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In order to identify the source of charge trapping sites caus-
ing the device instability, we carry out ab initio calculations
on the interface between amorphous SiO2 and InGaZnO4. The
interface structure is modeled by joining the two amorphous
phases with additional annealing steps. The theoretical band
offset is obtained by aligning oxygen 2s levels and shows good
agreement with experiment. For the stoichiometric interface, we
could not identify any defects within the gap that can capture

positive holes. However, when oxygen vacancies are introduced
at the interface, the Si–metal bonds are formed, resulting in the
defect levels within the band gap. When positively charged with
holes, the Si–metal bonds undergo huge relaxations, implying
that the recovery to the original neutral state should involve a
large energy barrier. Such oxygen vacancies at the interface may
play as charge-trapping sites, affecting the long-term device
instability.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction Since the demonstration of amor-
phous InGaZnO4 (a-IGZO) with high mobility and good
uniformity [1], amorphous semiconducting oxides (ASOs)
become promising materials to be used in thin-film transis-
tors (TFTs) for high performance electronics [2, 3]. However,
various types of instabilities occur during the operation of
ASO-based TFTs and this becomes a serious hurdle against
the commercialization [3–5]. Most notably, the threshold
voltage (VT) significantly shifts negatively when the device
is under the negative-bias-and-illumination stress (NBIS)
[6, 7]. In resolving the instability issues, the first step would
be the sound understanding of the phenomena by clarifying
the atomistic origin causing the instability.

Numerous mechanisms [5, 8–12] were proposed to
explain the NBIS problem. The early experiments were found
to be strongly influenced by the environmental factors affect-
ing the surface states of ASOs [8]. With the passivation
layer protecting the device, the external effects could be
excluded [8, 9], and a growing body of the research has
focused on the intrinsic origin in ASO. Theoretically, defects
such as peroxides (O2−

2 ) [5], oxygen interstitial (Oi) [10],

and oxygen vacancy (VO) [11] were noted as the micro-
scopic identities that cause the negative shift of VT when they
capture positive charges. On the other hand, several papers
indicated that the NBIS instability is caused by the accu-
mulation of positive charges at the interface between ASO
and the gate dielectric (amorphous SiO2 or a-SiO2) since the
negative gate bias attract the positive charges such as the
photo-generated holes and V+

O/V2+
O to the interface [11–14].

The positive charges at the interface shift VT by influencing
the electrostatic potential in the ASO channel layer, leading
to the negative shift of VT. However, the microscopic struc-
ture of hole-trapping centers has not been revealed yet. In
this regard, the ab initio modeling of the interface structure
between ASO and a-SiO2 is in high demands. Neverthe-
less, the theoretical study on the interface between ASO and
a-SiO2 has not been carried out yet to the best of our knowl-
edge. In fact, the atomistic modeling of interfaces between
amorphous materials is very rare [15].

In this paper, we carry out ab initio density-functional-
theory calculations on amorphous IGZO–SiO2 interface.
First, we deliberately construct the interface model that is
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energetically stable by satisfying chemical rules locally. The
evaluated band offset between a-SiO2 and a-IGZO agrees
well with experiment. It is found that stoichiometric interface
does not possess the deep trap centers. We also introduce VO

at various sites and find that Si and cations form bonds and
generate deep levels that can hold holes. We suggest that these
defect types can constitute the hole trapping site causing the
instability under NBIS.

2 Computational details and modeling methods
Throughout this work, we use the Vienna ab initio simula-
tion package (VASP) [16]. The projector augmented wave
(PAW) pseudopotentials [17], the plane wave basis set with
a kinetic energy cutoff of 500 eV, and a 3×3×1 k-point
mesh were used for electronic structure calculations. Regard-
ing the pseudization scheme, Zn-d levels are included in
the valence electrons while In- and Ga-d states are con-
sidered as core because they lie 8 eV below the bottom of
oxygen p bands. For the exchange-correlation functional,
we employ two types of functional. During the molecular
dynamics (MD) simulations for obtaining the amorphous and
interfacial structures, we use the PBEsol functional [18, 19],
because it gives the most consistent bond lengths in crys-
talline structures of In2O3, Ga2O3, ZnO, and SiO2 among
the tested semi-local functionals. When investigating the
electronic structures, we switch the exchange-correlation
functional to the generalized gradient approximation plus U

(GGA + U) functional [20] or hybrid functional of the Heyd–
Scuseria–Ernzerhof (HSE) type [21, 22] with the screening
parameter of 0.2 Å−1 [23]. We choose the U value for the
Zn-d orbitals as 7.5 eV in GGA + U to fit the energy posi-
tions of metal d orbitals to the photoemission data [24] and
the mixing ratio of the exact exchange term in HSE (0.32) is
determined to fit the band gap of crystalline IGZO.

In order to construct the interfacial structure, we first
generate a-IGZO and a-SiO2 through the independent melt-
quench processes. The 126- and 96-atom cubic supercells
with the fixed lattice constant of 11.45 Å are used for both a-
IGZO and a-SiO2, corresponding to the amorphous densities
of 6.25 and 2.17 g cm−3, respectively. These values corre-
spond to the theoretical density of each amorphous structure
when GGA + U functional is used, and they are close to the
experimental values of 6.1 [25] and 2.20 g cm−3 [26], respec-
tively. We employ the identical supercell geometry for the
convenience of forming the interface structure. The melt-
quench simulations are performed by pre-melting for 2 ps
at 5000 K, melting for 15 (a-IGZO) and 10 ( a-SiO2) ps at
2500 K, and quenching to 300 K with a constant cooling rate
of −250 K ps−1 [27, 28]. Then, the structures are relaxed until
the atomic force is reduced to within 0.05 eV Å−1.

Next, the cubic cells of a-IGZO and a-SiO2 are sliced
perpendicular to the z-axis, and joined under the periodic
boundary conditions. Numerous combinations are possible
depending on the slicing position along the z-axis and the
relative shift in the xy-plane. We choose six interface mod-
els that appear to have stable interfacial Si- or metal–oxygen
bonds without homopolar bonds such as Si–metal or oxygen–

Figure 1 A representative of amorphous IGZO–SiO2 interface
model.

oxygen bonds. The as-formed interface models are annealed
at 2000 K for 4 ps followed by quenching to 300 K with the
cooling rate of −500 K ps−1. During the annealing stage,
some atoms diffuse by several Å but the intermixing of the
two materials was not observed. Finally, the whole structures
(including cell parameters) are fully relaxed at 0 K (the cell
volume expanded by 2–3%). Figure 1 shows one of the final
interface models.

3 Results and discussion
3.1 Analysis on interface properties It is found

that all of the interface models have no homopolar or metal–
Si bonds at the interface, indicating that the two amorphous
materials are chemically well connected. Every interfacial
oxygen atom bridges Si and metal atoms with the coor-
dination number of 2 or 3. The average In–O and Ga–O
bond lengths at the interface (2.08 and 1.80 Å, respectively)
are slightly shorter than the corresponding bulk values by
∼0.1 Å, while the Si–O and Zn–O bond lengths are almost
identical (1.63 and 1.98 Å, respectively). We could not iden-
tify any preference of cations at the interface as In, Ga, and
Zn atoms are equally bonded to interfacial oxygen atoms.

In order to examine the stability of the interface, we
calculate the interface energy (Eint) as follows:

Eint=1

2
[Etot(interface)−Etot(a-IGZO)−Etot(a-SiO2)],

(1)

where Etot is the total energy of the given system com-
puted within the GGA + U functional. The averaged Eint

is 12.4 meV Å−2 which is on the same order of Eint of
6.8 meV Å−2 between crystalline Si and a-SiO2 [29], sup-
porting the stability of the present interface models.

Another important property of the interface is the band
offset. Typically, the theoretical band offset is evaluated
using the macroscopically averaged potential for the inter-
face between crystalline structures [30]. However, this is not
feasible in the amorphous structure due to the lack of lattice
periodicity. To obtain the reference points to line up the band
structure, we first define the average oxygen 2s level for the
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ith oxygen atom as follows:

Ei

2s=
∫ EF

−∞(ε − EF)Di
2s(ε)dε∫ EF

−∞ Di
2s(ε)dε

, (2)

where Di
2s(ε) is the partial density states of 2s orbital of the ith

oxygen atom. Then, the macroscopic average of the oxygen
2s level is evaluated as follows:

Ē2s(z)= 1

2λ

∫ z+λ

z−λ

dz′
∫ Lx

0

dx′
∫ Ly

0

dy′
NO∑
i

Ei

2sδ(r′ − ri),

(3)

where NO is the total number of oxygen atoms within the
supercell and ri is the position of the ith oxygen atom. In this
part, we employ the hybrid functional to match the band gap
to the experimental value.

Figure 2a shows Ē2s(z) with λ = 1 Å. It is found that
Ē2s(z) plateaus in the bulk region, allowing for determining
the difference of the oxygen 2s levels between a-IGZO and
a-SiO2 to be 1.97 eV. Next, we compute the bulk structure
of a-IGZO and a-SiO2 using the same hybrid functional and
evaluate the energy difference between the average oxygen
2s level and the valence band top, which is used in band
line-up on top of the average oxygen 2s level. This gives
the band offset of 1.2 eV that is in reasonable agreement
with 1.43 eV measured by photoemission experiment [31].
On the other hand, it is well known that the structural disor-
der in the amorphous phase induce the localized tail states
near the band edges. From the analysis on the inverse par-
ticipation ratio, we find that the tail states are formed within
0.28 and 0.45 eV from the valence band top of a-SiO2 and
a-IGZO, respectively. When this is considered into the band
alignment, the valence band offset is increased to 1.37 eV
(see Fig. 2a).

Figure 2b shows the partial density of states that is spa-
tially resolved along the interface normal direction. It is found
that no localized state is formed within the band gap, which
is also the case for other interface models. This means that
the stoichiometric interface with stable chemical bonds do
not have intrinsic trap levels that possibly capture holes.

3.2 Oxygen vacancy In many previous works, VO

was regarded as the source of the instability [11, 12, 32, 33].
To examine this, we introduce one VO by removing an oxygen
atom from the interface models, and fully relax the atomic
positions within GGA + U functional. For the statistical aver-
age, two interface models are selected and about 180 VO

configurations are studied. We first compute the formation
energy of the neutral VO (ΩV) as follows:

ΩV = Etot(VO) − Etot(interface) + μO, (4)

where Etot(VO) is total energy of the interface model includ-
ing VO, and μO is the oxygen chemical potential. Here, μO

Figure 2 (a) The schematic diagram for the electronic structure
of the constructed interface is shown. The calculated first-moment
peaks for oxygen 2s level are plotted. The plateaus in the macro-
scopic average indicate the bulk regions of a-SiO2 and a-IGZO. (b)
Calculated partial density of states that is spatially resolved along
the z-direction.

is set to the half of the total energy of the oxygen molecule,
corresponding to the oxygen-rich condition.

It has been well established that the formation energy of
the shallow defect levels in semiconducting oxides suffers
from the error caused by the band-gap underestimation and
large dispersion in the conduction bands [34]. In order to
reduce errors in ΩV for the shallow defect state, we first
determine the nature of each defect by examining its band
dispersion and spatial distribution. For the oxygen vacancy
concluded to be shallow in nature, we correct ΩV by adding
the band-gap error in GGA + U results.

Figure 3 shows the calculated ΩV with respect to the
z-position of VO. The VO’s can be classified into four types
according to the neighboring cations and deep/shallow char-
acters: (i) deep VO with Si–Si bond (VO[Si–Si]), (ii) deep
VO with metal–metal bond (VO[M–M]; M = In, Ga, or Zn) or
(iii) shallow VO with the broken metal bond (VO[M· · ·M]),
and (iv) deep VO with metal–Si bond (VO[M–Si]). The com-
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Figure 3 The formation energy of the neutral oxygen vacancy is
shown with respect to the z-coordination. The vacancies are classi-
fied into four types according to neighboring cations.

puted ΩV’s inside the bulk region of a-SiO2 and a-IGZO are
in reasonable agreement with other works [27, 35, 36].

In Fig. 3, it is noteworthy that the deep levels are formed
for many VO’s at the interface and they are accompanied
by the metal–Si bonds. Figure 4a shows the detailed atomic
configuration and local density of states. A dashed circle in
Fig. 4a confirms that the localized defect level is developed
at the interface. As shown in the right figure, it is found that
most of this state (more than 70%) is distributed over Si,
metal, and surrounding oxygen atoms. Since two electrons

Figure 4 The local densities of states and atomic structures of (a)
deep VO[M–Si] and (b) resonant VO[M· · ·Si] are shown. The isosur-
face of the charge density of the defect state marked by the dashed
circle in (a) is shown in the right. The isovalue is 3.4×10−3 e Å−3.

occupy this state, the interfacial VO can play as hole-trapping
sites.

The hole trapping into the deep interfacial VO can be
mimicked by removing two electrons from the supercell. Fig-
ure 4b shows the relaxed geometry and the corresponding
electronic structure for V2+

O [M–Si]. It is noticeable that the
bond length of [M· · ·Si]2+ is significantly elongated from
2.45 to 4.24 Å. Concurrently, the localized level with the
band gap shifts into the conduction band and becomes a reso-
nant state. We find that most interfacial VO[M–Si]’s undergo
similar deep-to-resonant transition upon hole trapping.

Based on the above VO[M–Si], we propose a microscopic
mechanism of the NBIS instability. First, the interfacial
VO[M–Si] could be generated during the growth process.
Although VO[M–Si] is less stable than VO in a-IGZO bulk on
average (see Fig. 3), the non-equilibrium condition may allow
for the substantial generation of VO[M–Si]. Furthermore,
under the NBIS condition, ionized V2+

O can electromigrate
and accumulate at the interface. At the same time, the photo-
excited holes in the channel layer will drift to the interface
between the a-IGZO channel and a-SiO2. Then, the holes will
be captured by VO[M–Si], followed by the deep-to-resonant
transition from VO[M–Si] to V2+

O [M· · ·Si]. When NBIS is
off, the captured holes would recombine with electrons if the
energy barrier from Fig. 4b to Fig. 4a is overcome by ther-
mal fluctuation. Even though we were not able to calculate
the recovery barrier since the transition path is too complex,
the large structural change in V2+

O [M· · ·Si] strongly suggests
that the barrier should be significantly higher than for V2+

O

in the bulk region of a-IGZO. Therefore, we suggest that the
VO[M–Si] at the interface can contribute to the long-term
negative shift of VT in TFTs.

4 Summary In summary, to identify the source of
charge trapping sites causing the device instability, we car-
ried out ab initio calculations on the interface between a-SiO2

and a-InGaZnO4. The interface structure was modeled by
carefully joining the two amorphous phases such that inter-
face bonds between oxygen and Si/metal atoms were fully
formed. The band offset was computed by aligning the oxy-
gen 2s level and shows good agreement with experiment. For
the stoichiometric interface, we could not find any charge
trap levels within the band gap. This suggests that the clean
interface without charge trapping sites can be synthesized in
experiment. On the other hand, when VO was introduced at
the interface, the Si–metal bonds were formed together with
the deep defect levels (VO[M–Si]). We simulated the hole
trapping into this defect by removing two electrons and it
was found that the local structure near the Si–metal bond
undergo a large relaxation. This implies that the recovery to
the original neutral state would involve a large energy barrier.
We believe that this is one of the main origin of the long-term
stability issue in a-IGZO-based TFTs. The present results are
also consistent with the recent experiment demonstrating the
improvement in NBIS stability when the thermal annealing
reduced the density of interfacial VO [13].
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