERIALS

www.advelectronicmat.de

deep-to-shallow transition through large lattice relaxation. In
case of control device, the H;~ with large barrier and H-DX™ with
small barriers coexist due to the higher free electron concentra-
tion and thus elevated Ep level closing to CBM. Therefore, the
low-barrier H-DX™ dictates the transition and recovery process,
which resulted in the smaller E;ngrs and Eecovery Values for the
control device energy leading to the inferior gate bias stability.
Conversely, the Al,05z-inserted device is dominated by the transi-
tion of large-barrier H;~ because H-DX~ with small barriers are
barely formed in the hydrogen-poor a-IZTO material, which is
responsible for its higher E;xprs and Exrecovery Values and thus,
the superior gate-bias stability. These finding can provide a com-
prehensive single framework to understand the PBTS, NBTS,
and NBIS instability of a-IZTO TFTs based on the simultaneous
consideration of well-known V¢, (or 0,27, O;) and hydrogen impu-
rities. It is concluded that delicate controllability of hydrogen and
balancing the anion/cation ratio are a key factor to achieve the
high performance and stability of the metal oxide transistor.

4. Experimental Section

Device Fabrication and Electrical Characterization: Figure 1 presents a
schematic cross-section of an integrated a-1IZTO TFT. The DC sputter-
derived molybdenum film was patterned through the photolithography
and wet etching process, which was used as the gate electrode on
a glass substrate. The 300-nm-thick SiO, film as a gate insulator
(Gl) was deposited by plasma-enhanced chemical vapor deposition
(PECVD). For the active channel layer, a-IZTO film was prepared by
DC sputtering at room temperature with the target composition of
1n,03:Zn0:SnO, = 40:40:20 at% and patterned by the photolithography
and wet etch processes using diluted HF. A 200-nm-thick SiO, film
as an ESL was then coated by PECVD (control device). To control the
level of hydrogen doping in the a-IZTO semiconductor, an additional
50-nm-thick Al,O3 film with an excellent barrier property against the
hydrogen permeation was deposited on the ESL/a-1IZTO/GI/Mo/glass
substrate by rf sputtering, which is referred to as a-1IZTO TFTs with a
Al,O; interlayer. After defining the contact hole for the source/drain
(S/D) electrode using photolithography and dry etching, the Mo film
as the S/D electrode was deposited by DC sputtering and patterned by
the standard wet etching process. Finally, the 300-nm-thick SiO, was
deposited as the passivation layers by PECVD, where the high silane
flow rate of 150 sccm was used to provide high hydrogen content in the
SiO, passivation layer. It is noted that this high SiH, flow rate for the
PECVD-derived SiO, film corresponds to the standard condition. After
fabricating the a-IZTO TFTs, these devices were annealed at 350 °C
for 60 min in a furnace. During thermal annealing, the hydrogen was
expected to diffuse into the a-1ZTO semiconductor through the ESL
from the SiO, passivation layer. The channel width (W) and length (L)
for the a-1ZTO TFTs investigated were 54 and 10 pm, and the gate-
to-S/D overlap length (L,,) was fixed to 3 pm. The initial electrical
characteristics including the transfer (Ips—Vgs) and capacitance—voltage
(C-V) characteristics were measured at room temperature using an
Agilent 4156 semiconductor parameter analyzer and HP 4294 LCR
meter under a dark ambient conditions. The SIMS depth profiles using
the Bi* primary ion beams with energies of 25 keV-1 pA were obtained
to compare the relative level of hydrogen incorporation in the 1ZTO
semiconductor film for both devices.

Theoretical Calculation: The DFT calculations of a-IZTO were
performed using the Vienna ab inito simulation package (VASP) with
the projector-augmented wave (PAW) pseudopotential, and the PBE
functional was used to calculate the exchange-correlation energy. First-
principles molecular dynamics (MD) simulations were carried out
to obtain the amorphous structure. To generate the final amorphous
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structure more efficiently, the atoms in a cubic supercell were first
distributed randomly with the constraints on the bond lengths between
M-M, M-O, and O-0, which allows shortening of the melting time. A
supercell containing 10 formula units of 1n,SnZn,0; was constructed
and heated to 3000 K for 10 ps and cooled rapidly to 300 K at a rate
of =300 K ps™'. The final amorphous structure was obtained by full
relaxation of the cell volume and atomic positions.

For the structural relaxation and electronic structure calculation,
on-site Coulomb energy (U) was added for the localized d electrons of
metals, which partially corrects the band gap underestimation of the
conventional DFT calculation in this material by reducing the repulsion
interaction between O-p and M-d. The U values of In-d, Sn-d, and Zn-d
were 5.0, 3.5, and 7.5 eV, respectively. The kinetic energy cutoff of the
plane wave basis was 500 eV and the single k-point of (0.25, 0.25, 0.25)
was used. The k-point convergence was tested, and the total energy
deviation was within 10 meV per atom.
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