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GaN/SiO2 interface that does not create states within the band gap: A theoretical prediction
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For the application of GaN to power transistors, we theoretically search for the interface between GaN and
amorphous SiO2 (a-SiO2) that meets the following requirements: (1) both the conduction band minimum and
valence band maximum originate from the GaN (straddling band gap) and (2) the formation of states in the band
gap of the GaN is minimized. To this end, we first show that an epitaxial silica bilayer on m-plane GaN (m-GaN)
meets these requirements when the GaN surface is doped with zinc and oxygen. By using this epitaxial layer as
a seed, we make a structure model of the m-GaN/a-SiO2 interface with a straddling gap without in-gap states.
Our findings show that a key determinant of the nature of m-GaN/a-SiO2 interface band structure is what we
call the “contact structure,” a region of just a few atomic layers thickness at the very interface. We propose that
the complex problem of designing semiconductor/insulator interfaces can be reduced to the simpler problem of
designing ultrathin epitaxial insulators on the semiconductor surface.
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I. INTRODUCTION

Interfaces between different materials are ubiquitous, and
their atomic structure has been a major subject of materi-
als science [1–3]. In metal-oxide-semiconductor field-effect
transistors, a gate insulator is grown on a semiconductor sur-
face [4]. Since the semiconductor and insulator have different
atomic structure, dangling bonds are easily formed at the
semiconductor/insulator interface. Such defects need to be
reduced, for they create electronic states in the band gap,
which degrade the performance of transistors [5].

Recently, gallium nitride (GaN) has attracted much atten-
tion because of its large band gap energy suitable for power
transistors [6]. Amorphous silica (a-SiO2) is often used as
the gate insulator in GaN-based transistors [7–9]. An exper-
imental study has suggested that the GaN/a-SiO2 interface
has more dangling bond states near the valence band max-
imum (VBM) than the conduction band minimum (CBM)
[10]. Therefore, the reduction of dangling bond states, ones
near VBM in particular, is a challenge for the application of
GaN.

To reduce the dangling bonds at the GaN/a-SiO2 interface,
knowledge about the Si/SiO2 interface will be useful. Despite
their different atomic structures, a high-quality interface can
be formed between Si and a-SiO2. At the interface, an atomi-
cally thin ordered layer is formed, which serves as a buffer for
smoothly connecting the different structures [11–13]. Form-
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ing such a buffer layer would be key to reducing dangling
bond density at the GaN/a-SiO2 interface [14–17].

One possible approach to form an ordered buffer layer
is using an atomically thin epitaxial layer as a seed [18].
An experimental study has demonstrated that an ultrathin
silicon oxynitride (Si4O5N3) layer can epitaxially grow on
6H-SiC(0001) [19]. By analogy between the structure of SiC
and GaN, a first-principle study has proposed that the epitaxial
formation of an Si4O5N3 layer is possible on c-plane GaN
(c-GaN) [17]. The c-GaN/Si4O5N3 interface does not have
any dangling bonds and its CBM originates from the GaN.
However, its VBM originates from the Si4O5N3 layer. In other
words, the c-GaN/Si4O5N3 interface creates states in the band
gap of the GaN.

The recent demonstration of GaN-based transistors with
m-plane channels has stimulated interest in the interface be-
tween m-plane GaN (m-GaN) and a-SiO2 [20]. The possibility
has been discussed that a clean m-GaN surface might create
dangling-bond states in the band gap of the bulk GaN [21,22]
and such in-gap states could be removed by attaching hydro-
gen atoms to the surface Ga and N atoms [23]. However, it
is unknown whether it is possible to form the m-GaN/a-SiO2

interface that does not have states in the band gap. In addition,
for the application of GaN to power transistors, band align-
ment at the GaN/insulator interface needs to be a straddling
type. In other words, both CBM and VBM need to originate
from the GaN. Even if an m-GaN/a-SiO2 interface without
in-gap states can be made, it is still nonobvious whether the
interface has a straddling gap.

In this work, using first principles calculations and classical
molecular dynamics simulations, we search for the m-GaN/a-
SiO2 interface that meets the following requirements: (1) both
CBM and VBM originate from the GaN and (2) no states
form in the band gap of the GaN. By following the idea
that an ultrathin epitaxial insulator may serve as a seed for
a structurally smooth semiconductor/insulator interface [18]
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FIG. 1. Top views of (a) a freestanding h-SiO2 bilayer and (b) a
bulk m-GaN substrate. The blue, red, green, and gray spheres repre-
sent Si, O, Ga, and N atoms, respectively. The square represents the
supercell.

and our intuition that a key determinant of the nature of
interface band structure is what we call the “contact structure,”
a region of just a few atomic layers thickness at the very
interface, we first search for the ultrathin epitaxial silica on
m-GaN that meets the two requirements. We find that an
epitaxial hexagonal silica (h-SiO2) bilayer on m-GaN meets
the two requirements when the GaN surface is doped with
zinc and oxygen. By using this structure as a seed, we make a
structurally smooth m-GaN/a-SiO2 interface having the same
contact structure formed in the epitaxial h-SiO2 bilayer on
m-GaN. The resultant interface has a straddling gap without
in-gap states. Our findings demonstrate a crucial role of the
contact structure played in the m-GaN/a-SiO2 interface.

II. METHODS

First-principles calculations are performed using the
OpenMX code [24], which is based on density functional
theory with the generalized gradient approximation (GGA)
[25] and norm-conserving pseudopotentials [26]. The wave
function is expressed by linear combination of pseudoatomic
orbitals (LCAO). In structure optimization, standard basis
sets are used: Ga7.0-s3p2d2, Zn6.0S-s3p2d1, N6.0-s2p2d1,
Si7.0-s2p2d1, O6.0-s2p2d1, H6.0-s2p1, and Ru7.0-s3p2d2
for Ga, Zn, N, Si, O, H, and Ru atoms, respectively. The
convergence criterion of 1 × 10−4 Hartree/Bohr is used. In
band structure calculations, precise basis sets are used: Ga7.0-
s3p2d2 f 1, Zn6.0S-s3p2d2 f 1, N6.0-s3p2d2, Si7.0-s3p3d2,
O6.0-s3p2d2, and H7.0-s2p2d1.

To make a structure model of a-SiO2, melt-quenching clas-
sical molecular dynamics simulations are performed using
BKS potentials [27–29]. The temperature is controlled using
the Nosé-Poincaré thermostat [30–32].

III. RESULTS AND DISCUSSIONS

A. Hexagonal silica bilayer on m-GaN

A material having small lattice mismatch with the m-GaN
surface has the potential to be epitaxially grown on it. In
this regard, a hexagonal silica bilayer (h-SiO2 bilayer), which
consists of two hexagonal Si2O3 monolayers bridged by O
atoms, is promising [33]. Figure 1(a) shows a rectangular

supercell of a freestanding h-SiO2 bilayer optimized using
first principles calculations with a 6 × 3 × 1 k-grid. This su-
percell contains 8 Si atoms and 16 O atoms. The optimized
lattice parameters in the c and a directions are chsb = 5.327 Å
and ahsb = 9.226 Å, respectively. Note that the length of the
supercell in the m direction is fixed to be mhsb = 42.000 Å in
structure optimization. The lattice parameters of the h-SiO2

bilayer match well with those of a rectangular supercell of
bulk m-GaN [Fig. 1(b)], cGaN = 5.269 Å and aGaN = 9.693
Å. Note that the optimized lattice parameter in the m direction
is mGaN = 5.601 Å. The c, a, and m axes are set to be along the
[0001], [1120], and [1100] directions of the GaN, respectively.
A 6 × 3 × 6 k-grid is used in the calculations of the bulk
m-GaN. The average lattice mismatch of the h-SiO2 bilayer
with the m-GaN surface defined as

√
chsbahsb/cGaNaGaN − 1 is

−2%. We point out that the epitaxial formation of an h-SiO2

bilayer on a Ru(0001) surface was experimentally observed
[33]. The computed lattice mismatch between h-SiO2 and
Ru(0001) is −3%, which compares to that between h-SiO2

and m-GaN. Thus we regard the h-SiO2 bilayer as having the
potential to be epitaxially grown on m-GaN.

To further examine the possibility for the h-SiO2 bilayer
being epitaxially grown on m-GaN, we compute the adhesion
energy using a slab model illustrated in Fig. 2(a), which
we call model A. It consists of an m-GaN slab sandwiched
by two h-SiO2 bilayers, Si8O16/(Ga6N6)16/Si8O16. The GaN
slab consists of 16 GaN layers (about 43 Å thick). The atomic
coordinates of this model are given in the Supplemental Mate-
rial [34]. In optimizing the geometry, the lattice parameters in
the c and a directions are fixed to the corresponding values of
bulk GaN. The length of the supercell in the m direction is set
to 84.000 Å. The length of the vacuum region is about 28 Å.
A 6 × 3 × 1 k-grid is used. The adhesion energy per Si8O16

unit is defined as

eadsorption = −(EA − 2ESi8O16 − E(Ga6N6 )16 )/2, (1)

where EA is the total energy of model A per supercell, ESi8O16

is the total energy of the freestanding h-SiO2 per Si8O16 unit,
and E(Ga6N6 )16 is the total energy of the corresponding free-
standing m-GaN slab per (Ga6N6)16 unit. Note that 2 in the
denominator accounts for the fact that the slab model has two
epitaxial bilayers. The computed adhesion energy is 0.73 eV.
The positive value suggests that the epitaxial formation of the
h-SiO2 bilayer on m-GaN is energetically favorable.

Figure 2(b) highlights the contact structure between the
GaN slab and the upper epitaxial h-SiO2 bilayer, which we
call a type-A contact structure. It consists of the surface GaN
layer and the Si2O3 monolayer, which come in contact with
each other. We refer to an interface with this contact structure
as a type-A interface.

Every Ga atom in the surface GaN layer forms a bond with
an O atom in the h-SiO2 bilayer. The average length of the
Ga-O bonds (2.08 Å) is longer than that of the Ga-O bonds in
β-Ga2O3 (1.97 Å). Two of three N atoms in the surface GaN
layer form a bond with a Si atom in the h-SiO2 bilayer. The
average length of the N-Si bonds (2.00 Å) is longer than that
of the N-Si bonds in β-Si3N4 (1.76 Å). Due to the formation
of the Ga-O and N-Si bonds, the O and Si atoms in the h-SiO2

bilayer are three- and fivefold coordinated, respectively. The
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FIG. 2. Atomic structure of model A, Si8O16/(Ga6N6)16/Si8O16.
(a) Overall view. (b) Enlarged view. The h-SiO2 bilayer consists
of two Si2O3 monolayers bridged by O atoms. The dashed square
indicates the contact structure of the GaN/SiO2 interface, which
consists of the surface GaN layer and the Si2O3 monolayer. We refer
to this contact structure as a type-A contact structure. We also refer to
an interface with this contact structure as a type-A interface. The Si
atoms and the O atoms bonded to an N atom and a Ga atom, respec-
tively, are overcoordinated. The circle indicates the tricoordinated N
atom. Note that the bonds across the supercell are not shown. (c) Top
view. Only the surface GaN layer and the epitaxial h-SiO2 bilayer
are shown. The circles indicate the tricoordinated N atoms. (d) Si2O3

monolayer in contact with the m-GaN surface. (e) Si2O3 monolayer
away from the m-GaN surface.

overcoordinated atoms can be regarded as structure defects.
However, these structure defects do not create states in the
band gap as shown later.

The top view of the epitaxial h-SiO2 bilayer and the surface
GaN layer is illustrated in Fig. 2(c). The hexagonal rings of
the Si2O3 monolayer in contact with the GaN layer are highly
distorted due to the formation of the Ga-O and N-Si bonds
[Fig. 2(d)]. The distorted hexagonal rings resemble those of a
freestanding Si2O3 monolayer [35]. By contrast, the hexago-
nal rings of the Si2O3 monolayer away from the GaN remain
almost intact [Fig. 2(e)].

FIG. 3. Electronic structure of model A. (a) Band structure. The
energy is measured from the Fermi level. The square, double circles,
and circle indicate LUMO, HOMO and HOMO-1 and HOMO-2 at
� point, respectively. (b) MOs at � point. The isovalue is ±0.014
(electron1/2/a0). a0 is the Bohr radius. (c) LUMO and HOMO at �

point of bulk GaN for reference.

The band structure and molecular orbitals (MOs) at � point
of model A are shown in Figs. 3(a) and 3(b), respectively. The
lowest unoccupied MO (LUMO) at � point is bulklike, for it
mainly consists of s orbitals of the N atoms as with LUMO at
� point of bulk GaN [Fig. 3(c)]. The third highest occupied
MO (HOMO-2) at � point is also bulklike, for it mainly
consists of pa orbitals of the N atoms. Here, the pa orbital
is the p orbital parallel to the a axis. Two nearly degenerate
flat bands are formed in the band gap. They originate from the
pm-like dangling bonds of the two threefold coordinated N
atoms, one in each GaN surface (see HOMO and HOMO-1 at
� point). Note that it was reported that a clean m-GaN surface
creates a similar occupied pm-like dangling-bond band above
the valence band of bulk GaN [21,22]. It was also reported
that the threefold coordinated Ga atoms of the clean m-GaN
surface create an unoccupied dangling-bond band below the
conduction band of bulk GaN. By contrast, model A does not
have such Ga dangling-bond bands, for all the dangling bonds
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FIG. 4. Model B1, Si8O16/(ZnOGa5N5)(Ga6N6)14(ZnOGa5N5)/
Si8O16. (a) Atomic structure around the upper type-B interface. The
brown sphere represents a Zn atom. The doped Zn and O atoms are
circled. (b) Band structure. (c) LUMO and HOMO at � point.

of the surface Ga atoms are passivated by the O atoms of the
h-SiO2 bilayers.

B. Effect of ZnO doping on the band structure

The type-A interface is not suitable for the application
to power transistors, for it would create states in the band
gap of GaN. To avoid the formation of in-gap states, we
examine the effect of ZnO doping on the band structure.
As illustrated in Fig. 4(a), we first replace the threefold
coordinated N atom of each interface with an O atom.
To meet the electron counting rule, we then replace a Ga
atom of each interface with a Zn atom. We refer to the
resulting contact structure as a type-B contact structure.
We also refer to the resulting slab model as model
B1, Si8O16/(ZnOGa5N5)(Ga6N6)14(ZnOGa5N5)/Si8O16.
The atomic coordinates of this model are given in the
Supplemental Material [34]. Figures 4(b) and 4(c) show that
both CBM and VBM of model B1 originate from the GaN.

To explain the reason why in-gap states are absent in model
B1, the projected density of states (PDOS) of the pN

m orbitals
in model A and of the pO

m orbitals in model B1 are shown in
Figs. 5(a) and 5(b), respectively. Here, pN

m and pO
m are the pm

orbitals of the threefold coordinated anions, N and O atoms,
respectively. The pN

m-orbitals PDOS has a sharp peak in the
band gap of the GaN, indicating that the pN

m orbitals hardly
hybridize with the GaN crystal orbitals. This result can be con-
firmed by Fig. 3, which shows that nearly isolated pm states
occur in the band gap of the GaN. By contrast, the pO

m-orbitals
PDOS has a broad peak inside the valence band of the GaN,
indicating that the pO

m orbitals substantially hybridize with the

FIG. 5. Projected density of states (PDOS) of the threefold co-
ordinated anion pm orbitals. (a) The pm orbitals of the threefold
coordinated N atoms in model A (solid line). The vertical dashed line
indicates the position of the valence band edge of the GaN. (b) The
pm orbitals of the corresponding doped O atoms in model B1. PDOS
is calculated using the Gaussian smearing with a smearing of 0.04 eV.

GaN crystal orbitals. The differences in PDOS suggest that
the decrease in pm orbital energy 〈pm|HKS|pm〉 of the threefold
coordinated anion is the reason why model B1 does not have
nearly isolated pm states in the band gap.

Note that the structure change caused by ZnO doping is so
small that the local structure around the O-Zn pair in model
B1 and the N-Ga pair in model A are essentially the same. In
particular, the doped O atom in model B1 remains threefold
coordinated. Because of the small structure change, the band
structures of model B1 before and after geometry optimization
are essentially the same. In other words, geometry modifica-
tion does not play a key role in the removal of in-gap states.

C. Relative stability of ZnO doped interfaces

We examine the relative stability of the type-B interface,
the type-A interface, and other competing structures in terms
of the doping energy per ZnO pair which is defined as

edoping = −[EX − EA + n(μGa + μN − μZn − μO)]/2. (2)
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Here, EX is the total energy of model X per supercell, n is the
number of doped ZnO pairs, and μY is the chemical potential
of the reservoir of element Y. The positive value of doping
energy indicates that replacing GaN pairs with ZnO pairs is
favorable. Since we assume that the system is in equilibrium
with bulk GaN, μGa + μN = EGaN [36]. Here, EGaN is the total
energy per two-atom unit of bulk GaN. We choose the total
energy per atom of hexagonal-closed-packed Zn (EZn) and
that of an O2 molecule (EO) as the upper bounds of μZn and
μO, respectively. We assume that model A is in equilibrium in
the absence of zinc: μSi + 2μO = (EA − 96μGa − 96μN)/16.
We choose the total energy per atom of the Si crystal (ESi)
as the upper bound of μSi. Although μSi does not appear in
Eq. (2), its upper limit sets the lower limit of μO as μO(min) =
[(EA − 96μGa − 96μN)/16 − ESi]/2.

Since it is practically impossible to examine all competing
structures, we examine a total of 32 representative competitors
that are made by modifying model B1. The competing models
are classified into five classes. The class 1 comprises seven
models made by interchanging the doped Zn atom of each
type-B interface with a Ga atom in the surface GaN layer or
the layer next to the surface. Note that a total of ten models are
made by this type of modification but only seven are indepen-
dent by symmetry. The class 2 comprises four models made
by interchanging the doped Zn atom of each type-B interface
with a Si atom. The class 3 comprises seven models made
by interchanging the doped O atom of each type-B interface
with an N atom in the surface GaN layer or the layer next
to the surface. The class 4 comprises seven models made by
interchanging the doped ZnO pair of each type-B interface
with a GaN pair in the surface GaN layer or the layer next
to the surface. The class 5 comprises seven models made by
doping one ZnO pair with each type-B interface.

We compare the doping energy of model B1 with those
of the competitors, and find that there exists a region on the
�μZn�μO plane in which model B1 is the most stable as
illustrated in Fig. 6(a). Here, �μZn = μZn − μZn(max) and
�μO = μO − μO(max). The result suggests that the type-B
interface is the most favorable when the chemical potentials
of zinc and oxygen are not too low and not too high so that
they fall within the blue region of Fig. 6(a). In other words,
controlling the amount of zinc and oxygen is key to the for-
mation of the type-B interface. For the reader’s convenience,
Fig. 6(b) shows the doping energies as a function of �μZn

at �μO = [μO(min) − μO(max)]/2. When little zinc is avail-
able (�μZn < −0.81 eV), ZnO doping is unfavorable. When
zinc abounds (−0.33 eV < �μZn), doping each interface with
more than one ZnO pair becomes more favorable. When
a proper amount of zinc is available (−0.83 eV � �μZn �
−0.38 eV), model B1 is the most stable.

D. Interface between m-GaN and a-SiO2

From the results of model B1, we expect that the m-
GaN/a-SiO2 interface with the type-B contact structure would
create no states in the band gap of the m-GaN. However, it is
unknown whether it is possible to connect a-SiO2 smoothly
to m-GaN through the type-B contact structure. It is also
unknown whether it is possible to form the type-B m-GaN/a-
SiO2 interface that has a straddling band gap. To elucidate

FIG. 6. Stabilities of models as a function of the zinc and oxy-
gen chemical potentials, �μZn and �μO, respectively. (a) The blue
region represents the condition in which model B1 is the most stable.
The horizontal dash-dotted lines indicate the upper and lower limits
of the oxygen chemical potential. The vertical dash-dotted line indi-
cates the upper limit of the zinc chemical potential. (b) The doping
energies of model B1 and the competitors of the classes from 1 to 5.
The energies are calculated along the red segment XY in (a).

these points, we attempt to make a superlattice model of
the type-B m-GaN/a-SiO2 interface by exploiting epitaxial
h-SiO2 bilayers as follows (Fig. 7).

Step (a) [Fig. 7(a)]: We start with an eight-layer m-GaN
slab doped with zinc and oxygen to which h-SiO2 bilayers are
connected through type-B interfaces. The supercell is made by
duplicating the primitive cell of the type-B interfaces in the c
and a directions. Periodic boundary conditions are applied in
all three directions.

Step (b) [Fig. 7(b)]: We remove all the atoms except for the
Si2O3 monolayers in contact with the GaN slab.

Step (c) [Fig. 7(c)]: We place Si and O atoms randomly
into the outside region. The supercell contains a total of 44 Si
atoms and 88 O atoms.

Step (d) [Fig. 7(d)]: We use melt-quenching classical
molecular dynamics simulations to make a-SiO2. The system
is equilibrated at 4000 K, cooled down to 1000 K at a rate
of 100 K/ps, and then equilibrated at 300 K. In this process,
the Si2O3 monolayers are fixed as boundary conditions for
a-SiO2. The other atoms spontaneously rearrange themselves
to adapt to the boundary conditions. The resulting a-SiO2 has
no dangling bonds.

Step (e) [Fig. 7(e)]: We put the GaN slab back into its
original position. Since the Si2O3 monolayers are fixed in
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FIG. 7. Steps to making model B2. (a) We start with h-SiO2

bilayers connected through type-B interfaces to a ZnO-doped eight-
layer GaN slab. The supercell is made by duplicating the primitive
cell of the type-B interfaces in the c and a directions. Periodic
boundary conditions are applied in all the three directions. (b) The
atoms are removed except for the Si2O3 monolayers in contact with
the ZnO-doped GaN slab. (c) Si and O atoms are randomly placed.
The supercell contains a total of 44 Si atoms and 88 O atoms.
(d) Amorphous SiO2 is made using melt-quenching classical molec-
ular dynamics simulations. In this process, the Si2O3 monolayers
are fixed. The system is equilibrated at 4000 K, cooled down to
1000 K at a rate of 100 K/ps, and then equilibrated at 300 K. The
resulting a-SiO2 has no dangling bonds. (e) The ZnO-doped GaN
slab is inserted. (f) The structure is optimized using first principles
calculations with a 3 × 3 × 1 k-grid.

the melt-quenching classical molecular dynamics simulations,
the a-SiO2 and m-GaN form type-B contact structures. Con-
sequently, at each interface, the contact structure connects

FIG. 8. Electronic structure of model B2. (a) Band structure.
(b) LUMO and HOMO at � point.

the random structure of the a-SiO2 smoothly to the regular
structure of the crystalline GaN.

Step (f) [Fig. 7(f)]: We optimize the structure using first
principles calculations with a 3 × 3 × 1 k-grid. The density of
the a-SiO2 is 2.09 g/cm3, which is consistent with the range
of experimental densities: from 1.90 to 2.20 g/cm3 [37]. We
refer to the model thus obtained as model B2. The atomic co-
ordinates of this model are given in the Supplemental Material
[34]. Note that models B1 and B2 both contain two type-B
interfaces.

Model B2 suggests that the random structure of a-SiO2

can smoothly connect to the ordered structure of m-GaN.
Moreover, Fig. 8 shows that the characteristics of LUMO and
HOMO at � point of model B2 are both bulklike. Conse-
quently, the interface that has a straddling band gap without
in-gap states is obtained. To explicitly illustrate the band
alignment, we examine the position dependence of the pro-
jected density of states (PDOS). For this purpose, we define
PPDOS(E , z) as

PPDOS(E , z)=
∑

i

1√
2πσ 2

exp

{
− [z(i) − z]2

2σ 2

}
PDOSi(E ).

(3)

Here, E is the energy, z is the z coordinate, σ is a smearing
parameter which we set at 1 Å, z(i) is the z coordinate of atom
i, and PDOSi(E ) is the projected density of states of atom i.
Note that

DOS(E ) =
∫

PPDOS(E , z)dz, (4)

where DOS(E ) is the density of states. Figure 9 illustrates
that the conduction and valence band edges of the GaN lie
in between those of the a-SiO2. Thus the m-GaN/a-SiO2

interface of type B is confirmed to have a straddling gap.
It is known that the GGA method describes valence bands

well, but it underestimates the band gap energy. Therefore,
we estimate the experimental conduction band edges of the
type-B interface by combining the calculated energies of the
valence band edges and the experimental band gap energies.
Figure 9 shows that the calculated valence band edge of the
a-SiO2 lies 0.8 eV below that of the GaN. The experimental
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FIG. 9. Position dependence of the PDOS (PPDOS). The solid
lines above and below 0 eV are respectively the contour lines whose
energies in the GaN region agree with the energies of CBM and VBM
calculated from the band structure shown in Fig. 8. Therefore, these
lines show the position dependence of the band edges. The red and
blue dashed lines indicate the energies of the valence band edges of
the GaN and a-SiO2, Ev(GaN) and Ev(a-SiO2), respectively.

band gaps of GaN and a-SiO2 are 3.4 and 8.95 eV, respectively
[8]. From these values, the experimental conduction band
edge of a-SiO2 is estimated to lie 4.75 (= 8.95 − 3.4 − 0.8)
eV above that of GaN. This suggests that the m-GaN/a-SiO2

interface of type B has a straddling gap.
The removal of in-gap states near VBM is a challenge for

the application of GaN. Our result that the occupied in-gap
states near VBM can be removed by ZnO doping does not
suffer from GGA’s poor description of conduction bands.

Next we discuss the relative positions of unoccupied states.
It is known that the calculation using the Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional reproduces the band gap
energy well [38]. HSE calculations showed that a clean m-
GaN surface has unoccupied states derived from the dangling
bonds of surface Ga atoms below the conduction band of bulk
GaN [22,23] and that a hydrogen-saturated m-GaN surface
does not create such in-gap states. GGA calculations including
ours are successful in reproducing these HSE results [22], sug-

gesting that the GGA method describes the relative positions
of unoccupied states. As with the hydrogen-saturated m-GaN
surface, in our m-GaN/a-SiO2 interface model, the dangling
bonds of Ga atoms, which are possible sources of unoccupied
in-gap states, are passivated by O atoms of a-SiO2. In fact,
our interface model does not have unoccupied in-gap states as
shown in Fig. 8. Consequently, we propose that the m-GaN/a-
SiO2 interface of type B does not create in-gap states.

The m-GaN/a-SiO2 interface of type B, which has a strad-
dling gap and does not create in-gap states, would be suitable
for the application to power transistors. Although we examine
other m-GaN/a-SiO2 interfaces (see Supplemental Material
[34]), none of them have band structures more suitable than
the type-B interface.

Similarities in structure between models B1 and B2 sug-
gest that an epitaxial h-SiO2 bilayer can serve as a seed for
a type-B m-GaN/a-SiO2 interface. A possible approach to
experimentally form this type of interface is deposition of
a-SiO2 onto an h-SiO2 bilayer epitaxially grown on an m-GaN
surface doped with zinc and oxygen. If the Si2O3 monolayer
away from the GaN and the bridging O atoms are merged with
the deposited a-SiO2 without damaging the Si2O3 monolayer
in contact with the GaN, then the type-B m-GaN/a-SiO2

interface would be formed.

IV. CONCLUSION

For the application of GaN to power transistors, the in-
terface between GaN and the gate insulator needs to meet
the following requirements: (1) both CBM and VBM orig-
inate from the GaN and (2) the formation of in-gap states
is minimized. Our calculations have shown that the type-B
m-GaN/a-SiO2 interface meets these requirements. A clean
m-GaN surface has in-gap states derived from the dangling
bonds of the surface Ga and N atoms. At the type-B interface,
the Ga dangling bonds are passivated by O atoms of a-SiO2,
two-thirds of the N dangling bonds are passivated by Si atoms
of a-SiO2, and the pairs of a Ga atom and a threefold co-
ordinated N atom are replaced with ZnO pairs. As a result,
the type-B interface does not create in-gap states. A possible
approach to experimentally synthesize the type-B interface is
deposition of a-SiO2 onto an h-SiO2 bilayer epitaxially grown
on an m-GaN surface doped with zinc and oxygen. It has been
demonstrated that the contact structure of the m-GaN/a-SiO2

interface is a key determinant of the nature of interface band
structure. We propose that the complex problem of design-
ing semiconductor/insulator interfaces can be reduced to the
simpler problem of designing ultrathin epitaxial insulators on
the semiconductor surface. Our findings would help not only
improve the performance of GaN-based transistors, but also
design semiconductor/insulator interfaces in general.
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