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We investigate the atomic and electronic properties of O interstitial defects in amorphous In-Ga-Zn-O
(a-IGZO) through density-functional calculations. We find that an O interstitial forms a dimer with a
host O atom in its neutral state, but the O—O dimer bond is easily broken upon electron capture. When
bond-breaking relaxations take place, the antibonding defect level of the dimer is significantly lowered
from the conduction band toward the valence-band edge, making it energetically more favorable for the
dimer to capture two electrons. With the hybrid functional for the exchange-correlation energy, the
agreement of the energy barrier for two-electron capture with an experiment is greatly improved.
The implication of the results is that O interstitials act as electron traps for the Fermi level close to the
conduction-band edge; thus, excess O atoms can be the origin of positive shifts of threshold voltage
observed under positive-bias stress in a-IGZO thin-film transistors. On the other hand, under light-
illumination or negative-bias stress, which lower the Fermi level to the valence-band edge, the original
dimer configuration is recovered by capturing hole carriers without any energy barrier, and the stability
of current-voltage characteristics is restored.
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I. INTRODUCTION

Amorphous oxide semiconductors such as amorphous
indium-gallium-zinc oxide (a-IGZO) attract much attention
because of the large band gap, unintentional n-type
conductivity, and uniformity in film growth. Oxide-based
thin-film transistors (TFTs), in which a-IGZO is used as an
active channel, show superior performance compared with
conventional Si-based TFTs [1]. The conduction band of
a-IGZO is characterized by the In s orbital. Thus, n-type
conductivity is insensitive to disorder, leading to field-
effect mobility higher by more than a factor of 10 than that
of covalently bonded amorphous Si [2]. Although a-IGZO
is considered a promising material for high-performance
flexible electronic devices, this material still suffers from a
high density of defects which cause the instability of
threshold voltage (V th) under various stress conditions.
There have been extensive studies on the influence of

gate voltage, gate dielectrics, light illumination, temper-
ature, passivation, and ambient environment on the
characteristics of a-IGZO TFTs. Under negative-bias illu-
mination stress (NBIS), a-IGZO TFTs exhibit large
negative shifts of V th up to about −18 V [3,4]. The negative
shift of V th is related to the charge trapping of hole carriers
produced by light illumination [5]. In theoretical studies

[6,7], O-vacancy defects have been shown to act as charge
traps and have been suggested to be responsible for the
NBIS instability. Other models have been recently pro-
posed, based on a defect complex consisting of an O
interstitial and hydrogen [8] and the lattice instability
induced by a hole carrier [9]. On the other hand, when
a-IGZO TFTs are under positive-bias stress (PBS), the so-
called PBS instability takes place, with positive shifts of
V th, while devices usually exhibit good stability under
negative-bias stress [10–13]. In contrast to the NBIS
instability, the PBS instability is thought to be caused by
electron traps in gate dielectrics and/or the a-IGZO–
dielectrics interface [10,12,14] and by adsorption of
oxygen molecules from the ambient atmosphere [11,15].
Defect creation in bulk a-IGZO or at interface was
suggested as another possible origin of the PBS instability
[13]. Numerous experiments show that O-related defects
such as the O vacancy and O interstitial play an important
role in device instability. The stability of oxide TFTs is very
sensitive to the oxygen content in a-IGZO: an O-rich
device is stable against negative-bias stress, whereas an
O-deficient device is stable against positive-bias stress [16].
The creation of subgap states has been observed under the
NBIS condition [17]. The NBIS instability has been
improved by annealing under a high-pressure oxygen
ambient, which effectively reduces active O-vacancy
defects [18], thus, providing support for the mechanism*kjchang@kaist.ac.kr
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involving O-vacancy defects. However, no microscopic
studies have been done to understand the mechanism for
the PBS instability, although several conjectures have
been given.
First-principles calculations are widely used to study the

electronic properties of defects and impurities in semi-
conductors. In the approach which relies on the local
density approximation or the generalized-gradient approxi-
mation (GGA) within the density-functional theory (DFT),
the band gap is severely underestimated, causing large
errors in the formation energies and transition levels of
defects [19]. On the other hand, DFT calculations with a
hybrid functional [20,21] have shown great improvements
in the band gap as well as defect transition levels. In the
present work, we perform hybrid functional calculations to
investigate the electronic and optical properties of O
interstitial defects in a-IGZO and the role of these defects
in the PBS instability observed in a-IGZO thin-film
transistors. In the amorphous phase, although the band-
edge states are not generally well defined, we determine
accurately the defect transition levels with respect to the
valence-band edge by using the logarithmic inverse
participation ratio which describes the degree of localiza-
tion for the eigenstates. With the improvement of the band
gap and defect levels, the energy barrier for the capture
process of electrons by the O interstitial is in good agree-
ment with the experiment, and the optical excitation of the
charged defect is accurately described.

II. CALCULATION METHOD

For the composition ratio of In∶Ga∶Zn∶O ¼ 1∶1∶1∶4,
we generate the amorphous model for a-IGZO through
melt-and-quench ab initio molecular dynamics (MD)
simulations, which use the GGA functional for the
exchange-correlation potential [22] and the projector-
augmented wave potentials [23], as implemented in the
VASP code [24]. In a supercell containing 84 host atoms, we
use a plane-wave basis to expand the wave functions with
an energy cutoff of 400 eV and a k-point set generated by
the 3 × 3 × 3 Monkhorst-Pack mesh for Brillouin-zone
integration. For O-related defects, such as O vacancy
(VO) and O interstitial (Oi), the ionic coordinates are fully
optimized until the residual forces are less than 0.05 eV=Å.
The amorphous structure exhibits the coordination numbers
and metal—oxygen bond lengths in good agreement with
extended x-ray absorption fine-structure measurements
[25,26]. The details of the MD approach and the structural
characteristics of the amorphous phase are given else-
where [6].
Since the GGA calculations overestimate the positions

of metal d bands, we include the on-site Coulomb
correlation (U), which is described by a Hubbard-like
term [27]. The on-site Coulomb correlation reduces the
p-d hybridization; thus, the metal d bands are lowered.
With the parameters of U ¼ 7, 8, and 8 eV for the In 4d,

Ga 3d, and Zn 3d orbitals, respectively, the positions
of the metal d bands are well reproduced, compared
with photoelectron spectroscopy measurements [28,29].
Although the band gap is improved by a downward shift
of the valence-band edge, the GGAþU band gap, which
is estimated to be 2.07 eV for pristine a-IGZO, is still
underestimated. To get more reliable defect levels in
the band gap, we employ the hybrid functional of
Heyd, Scuseria, and Ernzerhof (HSE) for the exchange-
correlation potential [20,21]. With the screening parameter
of ω ¼ 0.2 Å−1 and the mixing fraction of α ¼ 0.22,
which represents the mixing ratio of the exact short-range
Hartree-Fock exchange, we obtain the band gap of
3.18 eV, close to the measured value of about 3.2 eV
[30]. In this case, we take the on-site Coulomb parameters
of U ¼ 3.5, 4.0, and 4.0 eV for the In, Ga, and Zn d
orbitals, respectively, to reproduce the measured values
for the metal d bands.
The formation energy of an Oi defect in charge state q is

expressed as

ΩðOq
i Þ ¼ EtotðOq

i Þ − E0
tot − μO þ qðϵVBM þ EFÞ; ð1Þ

where EtotðOq
i Þ and E0

tot are the total energies of supercells
with and without the defect, respectively, and EF is the
Fermi energy with respect to the valence-band maximum
(VBM) ϵVBM. The oxygen chemical potential μO is
determined from an isolated O2 molecule and estimated
to be −4.96 and −6.81 eV under the extreme O-rich
condition by the GGAþ U and HSE calculations, respec-
tively. Since a-IGZO has tail states near the band edges
due to structural disorder and defects, it is difficult to
define the VBM and conduction-band minimum (CBM)
states. To determine the band-edge states, we calculate the
normalized logarithm of the inverse participation ratio
(LIPR) [31],

LIPRðEÞ ¼ lnPðEÞ
lnðNÞ ; ð2Þ

where the inverse participation ratio is defined as
PðEÞ ¼ P

N
i¼1 jΨEðriÞj4, ΨEðriÞ is the wave-function

amplitude at the ith atom, and N is the total number
of atoms. The LIPR measures the degree of localization: it
is close to −1 for an extended state, whereas it increases
up to 0 as the energy state becomes localized. The LIPR
value varies with the energy level. The valence-band-edge
state is characterized by the O 2p orbitals. Depending on
the energy level, the charge density is well distributed
over the O atoms or localized at some particular O atoms.
Thus, we examine the charge distributions of the states
near the band edges and find that the LIPR value of −0.7
is suitable for the criteria of extended and localized states.
We note that our main results are not altered even if the
LIPR criteria vary by a small amount.
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III. RESULTS AND DISCUSSION

A. Atomic and electronic structure of the O interstitial

We generate 21 different configurations of an Oi defect
by inserting a guest O atom in various interstitial positions
in a-IGZO. In the neutral state, the Oi defect forms an
O—O dimer with one of the host O atoms in the most stable
configuration [Fig. 1(a)]. This dimer structure is very
similar to that of a split-interstitial complex, which was
suggested to be the stable Oi defect in crystalline IGZO and
ZnO [32–34]. The O—O bond lengths range from 1.48 to
1.56 Å, with the average value of 1.51 Å, which is larger
than that of an isolated O2 molecule (1.21 Å) due to
interactions with the surrounding metal ions. In the
2− charge state, the O—O dimer bond is broken
[Fig. 1(b)]. Since the antibonding state of the O—O dimer
is occupied, the distance between the host and guest O
atoms significantly increases to 2.60–2.72 Å, resulting in
the average O—O distance of 2.69 Å. Because of large
structural relaxations, the guest O atom is directly bonded
to its nearest metal ions. The atomic structure of the broken
O—O dimer is similar to that reported in a recent study [8].
The LIPR values in Eq. (2) are plotted near the band

edges for pristine and defective a-IGZO in Fig. 2, with the
alignment of the Zn d bands. As discussed in Sec. II, the
LIPR value of −0.7 is used to determine the mobility edges
at which a transition occurs from localized to extended
states. The VBM and CBM states are consistently deter-
mined by this way, regardless of whether an Oi interstitial
exists in a-IGZO. The localized states near the band edges
correspond to the tail states in the amorphous phase. The
valence-band tail states are distributed up to 0.24 eVabove

the VBM in pristine a-IGZO, while their distribution is
extended up to 0.55 eV in the presence of an Oi defect.
On the other hand, no localized state appears near the
conduction-band edge because the CBM state characterized
by the cation s orbitals is less affected by disorder.
Experimentally, the valence-band tail was estimated to
be about 1.2 eV above the VBM, much larger than the
conduction-band tail of about 20 meV below the CBM
[30,35,36]. The calculated valence-band tail is smaller than
the measured value, probably because the supercell size
used is not sufficiently large enough to describe the degree
of disorder. However, our approach based on the LIPR
describes properly the dominant behavior of the valence-
band tail over the conduction-band tail, similar to previous
calculations [37].
For the neutral and 2− oxygen interstitials, which are

denoted as O0
i and O2−

i , respectively, the total density of
states (DOS) and projected density of states (PDOS) onto
the guest and its nearest host O atoms are plotted in Fig. 3.
In the neutral state, the defect states of the O—O dimer are
schematically drawn in Fig. 4. Because of the structural
similarity between the O—O dimer and a free O2 molecule,
three bonding states represented by ppσ, ppπð1Þ, and
ppπð2Þ are positioned deep in the valence band. However,
unlike the free O2 molecule, the twofold degeneracy of the
ppπ states is removed due to symmetry breaking by the
nearest metal ions. In addition, since the O—O dimer
interacts with the surrounding metal ions, the defect states
are not exactly the same as those of the isolated O2
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FIG. 1. The atomic structures of the Oi defect in the (a) neutral
and (b) 2− charge states. Red balls denote the host O atoms
which are not bonded to the guest Oi atom (blue), whereas a dark
green ball represents the guest O atom forming the O—O dimer
with the Oi atom.
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FIG. 2. The LIPR values are plotted as a function of energy for
(a) pristine a-IGZO and defective a-IGZO with the Oi defects in
the (b) neutral and (c) 2− charge states. The positions of the VBM
and CBM states are denoted by red dashed lines. Green dashed
lines represent the top of the valence-band tail, and a blue dashed
line in (c) denotes the position of the localized nonbonding defect
state of the O2−

i defect, which is distinguished from the valence-
band tail state.
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molecule, with the twisted lobes pointing toward the
neighboring cations. Among the antibonding states, the
ppπ�ð1Þ and ppπ�ð2Þ states near the VBM are occupied by
accepting electrons from the metal ions, whereas the ppσ�
state in the conduction band is empty. In fact, the ppπ�ð1Þ
state with the higher energy lies in the valence-band tail.
When the O—O dimer captures two electrons, the ppσ�

state becomes filled, weakening the O—O dimer bond. As
the O—O dimer is broken, the defect states of O2−

i can be
understood as the p-orbital states of an isolated O2− atom.
The filled ppσ� state is lowered and then turns to a new
nonbonding defect state near the valence-band tail. In the
broken-dimer configuration, we note that the 21 oxygen
interstitials considered can be classified into two groups
called A and B groups depending on the type of metal—O
bonds around the broken dimer. Such a classification is

closely related to the recovery of the dimer bond under light
illumination, which we discuss later. The formation ener-
gies and bond lengths are similar for the neutral O—O
dimers in both the groups. However, in the 2− state, there is
a distinctive difference between the two groups. In group a,
the broken dimer is surrounded with more Zn—O bonds
than Ga—O bonds, with the average coordination number
of 6.4. Thus, the O2−

i interstitial is less separated from the
host O atom, with the shorter interatomic distance, as
compared to group B. In this case, the nonbonding state is
more ppσ�-like, with a defect level just above the valence-
band tail. In group B, more Ga—O and In—O bonds are
formed around the broken dimer, with the larger average
coordination number of 7.1. Since the Ga—O bond is
stronger than the Zn—O bond, the O2−

i interstitials of type
B become more stable, with the lower formation energy.
Moreover, the nonbonding defect states in group B are
relatively lower, lying in the valence-band tail or just below
the VBM. Because of the strong Ga—O bond, the O—O
dimer is more easily broken in the environment with more
Ga atoms. This result is consistent with the experimental
observation that a-IGZO exhibits a larger threshold-voltage
shift as the Ga content increases [38].

B. O interstitial as an electron trap

The results of the GGAþU and HSE calculations for
the average formation energies of O0

i and O2−
i are shown

and compared with those for an ionized V2þ
O defect in

Fig. 5. When the ppσ� state of the O—O dimer is lowered
to the VBM in the 2− state, the energy difference between
the two defect levels results in the energy gain. Since the

FIG. 3. The total DOS and PDOS onto the host (green) and
guest (blue) O atoms in the (a) neutral and (b) 2− charge states,
with the valence-band edge set to zero. The VBM and CBM states
are determined by using the LIPR values.
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FIG. 4. (a) A schematic diagram for the energy levels of the
bond orbitals in the neutral O—O dimer. Blue circles denote two
electrons adopted from the surrounding metal ions. Isosurfaces of
the charge densities for the (b) ppσ�, (c) ppπ�ð1Þ, and
(d) ppπ�ð2Þ states.

(b) Hybrid(a) GGA + U

Group A
Group B

Group A
Group B

CBM

FIG. 5. The average formation energies of the O0
i and O2−

i

defects are compared with those for the V2þ
O defect under the

extreme O-rich condition in the (a) GGAþU and (b) hybrid
functional calculations. The dashed line denotes the GGAþU
band gap of 2.07 eV with excluding the band tails for pristine
a-IGZO, while the HSE band gap is 3.18 eV. Red and blue lines
represent the Oi defects belonging to groups a and B, respec-
tively. The average formation energies of the V2þ

O defect are taken
from Ref. [6].
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energy gain by two-electron capture is twice larger than for
one-electron capture, the 2− charge state of Oi is more
stable than the 1− charge state. In fact, the 1− charge state
of Oi is found to be metastable, regardless of the position of
the Fermi energy in the band gap. Thus, the O interstitial is
a negative-U defect acting as a double acceptor. We find
that the Oi defect is stabilized under O-rich conditions,
while the V2þ

O defect is the dominant defect over the whole
range of Fermi levels under O-poor conditions. The
dependence of defect stability on the oxygen content is
in good agreement with the experiments. In a-IGZO TFTs
fabricated under different oxygen partial pressures, positive
and negative V th shifts have been observed for high and low
oxygen contents, respectively [16,38]. Since the energetics
of O-related defects depend on the growth condition,
positive and negative V th shifts caused by charge trapping
under PBS and NBIS conditions are closely related to the
Oi and VO defects, which act as electron and hole traps,
respectively.
In a-IGZOwith high O contents, the O2−

i defect becomes
the dominant defect when the Fermi level is close to the
CBM. As the Fermi level increases under positive gate bias
stress, the Oi defect captures electrons and becomes the
negatively charged defect. Thus, the excess O atoms
deplete the channel region and thereby result in a positive
V th shift. The positive V th shift is shown to vary with the
thickness of active channel layers, exhibiting a larger shift
for a thin layer [39]. Our result indicates that the charge
trapping occurs more effectively in thin a-IGZO layers
because oxygen in the ambient atmosphere easily pene-
trates into the active layer. In fact, the oxygen diffusivity in
a-IGZO is found to be very high even at low temperatures,
e.g., at 200 °C [40]. When the active channel is protected
with passivation layers, the PBS instability can be
improved due to the prevention of oxygen adsorption
[11]. In general, the characteristics of a-IGZO TFTs are
greatly improved by O2 annealing or ozone (O3) annealing
at low temperatures below 250 °C due to the deficiency of
VO defects [41]. However, high-temperature O3 annealing
at 300 °C is shown to generate deep traps, thus, causing
serious deterioration, which is attributed to the incorpo-
ration of excess O atoms.
We examine the capture process of electrons by the Oi

defect. The capture barrier can be estimated from the
configuration diagram in which the energies of the Oi
defects in the neutral and 2− charge states are plotted as a
function of the bond length of the O—O dimer, as shown in
Fig. 6(a). For the 2− state, we examine the variation of the
ppσ� state with the bond length of the O—O dimer and
find the transition state where the ppσ� state crosses with
the CBM [Fig. 6(b)]. The energy barrier for two-electron
capture is estimated to be 0.33 eV by the GGAþ U
approach, while this value is significantly enhanced to
0.83 eV with the HSE functional. In previous HSE
calculations, Nahm et al. [9] reported the similar energy

barrier of 0.9 eV for breaking an O—O dimer. However,
they considered the O—O dimer which results from the
disorder of host O atoms in a-IGZO with perfect stoichi-
ometry. The HSE barrier for the electron capture is in good
agreement with the measured values of 0.88 and 0.95 eV
for as-grown and annealed samples, respectively [13].
Thus, it is inferred that the creation of the O2−

i defect is
responsible for the PBS instability.
For all the Oi defects considered, the calculated barriers

(Eb) by the GGAþ U approach are fitted by the method of
least squares,

Eb ¼ α0 þ
X

i¼In;Ga;Zn

αini; ð3Þ

where ni (i ¼ In, Ga, Zn) denotes the numbers of
metal ions around the O—O dimer. The coefficients (in
units of eV) are estimated to be α0 ¼ 0.61, αIn ¼ −0.004,
αGa ¼ −0.1, and αZn ¼ −0.1, with the R2 value of 0.83.
Because the formation energy at the transition state
depends on interactions between the O—O dimer and
the nearest metal ions, the energy barrier is closely related
to the type and number of metal ions around the O—O
dimer. As the In—O bond is weakest among the metal—O
bonds, the energy barrier tends to increase if the

0.83 eV 5.62 eV=  2.81 2e-

2.45 eV

Oi
2

(a) EF = CBM
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Bond length
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FIG. 6. (a) The configuration diagram for the formation
energies of the O0

i and O2−
i defects, which are obtained from

the hybrid functional calculations for the Fermi level positioned
at the CBM. In the neutral defect, two electrons are assumed to
occupy the conduction-band-edge state. (b)–(d) The schematic
diagrams of the defect states for three different bond lengths of
the O—O dimer. The ppσ� state is lowered to the valence-band
edge as the dimer bond length increases by capturing two
electrons.
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O—O dimer is surrounded with more In ions. This result
suggests that the PBS instability can be mitigated with the
high concentration of weak metal—O bonds, while adding
Ga atoms is shown to improve the stability under the NBIS
condition [6].

C. Effects of light-illumination and negative-bias stress

When the O2−
i interstitial is photoexcited, the ppσ�-like

nonbonding state near the valence-band tail is significantly
affected by releasing two electrons. For the Oi defects in
group a, the average position of the ppσ�-like localized
levels is estimated to be 0.75 eV above the VBM in the
GGAþ U approach. With the hybrid functional, the
average defect level of O2−

i is positioned at 0.64 eV above
the VBM, while this level becomes lower for group B lying
near the VBM, as shown in Fig. 7. Under light-illumination
or negative-bias stress, the O2−

i defect captures hole carriers
so that the Oi defect recovers the O—O dimer configura-
tion. Once the neutral O—O dimer is reformed, the device
stability is restored, with a negative shift of V th to its
original threshold-voltage position. The photon energy to
recover the dimer state depends on the type of the Oi defect.
In group a, since the defect state of O2−

i lies above the
valence-band tail, this defect responds to light illumination
with photon energies larger than 2.54 eV. On the other
hand, in group B, larger photon energies are required for
photoexcitation due to the deeper defect levels. These
results agree well with the experimental observation that
the transfer characteristics of a-IGZO TFTs are recovered

by light illumination with the photon energies ≥ 2.3 eV,
which is smaller than the band gap [41].
As a gate bias changes from positive to negative in

a-IGZO, the threshold voltage is shown to shift negatively
to its original position [4]. The effect of negative-bias stress
(NBS) is also explained by the hole capture of O2−

i . When
holes are generated by applying a negative gate voltage,
they can be captured by the O2−

i defects, regardless of
whether the defect level is positioned above or near the
VBM. Since the Fermi level shifts to the VBM under NBS,
the neutral O—O dimer configuration can be recovered
without any energy barrier. We confirm that the broken-
dimer configuration easily relaxes to the dimer state for the
defects in group a. However, the recovery of the dimer state
cannot be confirmed for group B, because it is difficult to
remove electrons from the defect level which lies inside the
valence-band tail. Nevertheless, we expect that the recovery
of the dimer state occurs either under light illumination or
NBS, regardless of the defect type.

IV. CONCLUSIONS

We investigate the atomic and electronic properties of O
interstitial defects in a-IGZO by performing the hybrid
density-functional calculations. We find that the O—O
dimer, which is the most stable configuration in the neutral
state, undergoes outward relaxations upon electron capture
and is eventually broken. When the Fermi level is close to
the conduction-band edge, the stability of the broken dimer
in the 2− charge state is attributed to the large shift of the
antibonding defect level toward the valence-band edge. Our
result indicates that the O interstitial defects act as electron
traps in the channel region of oxide TFTs, in good agree-
ment with the experimental finding that O-rich a-IGZO
samples are more affected under positive-bias stress, as
compared to negative-bias illumination stress. While the
energy barrier is about 0.83 eV for the electron capture by
the O—O dimer, the ionized broken dimer easily recovers
its original dimer configuration upon photoexcitation,
without the energy barrier.
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