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We report density-functional calculations that clarify the atomic and electronic structures of the oxy-
gen vacancy VO in amorphous (Al2O3)1−x(SiO2)x mixed oxides, which are promising candidates for the
gate insulator in GaN technology. We construct microscopic models of the amorphous structure by the
melt-quench scheme and then examine all the possible oxygen vacancies and determine the total-energy-
minimized VO structures. We find a clear tendency for VO’s formed at oxygen sites surrounded by fewer
Al atoms to have a lower formation energy. More importantly, we find that a VO surrounded by Si atoms
alone does not induce deep levels in the energy gap of GaN, whereas VO’s surrounded by some Al atoms
induce a deep level. This theoretical finding strongly implies that the majority of VO’s in amorphous
(Al2O3)1−x(SiO2)x are electrically inactive and not very harmful to device operation. Further, we explore
the possibilities for structural transformation from the electrically active VO to the electrically inactive VO.
We identify reaction pathways for such transformations and obtain the corresponding energy barriers. The
calculated occurrence rate for these transformations is high enough to ensure that thermal annealing at
typical temperatures and times causes conversion of electrically active VO’s to inactive VO’s, providing a
further advantage of (Al2O3)1−x(SiO2)x as a gate insulator over other oxides such as SiO2 and Al2O3.
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I. INTRODUCTION

The development of power electronics, exemplified
by high-performance electron devices such as metal-
oxide-semiconductor field-effect transistors (MOSFETs),
insulated-gate bipolar transistors, and high-electron-
mobility transistors, is imperative to advancing energy
saving in our society. Among these device structures, the
MOSFET has an advantage due to the controllability of
its threshold voltage, leading to reliable device operation
in harsh environments. However, this advantage is guar-
anteed only by the existence of high-quality gate-insulator
films that can shut off the leakage current. Exploration of
insulating films with a leakage current as small as possible
is therefore essential in the design of MOSFETs. There are
three important characteristics of a gate insulator that facil-
itate a small leakage current in MOSFETs: a high dielectric
constant of the insulator, a large offset in the band align-
ment at the insulator-semiconductor interface, and a low
defect density in the insulator and at the interface.

*chokawa@nagoya-u.jp

Currently, the main material that power devices are
composed of is silicon. This is due to the presence of
high-quality insulating SiO2 films, which are easily formed
by thermal oxidation of the Si surface. It is said that if
SiO2 had not existed, Si-related technology would not have
even started. Silicon carbide (SiC), which has advantages
from a materials viewpoint such as a wider band gap and
robustness in harsh environments compared with Si, is
emerging as a replacement for Si [1–4]. For insulating
films in devices, SiO2 formed by oxidation or deposition
is again used [5,6], and SiC MOSFETs are already on the
market [4,7]. The superiority of SiO2 arises from its large
offset with respect to the conduction and valence bands of
the semiconductors used for channels.

GaN, which is commonly used in optoelectronics [8–
10], is also a promising material for power electronics:
its wide band gap and robustness, similar to those of SiC,
and its higher mobility than that of SiC promise usefulness
in power electronics [11–14]. However, a serious disad-
vantage of GaN as a material for power MOSFETs is, at
present, the lack of good gate-insulator films.

Thermal oxidation of GaN usually produces Ga2O3
insulating films. This insulator, however, is unsuitable for
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FIG. 1. Schematic band alignment at an interface between
GaN and amorphous (Al2O3)1−x(SiO2)x mixed oxide deduced
from photoemission spectroscopy [24]. The conduction-band
bottom (CBB) and valence-band top (VBT) of GaN (leftmost),
Al2O3 (next left), SiO2 (rightmost), and (Al2O3)1−x(SiO2)x are
shown by thick solid lines.

gate dielectrics in GaN technology: the conduction-band
offset (CBO) of the Ga2O3 with respect to the GaN is
too small to ensure device operation [15]. Hence, depo-
sition of SiO2 or Al2O3, both of which show a large
CBO and valence-band offset (VBO) with respect to GaN,
has become a promising fabrication technique for form-
ing GaN-based MOS devices [16–23]. It is expected that
the gate leakage current can be suppressed with SiO2
films due to the large band gap of SiO2 (9.0 eV) and
CBO (3.2 eV), as shown in Fig. 1 [24]. However, SiO2
has the disadvantage of a relatively small dielectric con-
stant (ε = 3.8), which requires thicker films to ensure the
required insulation quality, and this is against the general
trend toward miniaturization. On the other hand, in Al2O3
films, although the band gap (6.7 eV) and CBO (1.6 eV)
are smaller than those of SiO2 [24], the gate leakage cur-
rent can be reduced due to the large dielectric constant
(ε = 8.5). However, it has been reported that the formation
of Al2O3 at the fabrication temperature causes its crystal-
lization and the generation of grain boundaries, resulting in
an increase in the gate leakage current [25,26], presumably
due to the resulting current through the grain boundaries.

To make use of the advantages and compensate for the
disadvantages of SiO2 and Al2O3 films, the use of amor-
phous (Al2O3)1−x(SiO2)x mixed oxides may be a solution
[24,27]. Those oxides are not new materials. They have
been studied in the fields of geoscience and materials
science, and their structures have been analyzed by sev-
eral experimental techniques such as nuclear magnetic
resonance, infrared spectroscopy, and x-ray scattering, as
well as by theoretical calculations [28–34]. Recently, in
the context of the development of GaN-based MOSFETs,
high-quality amorphous gate oxides (Al2O3)1−x(SiO2)x
have been fabricated by alternate deposition of SiO2

and Al2O3 layers on GaN followed by annealing at
a sufficiently high temperature [24,27]. Control of the
thickness of the deposited layers enables one to form
(Al2O3)1−x(SiO2)x with any value of x. The resulting
GaN-based MOS devices with (Al2O3)1−x(SiO2)x gate
oxides indeed show good performance [24,27]. X-ray pho-
toemission spectroscopy shows that the band gap and
thus the CBO and VBO increase when the amount of Si
in the (Al2O3)1−x(SiO2)x is increased [24], as schemati-
cally shown in Fig. 1. Crystallization and the formation
of grain boundaries are also suppressed when the amount
of Si is increased. On the other hand, the dielectric con-
stant increases with an increasing amount of Al. Namely,
(Al2O3)1−x(SiO2)x has a larger band offset and a higher
crystallization temperature than Al2O3, and has a larger
dielectric constant than SiO2, possibly resulting in a high
breakdown field in GaN-based MOS devices. Moreover,
C-V measurements of a GaN-based MOS capacitor with
an (Al2O3)1−x(SiO2)x gate oxide shows a lower interfa-
cial defect density than that for a SiO2 gate oxide [27].
Hence, it is now recognized that, considering its dielec-
tric constant and the band offset, (Al2O3)1−x(SiO2)x with a
suitable choice of x is intrinsically the most promising gate
insulator for GaN-based MOS devices.

The remaining important characteristic among the three
stated earlier is the defects in (Al2O3)1−x(SiO2)x. It is nec-
essary to clarify the nature of the point defects that occur
and their effects on the gate leakage current. Many theoret-
ical calculations have been performed to reveal the struc-
tures and characteristics of point defects in SiO2 and Al2O3
[35–49]. In particular, first-principles calculations based
on density-functional theory (DFT) [50,51] performed for
SiO2 have made it clear that the oxygen vacancy (VO) in
SiO2, which is the most typical point defect in that system,
exhibits structural bistability associated with carrier trap-
ping [36,38–40]. This is regarded as being responsible for
the electric-stress-induced leakage current (SILC) in Si-
based MOS devices [37]. In the case of amorphous Al2O3,
oxygen vacancies are reported to be assimilated into the
amorphous network [47].

Oxygen vacancies are generally the most abundant point
defects in oxides. However, knowledge as to the atomic
structure, energetics, and electronic structure of VO in
(Al2O3)1−x(SiO2)x mixed oxides is insufficient, although
some theoretical calculations of the structural and dynami-
cal properties of the host oxides are available [29,32,33].
Previous theoretical studies have reported the structure
of (Al2O3)1−x(SiO2)x for particular compositions, mainly
using empirical potentials [29,32], and have not addressed
structural variations as a function of the composition x.
Reliable calculations for oxygen vacancies based on quan-
tum theory are very much needed. The purpose of the
present paper is to respond this need.

Based on DFT, we prepare amorphous (Al2O3)1−x
(SiO2)x with 11 different compositions x (x = 0.00, 0.07,
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0.15, 0.22, 0.30, 0.37, 0.44, 0.52, 0.59, 0.67, and 1.00)
by the melt-quench method and then determine the
atomic and electronic structures and the energetics of all
possible neutral oxygen vacancies in these mixed oxides.
We find that the energetically favorable neutral VO in
(Al2O3)1−x(SiO2)x induces no deep levels in the mid-gap
region of GaN and is unlikely to be the origin of the
leakage current, thus indicating that (Al2O3)1−x(SiO2)x
is the best candidate at present for gate oxides in GaN
technology.

The organization of the present paper is as follows. In
Sec. II, we explain the calculational method and the melt-
quench scheme used to form the (Al2O3)1−x(SiO2)x mixed
oxides. In Sec. III A, we show the atomic and electronic
structures obtained and the energetics of VO. In Sec. III B,
we determine the pathways and corresponding energy bar-
riers for the structural transformations among the various
VO’s, and identify stable and electronically inactive VO’s in
(Al2O3)1−x(SiO2)x mixed oxides. Section IV summarizes
our findings.

II. CALCULATIONS

A. Methods

All the calculations are performed using DFT with
the Kohn-Sham scheme [51] using the Vienna ab initio
simulation package (VASP) [52,53]. For the exchange-
correlation functional, we use the generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof
[54] in order to perform molecular-dynamics calcula-
tions and structural optimization. To obtain more accurate
energy levels of VO, the hybrid functional proposed by
Hyde, Scuseria and Ernzerhof (HSE) [55] is used to cal-
culate the density of states. We set the fraction of Fock
exchange and the range-separation parameter in the HSE
functional to 0.35 and 0.20 Å−1, respectively, which pro-
duces a band gap of 8.7 eV for α-Al2O3 (5% smaller
than the experimental value). Interactions between the
ionic cores and the valence electrons are described by
the projector-augmented-wave potential [56]. The elec-
tron wave functions (Kohn-Sham orbitals) are expanded
using plane waves up to a kinetic energy of 400 eV, which
suffices to ensure an accuracy of 30 meV in the defect for-
mation energy. The effects of spin polarization are exam-
ined by taking oxygen vacancies in (Al2O3)1−x(SiO2)x as
examples and are found to be minor (see Sec. III A). A
defect in an amorphous material is simulated by a supercell
model with dimensions of 12.99–14.28 Å (see Sec. II B).
Hence �-point sampling for integration over the Brillouin
zone is enough for the present supercell model. Structural
optimization is performed until all the atomic forces are
less than 0.01 eV/Å.

In order to assess the accuracy of the present cal-
culations, we first calculate the structural parameters of
crystalline α-Al2O3 and α-SiO2 with hexagonal lattices.

The lattice constants obtained for α-Al2O3 are a = b =
4.81 Å and c = 13.12 Å, and the bulk modulus obtained
is 227.7 GPa. These values agree with the experimental
values with an error of 1.00%–1.05% in the lattice con-
stants [57] and 10.2% in the bulk modulus [58]. The values
obtained for α-SiO2 are a = b = 5.00 Å, c = 5.55 Å, and
36.5 GPa, respectively. These agree with the experimental
values with an error of 1.71%–2.68% in the lattice con-
stants [59] and 3.2% in the bulk modulus [60]. Structural
properties of other polymorphs of SiO2 (cristobalite and
stishovite) are also computed and are found to agree with
the experimental values to within several percent. Sec-
ondly, we take the example of the oxygen vacancy VO in
α-SiO2. It is known that VO shows a bistable structure,
i.e., it can have a dimerized Si—Si structure or a puck-
ered structure [36,38]. We indeed find this bistability, and
the total-energy difference obtained is 3.0 eV for the neu-
tral VO, which agrees with the value of 3.1 eV obtained
in the past [38]. Thirdly, we consider VO in α-Al2O3 and
calculate the energy gain due to the relaxation of surround-
ing atoms. The energy gain obtained after the relaxation of
16 surrounding atoms is 0.09 eV, which again agrees with
the value of 0.09 eV obtained in the past [41]. The VESTA
system is used to draw the atomic configurations [61].

B. Models and melt-quench technique for amorphous
materials

To describe defects in amorphous (Al2O3)1−x(SiO2)x,
we adopt hexagonal supercell models. The dimensions
of the supercells are fixed at a = b = 14.28 Å and c =
12.99 Å, which correspond to the experimental values
for α-Al2O3 [57]. Consequently, our supercell for Al2O3
contains 108 Al and 162 O atoms, the density being
3.99 g/cm3. Using these experimental lattice parameters,
the calculated bulk modulus of α-Al2O3 is 228.3 GPa,
which agrees with our theoretical value of 227.7 GPa
mentioned in the previous section within an accuracy of
0.2%. The density of amorphous Al2O3 shows a distri-
bution with a range of 3.05–3.40 g/cm3 in experimental
measurements [62,63]. We prepare the (Al2O3)1−x(SiO2)x
system by removing n(Al2O3) units from the super-
cell (i.e., Al108O162) and adding n(SiO2) units, lead-
ing to (Al2O3)1−x(SiO2)x with x = n/54. The density of
SiO2 in our fixed-volume supercell model then becomes
2.35 g/cm3. The density of amorphous SiO2 is about
2.20 g/cm3, and the density of crystalline α-SiO2 is 2.6
g/cm3. Hence the density of SiO2 in our model is in the
range of that of the target material, although further vol-
ume optimization for each value of x in the calculations
may provide more accurate results. We restrict ourselves in
this paper to some salient features of defects that are insen-
sitive to the density of amorphous (Al2O3)1−x(SiO2)x.
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In order to form amorphous materials in our calcula-
tions, we adopt the melt-quench technique using molec-
ular dynamics (MD) based on density-functional theory,
i.e., the target system is heated to a temperature well
above the melting temperature to erase the memory of
the initial structure and then quenched to room tempera-
ture at a slow enough speed to avoid fictitious defects in
the resultant amorphous material. This melt-quench tech-
nique has been used extensively to investigate amorphous
materials, in particular amorphous SiO2 [43,64–67], with
classical force-field Lagrangians or a density-functional
Lagrangian. Two central issues in preparing the amor-
phous material are the size of the supercell model and
the quenching rate. The classical-field Lagrangians have
obvious advantages in that they allow one to use larger
supercells and slower quenching rates, although the valid-
ity of these Lagrangians needs to be examined, whereas the
density-functional Lagrangian is capable of describing the
properties of condensed matter accurately. With classical
MD, the effects of the quenching speed on the structural
properties of amorphous SiO2 have been carefully exam-
ined [43,64,67], with the slowest rate being 5 K/ns [67].
The effects of the supercell size have also been examined,
using a supercell consisting of 13 824 atoms [67]. On the

other hand, with density-functional MD, the largest cell
size ever used is 192 atoms, and the slowest quenching rate
is 250 K/ps [66]. Nevertheless, the results obtained by such
density-functional MD reproduce the static structure factor
of amorphous SiO2 [66]. Hence, in this study we form our
amorphous (Al2O3)1−x(SiO2)x mixed oxides by the melt-
quench technique in Born-Oppenheimer MD simulations
using DFT with a quenching rate of 200 K/ps and a super-
cell size of 162–270 atoms. Results obtained with a slower
quenching rate of 100 K/ps are also used for comparison
(see below).

Experimental studies have reported that (Al2O3)1−x
(SiO2)x shows more durability in its breakdown prop-
erties under Al-rich conditions, with an optimum value
of x = 0.347 [27]. Thus, in this paper, we focus mainly
on Al-rich stoichiometries and examine 11 cases, i.e.,
x ≈ 0.00, 0.07, 0.15, 0.22, 0.30, 0.37, 0.44, 0.52, 0.59,
0.67, and 1.00. For each stoichiometry, we make a sin-
gle amorphous sample. To prepare the initial structure of
(Al2O3)1−x(SiO2)x (x = n/54), we randomly remove 2n
Al atoms and n O atoms and then put n Si atoms at the
Al sites, again randomly. For the initial structure of SiO2,
we place 54 Si atoms and 108 O atoms randomly. Each
system with a particular value of x is then heated up to

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k)

x = 0.0 (Al, 108; Si, 0; O, 162)

x = 0.30 (Al, 76; Si, 16; O, 146)

x = 0.59 (Al, 44; Si, 32; O, 130) x = 0.67 (Al, 36; Si, 36; O, 126) x = 1.00 (Al, 0; Si, 54; O, 108)

x = 0.37 (Al, 68; Si, 20; O, 142) x = 0.44 (Al, 60; Si, 24; O, 138) x = 0.52 (Al, 52; Si, 28; O, 134)

x = 0.07 (Al, 100; Si, 4; O, 158) x = 0.15 (Al, 92; Si, 8; O, 154) x = 0.22 (Al, 84; Si, 12; O, 150)

FIG. 2. Atomic structures of amorphous (Al2O3)1−x(SiO2)x mixed oxides obtained by the present melt-quench method for each
value of x considered. The numbers of each atomic species in the simulation cell are also shown. Silver, blue, and red spheres represent
Al, Si, and O atoms, respectively.

014034-4



ABSENCE OF OXYGEN-VACANCY-RELATED DEEP LEVELS... PHYS. REV. APPLIED 14, 014034 (2020)

TABLE I. Coordination number of each atomic species in amorphous (Al2O3)1−x(SiO2)x mixed oxides obtained by the melt-quench
method.

x 0.00 0.07 0.15 0.22 0.30 0.37 0.44 0.52 0.59 0.67 1.00

Al 5.47 5.51 5.32 5.20 5.01 5.04 4.93 4.83 4.66 4.72
Si 4.50 4.63 4.58 4.25 4.15 4.08 4.07 4.09 4.03 4.00
O 3.86 3.79 3.55 3.44 3.23 3.14 2.95 2.80 2.65 2.54 2.00

6000 K, well above the melting temperature, and equi-
librated for 10 ps; it is confirmed that it is in the melt
phase. Then, the system is quenched to 0 K at a rate of
200 K/ps. Finally, a structural optimization is performed at
0 K. The amorphous structures thus obtained are presented
in Fig. 2.

We find that the calculated energy spectra (Kohn-Sham-
level structures) show clear gaps without deep levels for
all the 11 amorphous (Al2O3)1−x(SiO2)x materials. One
typical structural imperfection in SiO2 is an undercoordi-
nated Si atom (a dangling bond), which induces a deep
level in the gap [38,40]. Hence the absence of deep lev-
els observed in our amorphous samples for SiO2 and
also for (Al2O3)1−x(SiO2)x with larger values of x indi-
cates that there are no undercoordinated Si atoms in those
samples. The definition of a dangling bond in Al2O3 is
more ambiguous, since Al2O3 is much more ionic than
SiO2. However, the coordination number provides a sign
of structural imperfections. Table I shows the calculated
coordination numbers of each atomic species in amor-
phous (Al2O3)1−x(SiO2)x. The values are averaged over
all the corresponding atoms in the sample. Here, the coor-
dination number of an Al or the Si atom is defined as
the number of nearby O atoms, and that of an O atom
as the number of nearby Al plus Si atoms. The thresh-
old values for the nearby distances are set at 2.3 and
1.9 Å for Al—O and Si—O bonds, respectively. In our
amorphous SiO2, the coordination numbers are 4.0 and
2.0 for Si and O, respectively, corroborating the absence
of undercoordinated Si atoms. In our amorphous Al2O3,
the average coordination numbers are 5.47 and 3.86 for
Al and O, respectively. These values are close to the

corresponding values of 6 and 4 for crystalline α-Al2O3
[57], indicating that structural imperfections that could
cause deep levels are unlikely. This is in accord with
the Kohn-Sham-level structure obtained. We find that
the coordination numbers of O and Al decrease almost
monotonically with increasing x, whereas the coordina-
tion number of Si is in the range between 4.0 and 4.5.
Our amorphous materials have tail states in the energy
gap, as is evidenced by the narrowing of the calculated
energy gap: 8.7 and 6.5 eV for α-Al2O3 and amorphous
Al2O3, respectively, and 8.8 and 7.9 eV for α-SiO2 and
amorphous SiO2, respectively. These tail states in the
amorphous materials presumably come from bond net-
works that are different from those in the corresponding
crystalline materials.

Another important quantity is the structural correlation
function. Figure 3 shows calculated partial pair correlation
functions of Si-O, Si-Si, and O-O pairs in amorphous SiO2
(x = 1.00). The first peaks are prominent and are located
at 1.63 Å for Si-O pairs, at 2.98 Å for Si-Si pairs, and
at 2.62 Å for O-O pairs. The second peaks are much less
prominent (this is typical of an amorphous structure), and
are located at 4.18 Å for Si-O pairs, at 4.98 Å for Si-Si
pairs, and at 5.13 Å for O-O pairs. These peak positions,
especially for the first peak, are in agreement with those
obtained in previous LDA-based molecular-dynamics cal-
culations [66]. Furthermore, in Fig. 3, we show the pair
correlation function for amorphous SiO2 obtained from our
calculations with a slower quenching rate, 100 K/ps. The
results obtained for the two rates, 200 K/ps and 100 K/ps,
are essentially the same, showing the suitability of our
melt-quench scheme.

(a) (b) (c)

FIG. 3. Calculated partial pair correlation functions of (a) Si-O, (b) Si-Si, and (c) O-O pairs in amorphous SiO2 with quenching rates
of 200 and 100 K/ps.
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(a)

(c) (d)

(b)

FIG. 4. Examples of ring networks in amorphous SiO2.
(a) Two-membered and (b) eight-membered ring structures.
The blue and red spheres depict Si and O atoms, respectively.
(c),(d) Ring-size distributions for amorphous SiO2 obtained with
quenching rates of (c) 200 K/ps and (d) 100 K/ps.

The ring-size distribution in amorphous SiO2, where the
ring size is defined by the number of Si atoms constitut-
ing the ring, is an interesting quantity for characterizing
the amorphous structure. It has been reported that amor-
phous SiO2 has a wide distribution of ring sizes, although
α-SiO2 has only six-membered and eight-membered rings
[65]. The amorphous SiO2 that we obtain also shows a
wide distribution, from two-membered to ten-membered
rings, in which seven-membered rings are the most abun-
dant (Fig. 4). Although the two-membered ring has been
suspected to be a network artifact induced by small cell
sizes or fast quenching rates [65], its existence has been
reported even in calculations with larger cell sizes or
slower quenching rates [66]. Two-membered rings appear
in our calculation also. Further efforts are required to obtain
definite ring statistics.

C. Defects in supercell models

To simulate an oxygen vacancy VO in an infinite-size
amorphous material, we use a supercell model in which
each VO is placed in a large enough atomic system to
represent the amorphous material, and the atomic system
is arranged periodically. We prepare a single amorphous
sample of mixed amorphous (Al2O3)1−x(SiO2)x for each
value of x. However, the configuration of VO in each
sample of (Al2O3)1−x(SiO2)x is statistically diverse: e.g.,
in our amorphous Al2O3, there are 162 distinct O sites,
thus leading to 162 distinct VO’s. We perform structural
optimization and calculate formation energies for all the
possible VO’s in each (Al2O3)1−x(SiO2)x.

The modeling of point defects by supercells is accompa-
nied by an obvious drawback caused by finite-size effects.
Lipmann-Schwinger schemes [68–70] may be less affected

by finite-size effects. In the present paper, we find that neu-
tral oxygen vacancies with low formation energies induce
no deep levels in the GaN energy gap (Sec. III A), suggest-
ing that the roles of charged states are minor. We thus focus
on the neutral VO in this paper, and neglect corrections due
to finite size [42,71–74].

III. RESULTS

A. Formation energy and electron states of
oxygen vacancy

In this study, we focus on the neutral oxygen
vacancy VO. The formation energy Eform of VO in
(Al2O3)1−x(SiO2)x is an appropriate quantity for judging
its stability and abundance. We calculate Eform from

Eform = EVO − E(Al2O3)1−x(SiO2)x − μO, (1)

where E(Al2O3)1−x(SiO2)x and EVO are the total energies of the
vacancy-free amorphous structure and the structure with
a single VO, respectively, and μO is the chemical poten-
tial of oxygen, for which we take half the energy of an O2
molecule in this paper. As explained in Sec. II B, our super-
cell model for (Al2O3)1−x(SiO2)x contains 108 − 2n Al, n
Si, and 162 − n oxygen atoms (x = n/54), and all the O
sites are distinct from each other. We thus remove an oxy-
gen atom from each of the possible sites (162 − n sites)
in our amorphous (Al2O3)1−x(SiO2)x to form an oxygen
monovacancy VO and then perform structural optimiza-
tion for all of the 162 − n possible configurations. We
repeat this procedure for five representative values of x,
i.e., x=0.00, 0.30, 0.44, 0.67, and 1.00. Our calculations
thus cover the variability of the structures and formation
energies of VO in amorphous (Al2O3)1−x(SiO2)x.

The minimum, maximum, and average values of the
formation energy of VO obtained are shown in Table II
for each value of x. We find that the minimum and max-
imum values are almost independent of the value of x
(the Si composition). However, we find a clear trend in
which the average value of the formation energy decreases
with increasing x. To reveal the reason for this trend, we
examine the neighboring atoms surrounding the VO and
classify all the VO’s in terms of the number i of neighbor-
ing Al atoms, labeling them as VO-Al(i). The averages of
the calculated formation energies for each class VO-Al(i),
denoted by EVO—Al(i)

form , are shown in Table II. We find that
the average formation energy of VO-Al(i) decreases with
decreasing i in the range 4.9–6.7 eV. The lowest average
formation energy is obtained for VO-Al(0), the vacancy
in which the annihilated O atom is originally connected
to only Si atoms. When x increases, the ratio of Si to
Al increases so that the numbers of configurations of VO-
Al(i) with a smaller i increase. This is the reason for the
observed decreasing trend in the average formation energy
with increasing x.
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TABLE II. Minimum (EMin
form), maximum (EMax

form), and average (EAve
form) values of the formation energies of an oxygen monovacancy VO

in amorphous (Al2O3)1−x(SiO2)x, in units of eV. EVO—Al(i)
form is the average value of the formation energy in the case where an O atom

with i Al—O bonds is removed to form a VO in the (Al2O3)1−x(SiO2)x (eV).

Model EMin
form EMax

form EAve
form EVO—Al(0)

form EVO—Al(1)

form EVO—Al(2)

form EVO—Al(3)

form EVO—Al(4)

form EVO—Al(5)

form

x = 0.00 4.5 7.3 6.4 — — — 6.1 6.5 6.7
x = 0.30 4.6 7.2 6.3 4.9 5.5 6.0 6.5 6.7 —
x = 0.44 5.0 7.2 6.2 5.3 5.7 6.1 6.5 6.7 —
x = 0.67 4.7 7.0 5.9 5.6 5.8 6.1 6.5 6.6 —
x = 1.00 4.8 6.5 5.7 5.7 — — — — —

To discuss the electronic energy levels in the energy
gap, we use the calculated Kohn-Sham-level positions in
this paper. These are obviously an approximation to the
(q/q′) occupancy level, the Fermi-level position at which
the total energies of the charge states q and q′ become equal
[75,76] and thus carrier capture takes place. To exam-
ine the validity and limitations of this approximation, we
calculate the Kohn-Sham levels induced by more than a
hundred various VO’s in our amorphous SiO2. The lev-
els obtained by GGA calculations are distributed around
the center, 0.42 eV above the valence-band maximum
(VBM) of amorphous SiO2, with a half-width of 0.4 eV.
This result is comparable to that of previous occupancy-
level calculations using the GGA, in which the levels
are distributed around about 0.5 eV above the VBM of
amorphous SiO2 [44]. As for VO in amorphous Al2O3,
the Kohn-Sham levels in the 162 distinct VO’s obtained
are distributed around 1.4 eV, with a half-width of above
1.0 eV, above the VBM of our amorphous Al2O3. The
(0/+1) occupancy levels induced by a VO in crystalline
α-Al2O3 are reported to be at about 2.5 eV above the
VBM of the α-Al2O3 from GGA calculations [42]. Our
Kohn-Sham-level positions for VO in amorphous Al2O3
are lower than the occupancy-level positions previously
obtained for α-Al2O3, although the VBM of our amor-
phous Al2O3 is shifted upward substantially compared
with that of α-Al2O3. Considering these results, the fea-
tures of the Kohn-Sham levels obtained in the present
study are likely to reflect the features of the occupancy-
level structures.

We are now in a position to show the geometric and elec-
tronic structures of VO in (Al2O3)1−x(SiO2)x. We examine
the cases of x = 0.30, 0.44, 0.59, and 0.67. The results
obtained are essentially the same in the four cases. Hence
we show the results for (Al2O3)0.70(SiO2)0.30 (i.e., n = 16),
in which there are 146 distinct oxygen vacancies. We
focus here on the VO’s with the highest and lowest forma-
tion energies to clarify the salient features of the oxygen
vacancies in (Al2O3)0.70(SiO2)0.30. The VO with the high-
est formation energy, 7.2 eV, is formed at an O site with
three nearest-neighbor Al atoms. (This VO has a higher for-
mation energy than the average formation energy EVO—Al(4)

form
shown in Table II.) This local configuration of a single O

atom and three Al atoms is substantially ionic. Hence, after
removal of the O atom, the electron state originating from
the neighboring Al atoms and located near the conduction-
band edge shifts downwards to appear as a deep level.
Our HSE calculation indeed makes it clear that a deep
Kohn-Sham level appears at 1.9 eV above the VBM in
our amorphous (Al2O3)0.70(SiO2)0.30 [Fig. 5(a)]. We also
examine the Kohn-Sham levels of other oxygen vacancies
using the GGA. We find that most of the oxygen vacancies
with higher formation energies (more than 6.1 eV) induce
deep Kohn-Sham levels distributed over a width of 0.5 eV.
The characters of these deep levels are found to be those of
the neighboring Al atoms. Considering that the band offset
of our (Al2O3)0.70(SiO2)0.30 with respect to GaN is about
1.7 eV, these Kohn-Sham levels are located in the lower
half of the band gap of GaN. The atomic structures of the
VO’s with higher formation energies are also observed as
typical structures of VO in our amorphous Al2O3. Hence,

(a)

(b)

(c)

FIG. 5. (a),(b) Density of states of the (Al2O3)0.70(SiO2)0.30
mixed oxide containing a single oxygen vacancy VO obtained by
use of the HSE functional, (a) with the largest formation energy
and (b) with the smallest formation energy. The origin of the
energy is set at the valence-band maximum. (c) Atomic struc-
ture of VO with the smallest formation energy. A Si—Si bond is
formed after removal of the oxygen atom. Silver, blue, and red
spheres represent Al, Si, and O atoms, respectively.
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we use the generic label VAl2O3
O for these oxygen vacancies

from now on.
On the other hand, the VO with the lowest formation

energy is formed at an O site with two Si—O bonds
and no Al—O bonds. Our HSE calculation shows that
removal of the O atom from this site induces no Kohn-
Sham level in the energy gap of (Al2O3)0.70(SiO2)0.30
[Fig. 5(b)]. The coordination numbers of the two nearest-
neighbor Si atoms are unchanged even after the O atom is
removed, due to Si—Si rebonding [Fig. 5(c)]. The cova-
lency in the local Si—O—Si configuration is important
for such rebonding. Si—Si rebonding is also observed
in SiO2 and induces energy levels above the VBM and
below the conduction-band minimum of SiO2 [35,44].
However, these levels are located in the valence and con-
duction bands of (Al2O3)1−x(SiO2)x due to its narrower
band gap than that of SiO2. We also examine the other
oxygen vacancies with lower formation energies using
the GGA. As stated above, in such vacancies one or two
Si atoms, in addition to Al atoms, surround the VO. We
observe weak rebonding among those atoms, with bond
lengths dSi—Si ≈ 3.0 Å and dSi—Al ≈ 2.6 Å. We find that
the majority of the oxygen vacancies with lower forma-
tion energies (less than 5.7 eV) generate Kohn-Sham levels
in the valence band or, at the highest, 0.5 eV above the
VBM of (Al2O3)0.70(SiO2)0.30. Considering the band off-
set at the (Al2O3)1−x(SiO2)x/GaN interface, the energy
levels induced by the oxygen vacancies with lower for-
mation energies do not appear in the GaN band gap in
(Al2O3)1−x(SiO2)x/GaN MOS structures. Since the char-
acteristics of the atomic structure (Si—Si rebonding) and
the energy levels of the Si-surrounded oxygen vacancies
are common to those of oxygen vacancies in SiO2 [35,44],
we use the generic label VSiO2

O for these oxygen vacancies
from now on.

The tendency for the levels induced by the oxygen
vacancies with lower formation energy, i.e., those which
are surrounded by more Si atoms, to be located outside
the GaN band gap, and for the levels induced by the VO’s
with higher formation energy, i.e., those which are sur-
rounded by more Al atoms, to be located in the GaN
band gap is demonstrated by our calculations shown in
Fig. 6. Although the distribution of the KS levels induced
by the distinct VO’s in the amorphous structure is some-
what diverse, we can see the tendency clearly. Essentially
the same results are obtained for other values of x. Hence
it is likely that the oxygen vacancies with lower forma-
tion energy in (Al2O3)1−x(SiO2)x induce no deep levels in
the GaN band gap, even if they do so in the gap of the
oxide itself. The absence of deep levels caused by oxy-
gen vacancies that have a low formation energy implies
a lesser importance of charged VO’s generated by cap-
ture of carriers. We thus focus on the neutral VO in this
paper.

FIG. 6. Distribution of Kohn-Sham (KS) levels induced by VO
in amorphous (Al2O3)0.70(SiO2)0.30. The short lines depict the
positions of the KS levels induced by VO-Al(i) with i = 0, 1, 2,
3, and 4. Each distinct VO usually induces a single KS level, and
its distribution among the different VO’s is shown in the energy
gap of (Al2O3)0.70(SiO2)0.30 (approximately 6.7 eV), denoted by
the top and bottom solid horizontal lines. The calculated KS
levels are obtained by the GGA and then adjusted so that they
are aligned with the experimental band offsets [24]. The energy
regions outside the band gap of GaN (3.4 eV) are shaded in gray.

It is noteworthy that the highest occupied levels for
the oxygen vacancies examined here are found to be
doubly occupied without degeneracy. This situation is like
a closed-shell electron configuration and is presumably
peculiar to ionic materials. Hence a spin polarization due
to localized electrons is unlikely. We indeed find no spin-
polarized solutions of the Kohn-Sham equation for various
VO in (Al2O3)1−x(SiO2)x.

The calculated formation energy depends on the oxygen
chemical potential. The present choice of μO corresponds
to an O-rich condition. In O-poor conditions in which Al
or Si is precipitated, μO is lower than the present choice by
more than several eV [77]. Then, in a harsh environment
such as that which can occur during device operation, it
is possible for oxygen vacancies to be formed. However,
such VO’s are expected to be mainly VO-Al(0) from our
formation-energy calculations, and no deep levels should
appear in the GaN band gap; thus, oxygen vacancies
are not responsible for the degradation of MOS devices
reflected in effects such as SILC.

Recent molecular-dynamics simulations based on
density-functional theory for the neutral oxygen vacancy in
amorphous Al2O3 show an interesting structural relaxation
leading to assimilation of the vacancy into the amorphous
structure [47]. We do not find such assimilation, pre-
sumably because there is a certain energy barrier to the
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(a) (b) (c) (d)

(g)(f)(e)

FIG. 7. (a) Calculated energy profile along the first pathway from VAl2O3
O to VSiO2

O in the (Al2O3)0.33(SiO2)0.67 mixed oxide.
(b)–(g) Schematic view of the pathway obtained: (b) initial state, (c) transition state I, (d) stable state I, (e) stable state II, (f) tran-
sition state II, and (g) stable state III. The numbers inserted next to the atoms are the numbers of valence electrons around each atom
obtained by Bader charge analysis. Gray, blue, red, and yellow filled circles represent Al atoms, Si atoms, O atoms, and VO defects,
respectively.

assimilation of the vacancy structure. Further investigation
is required to reveal the details of such assimilation.

B. Structural transformations of oxygen vacancies

In the previous section, we determine the structures
and formation energies of various oxygen vacancies in
amorphous (Al2O3)1−x(SiO2)x. It is found that oxygen
vacancies surrounded by more Si atoms are lower in for-
mation energy than those surrounded by Al atoms. The
concentration of each type of oxygen vacancy depends
on the formation energy, so that it varies from its low-
est value (that of VAl2O3

O ) to its highest value (that of
VSiO2

O ). However, oxygen vacancies that induce deep levels
may exist in as-deposited amorphous (Al2O3)1−x(SiO2)x.
Thermal annealing, which is a usual process in the fabrica-
tion of electron devices, may decrease the concentrations
of those vacancies and thus improve the electronic prop-
erties of (Al2O3)1−x(SiO2)x films. In order to examine

such a possibility, we explore in this section the struc-
tural transformation between VAl2O3

O and VSiO2
O via the

diffusion of oxygen vacancies VO in (Al2O3)1−x(SiO2)x.
The diffusion barrier for neutral VO in Al2O3 and SiO2
has been reported to be 3.9–6.0 eV and 3.2–5.6 eV,
respectively [46,48]. However, the diffusion of neutral
VO in (Al2O3)1−x(SiO2)x has not been studied. We thus
use the nudged-elastic-band method [78–80] to reveal
the diffusion pathways and calculate the corresponding
energy barriers. We consider (Al2O3)1−x(SiO2)x with x =
0.30 and x = 0.67 and explore the reactions in which
VAl2O3

O is converted to VSiO2
O via the diffusion of VO.

Note that we consider only the diffusion of neutral
VO in this study. In general, carrier capture, i.e., vari-
ation of the charge state, may enhance the diffusiv-
ity of defects (recombination-enhanced diffusion) [38,
46,48,81]. Hence, the energy barriers obtained in the
following are upper limits for VO diffusion in each type
of (Al2O3)1−x(SiO2)x.

(a) (b) (c) (d)

(g)(f)(e)

FIG. 8. (a) Calculated energy profile along the second pathway from VAl2O3
O to VSiO2

O in the (Al2O3)0.33(SiO2)0.67 mixed oxide.
(b)–(g) Schematic view of the pathway obtained: (b) initial state, (c) transition state I, (d) stable state I, (e) stable state II, (f) transition
state II, and (g) stable state III. The meaning of the numbers next to the atoms and the color code are the same as in Fig. 7.
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(a) (b) (c) (d)

(g)(f)(e)

FIG. 9. (a) Calculated energy profile along the first pathway from VAl2O3
O to VSiO2

O in (Al2O3)0.70(SiO2)0.30 mixed oxide.
(b)–(g) Schematic view of the pathway obtained: (b) stable state I, (c) transition state I, (d) stable state II, (e) stable state II, (f)
transition state II, and (g) stable state III. The meaning of the numbers next to the atoms and the color code are the same as in Fig. 7.

In the (Al2O3)0.33(SiO2)0.67 mixed oxide, there are sev-
eral inequivalent VAl2O3

O and VSiO2
O sites. We find two dis-

tinct diffusion pathways along which VAl2O3
O is converted

to VSiO2
O , as shown in Figs. 7 and 8. The numbers inserted

next to each atom in Figs. 7 and 8 indicate the num-
bers of valence electrons around each atom obtained by
Bader charge analysis [82,83]. In the initial state of the
first pathway, an —Al—O—Si— network exists near the
VAl2O3

O [Fig. 7(b)]. The Si—O bond in this —Al—O—Si—
network is broken first, and transition state I, with a Si
dangling bond, appears [Fig. 7(c)]; this is confirmed by
the increase in the number of valence electrons on the Si.
Then the oxygen atom in the —Al—O structure moves
toward the VAl2O3

O site, and thus the VAl2O3
O is annihilated

and another more stable vacancy, V′
O, is formed [stable site

I in Fig. 7(d)]. After climbing over some small energy bar-
riers, a VAl2O3

O appears near the —Si—O—Si— network

[stable site II in Fig. 7(e)]. One of the Si—O bonds in
the nearby —Si—O—Si— network is broken in transi-
tion state II [Fig. 7(f)]. Finally, the oxygen atom in the
resulting O—Si— structure moves toward the V′′

O vacant
site, and a stable configuration is reached [Fig. 7(g)]. This
final state is the most stable vacancy, VSiO2

O . Corresponding
to the existence of two transition states, the energy pro-
file shows two distinct energy barriers, 1.9 eV and 3.6 eV
[Fig. 7(a)].

The energy profile of the second pathway exhibits a sim-
ilar behavior [Fig. 8(a)]. We find three large energy barriers
along the pathway. Two of the three reaction processes for
overcoming these large energy barriers are described in
Figs. 8(b)–8(g). The first reaction process (initial state to
stable state I) is a reaction in which a neighboring oxygen
atom moves to the vacant oxygen site through the breaking
of a —Si—O—Al— bond, and the third reaction process
(stable state II to stable state III) is a reaction in which a

(a) (b) (c) (d)

(g)(f)(e)

FIG. 10. (a) Calculated energy profile along the second pathway from VAl2O3
O to VSiO2

O in (Al2O3)0.70(SiO2)0.30 mixed oxide.
(b)–(g) Schematic view of the pathway obtained: (b) stable state I, (c) transition state I, (d) stable state II, (e) stable state III, (f)
transition state II, and (g) stable state IV. The meaning of the numbers next to the atoms and the color code are the same as in Fig. 7.
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neighboring oxygen atom moves to a vacant oxygen site
through the breaking of a Si—O—Si bond. The largest
energy barrier is 2.9 eV. Hence, the rate-determining bar-
riers for the transformation from VAl2O3

O to VSiO2
O in the

first and the second pathways are 3.6 and 2.9 eV, respec-
tively. These values are generally smaller than the diffusion
barriers for VO in Al2O3 and SiO2.

For another mixed oxide, (Al2O3)0.70(SiO2)0.30, we also
find two distinct reaction pathways for the structural trans-
formation from VAl2O3

O to VSiO2
O [Figs. 9 and 10]. The cor-

responding energy profiles for each pathway show spiky
behavior due to the complicated rearrangement of the
bonds. In both pathways, a reaction process in which a
Si—O bond in a —Si—O—Si or —Si—O—Al— network
is broken gives rise to the largest energy barrier, thus being
rate-determining. The largest energy barriers in the first
and second pathways are 4.1 eV [Fig. 9(a)] and 2.8 eV
[Fig. 10(a)], respectively.

In order to further quantify the feasibility of the con-
version from VAl2O3

O to VSiO2
O , we calculate the occurrence

rate f for the reactions above at temperature T, which is
given by

f = � exp(−Ea/kBT), (2)

where � is the attempt frequency, Ea is the activation
energy, and kB is the Boltzmann constant. Using transition-
state theory [84], the attempt frequency is obtained as

� =
3N∏
i=1

vi

/
3N−1∏

i=1

v′
i , (3)

where vi and v′
i are the phonon frequencies of the stable-

state and transition-state structures, respectively, and 3N is
the number of atomic degrees of freedom in the system.
By solving the dynamical matrix constructed by shift-
ing the atomic coordinates from either the stable-state
or the transition-state geometry, we calculate the phonon
frequencies and then the attempt frequency for the barrier-
climbing processes in the four distinct reaction pathways
presented above. The relevant process in each reaction
pathway is the process in which the largest energy bar-
rier is overcome. The calculated occurrence rates for the
four reaction pathways are shown in Fig. 11. The calcu-
lated attempt frequency for each pathway, along with the
relevant energy barrier, is also shown in Fig. 11.

When the relevant energy barrier is smaller than 3.0 eV,
the occurrence rate is found to be of the order of 10−1 s−1

even at the lowest temperature examined, 1000 K. Ther-
mal annealing is performed experimentally at about 1100
K for 10 min [27]. Thus, the structural transformation
from VAl2O3

O to VSiO2
O via the diffusion of VO occurs eas-

ily for such energy barriers. Moreover, even in the case of
an activation barrier of 3.6 eV, since the occurrence rate

(a)

(b)

FIG. 11. Temperature dependence of the occurrence rate of the
structural transformation from VAl2O3

O to VSiO2
O via the diffusion

of VO in (a) (Al2O3)0.70(SiO2)0.30 and (b) (Al2O3)0.33(SiO2)0.67.
Ea and � are the calculated energy-barrier height and the attempt
frequency, respectively, for each reaction pathway.

is larger than 6.0 × 10−3 s−1 at 1100 K [Fig. 11(b)], VO
diffusion takes place at least once during thermal anneal-
ing. When the energy barrier becomes larger, e.g., 4.1 eV,
it is difficult to climb over the energy barrier under the
experimental conditions. However, if the annealing tem-
perature is raised to, for instance, 1250 K, the occurrence
rate becomes 1.0 × 10−2 s−1 even for a 4.1 eV barrier. An
alternative way of making the reaction occur is, of course,
to increase the annealing time. In any case, our calculations
unequivocally make it clear that the structural transforma-
tion from VAl2O3

O to VSiO2
O via VO diffusion takes place with

an energy barrier less than 3 eV and that the occurrence
rate is high enough to make thermal annealing at 1100
K sufficient. This transformation is accompanied by the
annihilation of the deep level induced by VAl2O3

O , and con-
version to electrically inactive VSiO2

O . It is thus predicted
that postdeposition annealing will provide high-quality
(Al2O3)1−x(SiO2)x mixed oxides, thus making such oxides
a strong candidate for gate oxides with higher breakdown
fields in GaN MOSFETs.
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IV. CONCLUSION

We perform density-functional calculations that clarify
the atomic and electronic structures of the oxygen vacancy
VO in amorphous (Al2O3)1−x(SiO2)x mixed oxides, which
are a promising candidate for the gate insulator in GaN
technology. The melt-quench scheme enables us to con-
struct microscopic models for the amorphous structure
with 11 different Si compositions x. We then examine all
the possible oxygen vacancies, more than a hundred for
each value of x, and determine the total-energy-minimized
VO structures. We find a clear tendency for VO’s formed
at oxygen sites surrounded by fewer Al atoms to have a
lower formation energy. The formation-energy difference
is substantial, up to 1.8 eV. More importantly, we find that
a VO surrounded by Si atoms alone induces no deep lev-
els in the energy gap of GaN, whereas a VO surrounded
by some Al atoms induces a deep level. This theoret-
ical finding strongly implies that the majority of VO’s
in amorphous (Al2O3)1−x(SiO2)x are electrically inactive
and not very harmful to device operation. Further, we
explore the possibilities for the structural transformation
from the electrically active VO to the electrically inactive
VO. We identify several distinct pathways for the diffu-
sion of VO that lead to such a structural transformation
between active and inactive oxygen vacancies. The calcu-
lated energy barriers for the relevant reactions are less than
3 eV. Using transition-state theory, we calculate the occur-
rence rates for the possible structural transformations. The
rates obtained are high enough to ensure that thermal
annealing at typical temperatures and times causes conver-
sion of the electrically active VO to the electrically inactive
VO, providing a further advantage of (Al2O3)1−x(SiO2)x as
a gate insulator for GaN MOSFETs over other oxides such
as SiO2 and Al2O3.
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