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ABSTRACT

Rapid design and development of the emergent ultrawide-bandgap semiconductors Ga, O3 and Al,O; require a compact model of their elec-
tronic structures, accurate over the broad energy range accessed in future high-field, high-frequency, and high-temperature electronics and
visible and ultraviolet photonics. A minimal tight-binding model is developed to reproduce the first-principles electronic structures of the
B- and a-phases of Ga,O; and AL, O; throughout their reciprocal spaces. Application of this model to a-Ga,0;/a-AL,O; superlattices
reveals that intersubband transitions can be engineered to the 1.55um telecommunications wavelength, opening new directions in oxide
photonics. Furthermore, by accurately reproducing the bandgap, orbital character, effective mass, and high-energy features of the conduction
band, this compact model will assist in the investigation and design of the electrical and optical properties of bulk materials, devices, and

quantum confined heterostructures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0074598

I. INTRODUCTION

The recent integration of Ga,O3 with ALO; has the poten-
tial to revolutionize high-power electronics. The availability of
large, inexpensive, single-crystal substrates;"** recent advances in
thin film growth;’™ and the ability to dope these wide-bandgap
semiconductors have enabled transistors and Schottky diodes
based on f-Ga, O3 with breakdown fields as large as 5.45 MV/cm
(Ref. 6) and 5.7 MV/cm (Ref. 7) and approaching the projected
theoretical estimate of 8 MV/cm (Ref. 8). Comparing these break-
down fields with the existing technological semiconductors Si
(0.3MV/cm), SiC (3.1MV/cm), and GaN (3.3 MV/cm),’
B-Ga, 03 promises new high-frequency, high-voltage, and high-
temperature electronics applications. a-Ga,O; and a-ALO;
further expand the bandgap to 5.2 and 8.8 eV, signifying the
potential for oxide semiconductors to expand the future electron-
ics and photonics materials tool-set.

The successful design of these future electronic and pho-
tonics devices requires accurate modeling and understanding
of the electronic structure and bonding of Ga,O; and AL O;.

The tight-binding method provides a flexible, chemically moti-
vated description of the electronic structure of materials.'’
When compared with modern computational approaches to
materials physics, such as density functional theory (DFT),
tight-binding models are compact, intuitive, and require less
computational resources. As a result, tight-binding models are
ubiquitous in device engineering and development and have
successfully described electronic transport''™'” and optical
properties'™' ™' of bulk materials, heterostructures, and
devices. To aid in the development of new high-power elec-
tronics, we derive semi-empirical tight-binding models in this
work for three technologically relevant oxide semiconductors:
,B—Gazog,, a—Ga203, and 0{-A1203.

While we are unaware of a tight-binding model describing
these three oxide semiconductors, a recent study reports a tight-
binding model of §-Ga,O; using atomic orbitals as a basis, with
parameters drawn from DFT calculations.'” The authors employ
the model to study the surface energy of 5-Ga,O; and formation
energy of Ga and O vacancy defects. We derive an alternative
tight-binding model with the goal of accurate parameterization of
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the conduction band and fundamental optical gaps of §-Ga,Os,
a-Ga, 03, and a-Al,O5 so that electrical and optical properties can
be faithfully simulated.

We derive tight-binding models using a Wannier function basis.
Wannier functions are a convenient basis for tight-binding models
because they are derived from the underlying band structure of the
material, are formally orthogonal, can be localized to atomic sites,
and preserve the site symmetry and coordination. This approach of
DFT-derived tight-binding has been used successfully to describe the
electronic structure of broad classes of technologically important
materials, including silicon,” III-V semiconductors,”’ and 2D mate-
rials.”” An alternative construction using atomic orbitals is also
common with several numerical packages available.””*

This article is organized as follows. We first discuss the crystal
and electronic structure of §-Ga,0s, a-Ga,0s, and a-Al,O3;. We
then derive the tight-binding model and compare the tight-binding
band structure with the DFT band structure. As an application of
the tight-binding model, we study a-Ga,0;/a-Al,O; superlattices
and discuss the confined electronic structure. Finally, we discuss
the additional application of this model.

Il. CRYSTAL AND ELECTRONIC STRUCTURE
A. Crystal structure and chemical bonding

The crystal symmetry and bonding environment constrain
the tight-binding description of the electronic structure. When
compared to a conventional semiconductor such as Si, Ga,O; and
Al,O3 have relatively low symmetry and complicated bonding
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networks. f5-Ga,O; has a monoclinic structure (space group
C2/m, No. 12). The monoclinic structure contains two pairs of
symmetry inequivalent Ga sites, each coordinated by O, forming
two distorted GaO, tetrahedra and two distorted GaOg octahedra
per unit cell [Fig. 1(a)]. a-ALO; and a-Ga,Oj; crystallize in the
sapphire structure (rhombohedral, space group R-3c, No. 167). In
the a phase, the Al(Ga) atoms occupy four equivalent sites, each
coordinated by six O, forming distorted AlOs(GaOg) octahedra
[Fig. 1(b)]. The structural information obtained from DFT struc-
tural optimization and experimental data are given in Table I,
where DFT is shown to describe the experimental structure sur-
prisingly well. The valence configurations of O, Al, and Ga are
2s22p*, 3s?3p!, and 4s%4p!, respectively. The Al(Ga) is expected to
donate its valence electrons in order to fill the O valence shell,
leading to an O-2p derived valence band with Al-3s(Ga-4s) and
Al-3p(Ga-4p) derived conduction bands.

B. First-principles calculations

Structural optimization and electronic band structure are calcu-
lated by DFT using Quantum Espresso.”” We choose projector-
augmented wave pseudopotentials and generalized-gradient approxi-
mation of exchange correlation using the Perdew-Burke-Ernzerhof
functional generalized for solids.”>*” Structural convergence is found
for a 3 X 3 x 3 k-point mesh and a 60 Ry plane-wave cutoff. We
find good agreement between the DFT-relaxed structure and the
experimental structure (see Table I).

(b) a-Ga,0; / a-Al,0,

FIG. 1. Crystal structure of monoclinic 3-Ga, O3 and rhombohedral a-Ga;03 and a-Al,03. Coordination octahedra and tetrahedra highlight the different Ga(Al)-O bonding
environments in the 8 (a) and « (b) phases. This bonding difference is evident in the symmetry of Ga(Al)-site Wannier functions [(c) and (d)] for the conduction band
where clear hybridization of the Ga(Al)-s and O-p is seen. In (c) and (d), the positive lobes of the Wannier functions are shown in yellow and the negative lobes in blue.
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TABLE |. 3-Ga,0;, a-Gay03, and a-Al,O5 structural data. In the B-phase (left
column), Ga and O occupy the i Wyckoff site with fractional coordinates (x, 0, z)
and (—x, 0, — z). In the & phase (right column), Ga(Al) occupies the ¢ Wyckoff site
with fractional coordinates (z, z, 2), (—z+3, —z+4, —z+1}), (-2, -2,-2),
and (z+3,z+1,z+1%) and O occupies the e Wyckoff site with fractional
coordinates  (x +1, —x+1, 1), (Lx+i—x+1), (—x+1 Lx+D),
(—x+3,x+3.3), 3, —x+3,x+3),and (x+3, 2, —x+3).

B-Ga,05 a (A) b (A) c(A) B(©)
DFT 12.237 3.062 5.813 103.81
Experiment”® 12.214 3.037 5.798 103.83
Ga(l) (4i) Ga(Il) (4i)
B-Ga, 05 x z x z
DFT 0.0904 0.7949 0.6585 0.3137
Experiment”” 0.0895 0.7938 0.6585 0.3100
O(I) (4i) O(II) (4i) O(III) (4i)
B-Ga,03 x z X z x z
DFT 0.1647 0.1094 0.1733 0.5632 0.4959 0.2563
Experiment™® 0.1519 0.1001 0.1722 0.5640 0.4920 0.2645
a-Ga,03 a (A) b (A) Ga(I) 4c O() 6e
DFT 5.3221 55.82 z=0.1446 x=0.3049
Experiment”’ 5.3221 55.82 z=0.1446 x=0.3049
a-AlL,Os a (A) b (A) Al(D) 4¢c O(1) 6e
DFT 5.1779 55.28 z=0.1479 x=0.3056
Experiment”’ 5.126 55.25 z=0.1477 x=0.3064

C. Electronic band structure

The DFT band structure and DOS are shown in Figs. 2(c), 2(f),
and 2(i) and found to be in agreement with the previous work.”’
Orbital-projected DOS shows that the valence band is primarily
O-2p, and the conduction band is primarily Ga-4s(Al-3s) and Ga-4p
(Al-3p). The bottom of the conduction band is dominated by Ga-4s
(Al-3s) states, transitioning to mainly Ga-4p(Al-3p) in character at
6 eV above the conduction band minimum. All three materials share
several broad features of their band structure: broad O-2p valence
bands with flat valence band edges, conduction band edge features
near the I' point, and indirect bandgaps. In all three materials, the
valence band edge is populated by flat O-2p bands. DFT predicts the
valence band maximum between M, and D in S-Ga,Os; and
between I" and Sy in both @-Ga,O3 and a-Al,Os. The conduction
band minimum at the I'-point has nearly isotropic dispersion, sug-
gesting that it is insensitive to symmetry and chemistry. We find an
effective mass of 0.26m, in B-Ga,0Os3, 0.28m, in a-Ga,0;, and
0.42m, in a-Al,O3, where m, is the electron effective mass. We find
that the conduction band effective mass of -Ga,Os is in good agree-
ment with recent transport’” and angle-resolved photoemission
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33,34

spectroscopy (ARPES) experiments. Away from the band
minimum, the conduction band transitions from parabolic to linear
dispersion, a bandstructure feature used to explain high-field trans-
port”>*® and optical absorption”” experiments. The second conduc-
tion band at the I" point is above the conduction band minimum by
33€eV in B-Ga,0;, 3.5€V in a-Ga,0s, and 3.1eV in a-Al,0s,
respectively. The value of -Ga,Os agrees with the experimental
observation of 3.55eV.”” DFT predicts an indirect bandgap with the
difference between the direct and indirect bandgap less than 20 meV.
This is confirmed by the ARPES measurement.””* As expected, the
bandgap predicted by DFT underestimates the experimental bandg-
aps. In order to match the experimental bandgap, we have conducted
a “scissor cut” by shifting the conduction band states up in energy so
that the bandgaps match the experimental values of 4.9,” 5.2, and
8.8 eV in B-Ga,03, a-Ga,03, and a-Al, O3, respectively. In con-
structing a tight-binding model, we aim to describe the above key fea-
tures of the DFT band structure.

I1l. TIGHT-BINDING MODEL
A. Model derivation

We derive Wannier functions from the DFT band structure
using Wannier90*’ to construct the tight-binding basis. Wannier
functions are initialized on the Ga(Al) sites with s- and p-orbital
symmetry and on the O sites with p-orbital symmetry. We selec-
tively localize only the Ga-s(Al-s) Wannier functions onto Ga(Al)
sites using a Lagrange multiplier.”’ Selectively localized Wannier
functions improve the localization of Ga-s(Al-s) Wannier functions
at the cost of delocalizing Ga-p(Al-p) Wannier functions, which
describe the higher conduction bands (>5 eV above the conduction
band minimum). We find that the O-p Wannier functions have
similar localization in both schemes.

We show isosurface plots of Ga-s Wannier functions in 8 and
o phases resulting from selective localization in Figs. 1(c) and 1(d).
(The Al-s and Ga-s Wannier functions in the « phase are qualita-
tively similar.) The Wannier functions reproduce the distorted tet-
rahedral and octahedral symmetry of the coordination polyhedra as
expected from the hybridization between the Ga-4s and O-2p
atomic orbitals in Ga,O3.

We construct the tight-binding model from the Wannier func-
tion basis by the following procedure:

1. Extract the DFT Hamiltonian matrix element in the Wannier
basis. "

2. Truncate the couplings to nearest-neighbor (Ga,Al)-O and
(Ga,Al)-(Ga,Al) coupling, keeping only the Wannier functions
of s-symmetry on the (Ga,Al) basis.

3. The (Ga,Al) site energies and (Ga,Al)-O nearest-neighbor cou-
pling are then scaled to fit to the experimental bandgap and
conduction band effective mass.

The parameterization of our tight-binding model takes the follow-
ing form:
=S el + S e i ree.
i ij
The right-hand side of the first line describes the contribution of
individual Wannier functions to the total energy, commonly called

J. Appl. Phys. 131, 175702 (2022); doi: 10.1063/5.0074598
Published under an exclusive license by AIP Publishing

131, 175702-3


https://aip.scitation.org/journal/jap

Journal of

ARTICLE scitation.org/journalljap

Applied Physics

(c) B-Ga,04 (e)
20 15.0
.
25—
15
Gap —
100 I~
Gas P
3 Op 3 g
g 8 8
5 5 g%
E H E
3 3 8 25 DFT
tight-binding
0.0
AZ.S%
10 =10+ =5.0
cc; 2 T My, pp, A TL, r 17 10 20 r cc v»rn M pp, A T r Ve 10 20 Y, I 2
Kpath Kpath DOS (1/(eV*formula unit)) K-path DOS (1/(eV*formula ur K-path
(f)  a-Ga,04 (h)
20 X y 15.0
25 HE 125
S —
15 Ga p .‘.',“ s
. 10.0
< >
o Gas Y \
= & ST, = =
3 (o] p 3 AN 7 H 7.5
g % % 5.0
° ° °
2 2 2
2 . s 8 25 DFT
= = tight-binding
X > >
< R 0.0 e =
s S NS
- -25 P S
- -1 -5.0
T H; Ho L r So S F 10 20 T H, Ho L r So S; F 10 2 L o So
k-path DOS (1/(ev*formula unit)) K-path DOS (1/(eVv*formula unit K-path
(i) a-Al,04 (k)
20 15.0
AI p S 125
AI S 10.0
E 0 p g % 7.5
g s @
§ § DFT 2=
° . -
H 2 tight-binding H DFT
i @ @ 2 : Py
g tight-binding
-5
-10
T Hy Ho L r So S F 10 10 20 T H, Ho L I So S; F 10 2(
K-path DOS (1/(eVv*formula unit)) K-path DOS (1/(eV*formula unit

FIG. 2. Electronic structure of 8-Ga;03, a-Ga,03, and a-Al,O3. (a) and (b) The first Brillouin zone of the monoclinic 3 and rhombohedral & phases. (c), (f), and (i) The
DFT band structure and orbital-projected DOS of -Ga;03, a-Ga,03, and a-Al;0;. The DFT bandgaps have been tuned to the experimental bandgaps via a scissor cut.
Color coordination indicates the orbital character of the bands and projected DOS. The blue dots indicate the valence band maximum. (d), (g), and (j) The tight-binding
band structure and DOS (red) plotted over the DFT data (black). The sharp peak in the tight-binding DOS at the top of the valence band is due to the lack of O-p to O-p
coupling in the tight-binding model. (e), (h), and (k) DFT (black) and tight-binding (red) band structure near the T" point. The reciprocal space vectors and high-symmetry
points are given in Table [lI.

the on-site energy. The second line describes the kinetic energy of the
electrons, commonly called the “hopping” energy. In Eq. (1), |i) rep-
resents the ith Wannier function with on-site energy &;. t; = E,-J-ei‘i’ff is
the hopping term between ith and jth Wannier functions. Here, ¢;
characterizes the phase of #; and encompasses the symmetry of the
local bonding environment. k is the wavevector, and Adj; is the dis-
placement vector of the two Wannier functions i and j defined as
Adj = d; — d; + R. Here, d; and d; are thg centers of Wannier func-
tion i and j within the same unit cell, and R is the unit cell translation
to indicate coupling across adjacent unit cells. The spectrum and
wavefunctions are found by solving Hy = Ey.

In our tight-binding model, we include only the s-orbital-derived
Wannier functions from the 4 Ga(Al) atoms and the 3 p-orbital-derived
Wannier functions from the 6 O atoms. This translates to a
22 x 22 matrix when the model is implemented numerically. To
describe the band structure with a minimal set of parameters, we
include (1) the on-site energy &; terms for Ga-s(Al-s) and O-p, (2)
the nearest-neighbor Ga-s(Al-s) to O-p, and (3) the dominant
Ga-s(Al-s) to Ga-s(Al-s) terms (t;). This amounts to a nearest-
neighbor tight-binding model augmented by the Ga-s(Al-s) to Ga-s
(Al-s) next-nearest-neighbor hopping. These next-nearest-neighbor
terms aid in the accuracy of the higher Ga-4s(Al-3s) derived
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conduction bands. With these simplifications, the model contains
60 parameters depending on the structural phases (see Tables IV-
VI in the Appendix). Including the Ga-p(Al-p) Wannier functions
and O-p to O-p coupling terms gives a satisfactory description of
valence band DOS at the cost of significantly increasing the number
of parameters (around 300 terms) but provides little improvement
to the description of the lower conduction bands. Thus, we neglect
these terms in our model.

To reproduce the experimental bandgaps and conduction
band effective masses, we adjust the Ga-s(Al-s) on-site energy and
tune the Ga-s(Al-s) to O-p coupling term. (We note that in their
model of $-Ga, 03, Lee et al.'’ focus on surface and defect forma-
tion energies, which depend on the broad features of the band
structure. As a result, their tight-binding model overestimates the
conduction band effective mass.) The lists of parameters are given
in Table IV, V, and VI and have been implemented in a short
program in the supplementary material for convenience.

B. Model Hamiltonian at the I" point

When implementing the tight-binding model on a computer,
Eq. (1) can be written as a 22 X 22 matrix defined on the basis of 4
Ga-s(Al-s) and 18 O-p Wannier functions. In evaluating the
model, the on-site energy &; becomes diagonal terms, while the
hopping terms #; populate the ith row and jth column and must be
multiplied by the phase factor e~*4% at each k-point. To illustrate
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the model and gain insight into the material physics, we explicitly
evaluate the tight-binding model of B-Ga,O; at the I'-point
(k = 0). We find that the tight-binding model at the I'-point can
be written in the block-matrix form,

T
Hga:s HGa.s,O:p 0 I_Iéu:s,O:pZ
H= HGu:s,O:px HO:pX 0 0 , (2)
0 0 Ho.p, 0
HGa:s,O:pz 0 0 HO:pz

where He,:s» Ho.p,» Ho.p,» and Ho.p, blocks define the coupling
within the Ga-s, O-py, O-p)» and O-p, Wannier function sub-spaces,
respectively. The Hga.50:p, and Hga:50:p, blocks describe the cou-
pling between the Ga-s, O-py, and O-p, Wannier functions, respec-
tively. We construct the tight-binding model so that it reflects the
crystal symmetry. This can be seen clearly in the lack of coupling
between the Ga-s and O-p, Wannier functions. The twofold rotation
about the crystallographic b-axis and the mirror operation through
the plane perpendicular to the b-axis guarantee that this coupling is
zero at the I'-point. The coupling between different O-p Wannier
function blocks (e.g, O-p, and O-p,) is zero because we have
neglected the coupling within the valence band. At the I' point, the
phase factor e~ *4% —; 1, leaving the matrix real and symmetric.
Hg,.s takes the form

€Gal:s + 2tGu1:s,Ga1:s 0 0 —7.498 00 0
0 EGal:s + 2tGa1: . 0 0 —7.498 00
HGa:s _ Gal:s Gal:s,Gal:s N X (3)
0 0 €Ga3:s + 2tGa3:$,Ga3:s tGu3:s,Gu4:s 0 0—7.222 0.216
0 0 tGaS:s,Ga4:s EGaz:s + 2tGa3:s,Ga3:s 0 00.216 —7.222

which is written on the basis (|Gal:s), |Ga2:s), |Ga3:s), |Ga4:s))
of Ga-s Wannier functions. Taking values from Table IV, we have
included the numerical value of the block in eV. Since Gal:s and
Ga2:s are equivalent tetrahedral sites while Ga3:s and Ga4:s are
equivalent octahedral sites, each has the same on-site energy and
coupling. Notice that on-site energies £g,.1s and £g,.3, are modi-
fied by coupling to the same Ga sites in the neighboring unit cells
(tGa1:5,Ga1:s and tGa3:5Ga3:s). Furthermore, the octahedral sites are
weakly coupled with each other.

In simplifying the description of the valence band, we neglect
the coupling between O-p Wannier functions. As a result, each

tGul :5,01:px 0 2tGa3 :5,01:px
0 —1Ga1:501 ipx 0
Ga1:503 1px 0 0
HGu:s,O:px -
0 tGaZ :5,04:px tGa3 :5,04: px
0 _ZtGal :5,06: px tGa3:s,OS 1px
2tGal :5,06: px 0 0

Ho.pxs Ho:py» and Ho.p, block is diagonal and can be written as

)

HO:px = HO:py = HO:pz =E&0:p X |]6><6 — —12 % |]6x6:

which is written on the basis (|Ol:p;), |02:p;), |O3:pi),
|O4:p1), |O5:p1), |06:p1)) of O-p Wannier functions where
I =x, y, z. Here, lgx¢ is the 6 X 6 identity matrix.

The coupling between Ga-s and O-p, and O-p, is described
by Hea:5,0:px and Hga:s,0:pz> Which evaluates to (hopping strengths
connected by symmetries are shown with the same symbol)

0 0.651 0 0.710 0
2tGu4:s,OZ:px 0 —0.651 0 —0.703
—1Ga3:5,04: px 2.592 0 0 —2.877
- , ©)
0 0 —2.595 2877 0
0 3.499 —2.965 0
—1Ga3:5,05: px —3.496 0 0 2.965
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tGul :5,01:pz 0 2tGu3:s,Ol :pz
0 —1Ga1:501 :pz 0
1Ga1 :5,03 1px 0 2tGa3:s,03 :pz
HGu :5,0:pz —
0 _tGaZ:s,O4 :px tGu3:s,O4 :pz
0 —2tGa1 :5,06:pz Ga3:5,05 1pz
2tGa1 :5,06:pz 0 0

Here, terms appear as pairs with opposite signs, manifesting the
twofold symmetry of the monoclinic structure. Hga.50:px and
Hga:50:p: look formally similar but are not exactly the same.
Again, the matrix coupling Ga-s to O-py vanishes at the I point
but will show up away from it. The complete set of matrix elements
can be found in Table IV. The eigenvalues of the 22 x 22 matrix
correspond to the energy eigenstates at the given k-point, and the
eigenvectors correspond to the wavefunctions. To generate the
band structure, one generates the matrix at sampled k-points along
the path and solve for the eigenvalues. The complexity of numerical
eigensolvers depends on the matrix dimension as O(n*). As a com-
parison, our DFT calculation relies on around 5000 planar waves as
a basis; therefore, the tight-binding model provides a significant
speedup. In our experience, a tight-binding band structure can be
generated on a personal computer in seconds.

C. Comparison between tight-binding and the DFT
band structure

Figures 2(d), 2(g), and 2(j) show the tight-binding band
structure and DOS superimposed on the DFT results. In all three
phases, the experimental bandgaps and conduction band effective
masses are reproduced by the adjustment of parameters mentioned
above. Moreover, the tight-binding model gives a satisfactory
description of the parabolic to linear dispersion, the second con-
duction band at the I" point, and the flat valence band edge states.

The slope of the linear dispersion of the lowest conduction
band away from I' and the energy of the second conduction band
at I are slightly overestimated due to the absence of interaction
from higher Ga-p(Al-p) bands. This phenomenon is well-known in
the tight-binding description of Si, Ge, and III-V semiconductors”’
where it is due to the lack of interactions from higher energy
bands. The lack of O-p to O-p coupling leaves some of the O-p
states non-dispersive. As a result, the tight-binding model cannot
describe the small difference between the valence band at I and the
DEFT predicted valence band maximum between I" and T in the j
phase and I" and Sy in the & phases. This leaves a large peak in the
DOS at the valence band edge [see Figs. 2(d), 2(g), and 2(j)],
which could be resolved in future models that include O-p to O-p
coupling.

D. 0-Ga,0z/a-Al,O5 [0001] superlattices

We now apply the tight-binding model described above to
superlattices of Ga,O; and Al,O; in the a-phase. The superlattice
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0 3.466 0 —3.307 0
2tGa4:5,02:pz 0 —3.466 0 3.314
—1Ga3:504:pz 2.592 0 3.345 —1.101

- . (6)

—2tGa4:5,04:pz 0 2595 1.101 —3.326

0 0 0.885 —0.621 0
_tGu3:s,OS:pz —0.880 0 0 0.621

is constructed by interfacing layers of conventional (hexagonal)
cells of @-Ga,03 and a-AlO; along the [0001] direction through
the shared O plane so that the octahedral (Ga,Al)-O environment
is preserved. Figure 3(a) shows the superlattice crystal structure
with one hexagonal cell of Ga,O5; and one hexagonal cell of Al,Os.
The hexagonal cell is transformed from the primitive (rhombohe-
dral) cell by the following transformation:

an -1 1 0 ar
=11 0 -1])]|5| 7)
2 1 1 1 z

where (E;,, E;,, E'h) and (Zi,, E,, E}) are the hexagonal and rhombo-

hedral lattice constant, respectively.

To simplify the application of the tight-binding model to the
Ga,0;3/AL,0; superlattice, we set all lattice constants to those of
a-Al,O3 and leave the fractional internal coordinates at their bulk
values. We apply the tight-binding model of (1) and Tables V and V1.
Inside the Ga,03/Al, 05 region, the tight-binding description is
constructed in the same way as the bulk by including the nearest-
neighbor (Ga,Al)-O couplings and next nearest-neighbor (Ga,
Al)-(Ga,Al) couplings. The tight-binding interaction at the inter-
face is accomplished by hopping through the shared O atoms via
tGa0 and t40 and a parallel channel, which directly couples the
Ga to Al, tgaa = tc““if"”“ [see Fig. 3(a), inset].

We explore two strategies to study the quantum confinement
of the bands [Fig. 3(b)]: (1) fixing the thickness of Ga,O; layers to
one hexagonal cell and varying the number of the Al,O3 hexagonal
cells (upper panel) and (2) simultaneously varying the thickness of
the Ga, O3 layers and AL, O; layers (lower panel).

The band structure of the superlattice with one conventional
cell of Ga,O3 and one conventional cell of Al,O; is presented in
Fig. 3(c), following the high-symmetry path in the hexagonal
Brillouin zone. The valence band maxima of Ga,Os; and Al, O3,
both O-derived, are aligned under the tight-binding approximation,
which is consistent with recent DFT calculations.”* Moving up in
energy from the valence band, the Ga-derived supercell conduction
band minima appear at ~6eV. The Al-derived bands do not
appear until ~9 eV, as expected from the bandgap differences of
the two materials [see Fig. 3(b)]. Due to the increase in the periodic
length along the c-axis in the supercell, we observe zone-folding
along the I'-path. This gives rise to nearly flat minibands, suggest-
ing that the states in each Ga,O; quantum well are weakly coupled
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FIG. 3. Crystal and electronic structure of a-Ga,03/a-Al,03 superlattices along the [0001] direction. (a) The superlattice is constructed by interfacing conventional
(hexagonal) cells of Ga,03 and Al,O3 along the [0001] direction. The effective hopping across the interface is shown in the inset. (b) Flatband diagram of the superlat-
tice quantum confinement of fixed Ga,03 for varied Al,O3 thicknesses (upper) and varied Ga,O3 and Al,O3 thicknesses (lower). (c) Superlattice band structure from
the tight-binding model for one conventional cell of Ga,O3 and one conventional cell of Al,03. (d) Transition energy from the valence band edge to the conduction
subbands from the tight-binding model for fixed Ga;03 thickness [upper panel of (b)]. The dashed lines are calculated from the finite-well model. (e) Eigenvectors of
the lowest three conduction subbands projected onto the metal sites showing the expected even (bottom), odd (middle), and even (top) parity in the confined Ga,;0;
region (shaded green). The vertical dashed line represents the interface between Ga,O3 (green shaded region—left) and Al,O; (blue shaded region—right). (f)
Transition energy from the valence band edge to the conduction subbands from the tight-binding model for varied Ga,O5 thicknesses [lower panel of (b)]. The first
three transition energies have been color coordinated with (d) by the guide line. The lowest intersubband transition energies are shown for single and double cell

Gay03/A1,03.

with each other. Because the hexagonal cell is three times the
volume of the rhombohedral cell, more bands appear in the super-
lattice band structure than the bulk band structure.

We now schematically investigate the major optical transitions
expected from the tight-binding construction. Figure 3(d) shows
the transition energy from the valence band edge to the conduction
subbands at the I' point from Fig. 3(c). The tight-binding model
reveals four bound states inside the Ga,0O3 quantum well [shaded
green in Fig. 3(d)]. A dense manifold of free states appears above
these four bound states with wavefunctions dominated by the
higher conduction subbands of Ga,O5; and the Al,O3 conduction
bands [shaded blue in Fig. 3(d)].

As the thickness of the AL Os; layer is increased, the
bound states are only weakly perturbed, whereas the free states
approach a continuum. The insensitivity of the bound Ga,03
transition energies to Al,Os thickness is due to the large start-
ing thickness (1.3 nm) of the Al,O; hexagonal cell, rendering
the coupling between adjacent Ga,O; quantum wells weak

even in the single conventional Al,O; layer limit. We find that
the typical energy change in the bound states with increasing
Al,O; thickness is on the order of 10 meV, which is not dis-
cernible on the plot.

We compare the I" point transition energies with a numerical
calculation of the bound states in the finite quantum well with a
barrier height of 3.6 eV (from the Ga,O3;/AL, 05 band alignment),
the effective mass of Ga,O3 (0.33 m,) and Al,Os3 (0.44 m,), and
the width of the Ga,O; well (1.31nm). We solve the 1D
Schrédinger equation using the finite element method for a single
quantum well with a central Ga,O; region surrounded by extended
Al,O5 regions, with parabolic bands, solving for the eigenenergies.
The transition energies from the numerical calculations of the
finite quantum well are shown as the gray lines in Fig. 3(d). The
lowest state is energetically higher than the conduction band
minimum (black dashed line) due to quantum confinement.
Reasonable agreement is found with the first two states of the
tight-binding model. While the tight-binding model predicts four

J. Appl. Phys. 131, 175702 (2022); doi: 10.1063/5.0074598
Published under an exclusive license by AIP Publishing

131, 175702-7


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

bound states, the quantum well calculation predicts only three. We
attribute this difference to the non-parabolicity of the higher
energy Ga,O; conduction band and the breakdown of the square-
well potential approximation.

Figure 3(e) shows the first three eigenvectors y representing
confined states from the tight-binding Hamiltonian for a single
Ga,03 and a single Al O3 hexagonal cell, projected onto the three
inequivalent metal chains shown in the top-view of Fig. 3(a). All
three states are centered in the Ga,O3 region with weakly evanes-
cent tails penetrating into the AL Os region, manifesting their
bound state nature. The lowest energy state has zero nodes, the
second state has one node, and the third state has two nodes
[lower, middle, and upper panel of Fig. 3(e)]. Such parities suggest
that optical transition from the first to the second states and from
the second to the third states are allowed for radiation polarized
along the superlattice direction.

This inter-subband transition energy can be controlled by
changing the thickness of Ga,O3 and Al,Os, shown in Fig. 3(f).
With weaker quantum confinement at increasing thickness, the
offset of the lowest state from the conduction band minimum
diminishes, and the inter-subband transition energies decrease.
For a single hexagonal cell of Ga,0s3, the inter-subband transition
energy is 1.03 eV, while for two hexagonal cells of Ga,0s3, the
inter-subband transition energy is 0.41eV, spanning the
technologically relevant wavelength of 1.55um (0.8 eV). This sug-
gests that engineering supercells of Ga,O; and AL O;, with
Ga, 05 thickness between one and two hexagonal layers, provides
a novel design space for photonics devices applicable to
telecommunications.

IV. CONCLUSION

We have derived a minimal tight-binding model for -Ga,Os,
a-Ga, 03, and a-AlL, O3 using selectively localized Wannier func-
tions as a basis. The Wannier functions reflect the local symmetry
of the atomic sites and the tight-binding model satisfactorily repro-
duces the electronic structure throughout the Brillouin zone. By
constraining the hopping parameters, we have fit the isotropic con-
duction band effective mass, suggesting low field transport experi-
ments can be described by the tight-binding model. By including
the higher energy Ga-s(Al-s) conduction bands, the tight-binding
model can also describe the parabolic to linear dispersion which
suggests application to high-field electronic transport as well.
Additionally, by reproducing the experimental bandgap, we expect
that the tight-binding model can simulate the major features in
optical absorption including the primary optical transition from
the O-p valence bands to the Ga-s(Al-s) conduction bands, and the
optical transition from the valence band to the higher energy con-
duction bands. In future work, this model can be extended to
describe chemical and mechanical properties,’”*® which will
address additional hurdles in material investigation and device
designs.

Finally, by applying the tight-binding model to a-Ga,0;3/
a-Al,O; superlattices along the [0001] direction, we predict inter-
subband transitions that can be engineered to span the 1.55um
telecommunications window. Comparing this material system

ARTICLE scitation.org/journalljap

with conventional narrow bandgap semiconductors, the wide
bandgap of the host materials (5.2-8.8 eV) allows for clean inter-
subband transitions, absent of bulk interband effects that may
impede photonic device design and operation. Additionally, the
large barrier height (3.6 eV) provides flexible design of inter-
subband transitions that may be only weakly coupled to other
higher-order transitions. These two realizations, when merged,
open new avenues for oxide photonics. We expect the tight-
binding models to aid in the description and development of
electronic and optical devices utilizing bulk, nanostructured, het-
erostructured, and strained variants of §-Ga,0s3, a-Ga,0s, and
0{-A1203.

SUPPLEMENTARY MATERIAL

See the supplementary material for tight-binding model
parameters in text files and sample Python programs for construct-
ing the tight-binding band structure.
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APPENDIX: TIGHT-BINDING PARAMETERS

In the Appendix, we include additional information for the
tight-binding models of the monoclinic -Ga,O; and the rhombo-
hedral a-Ga,0; and a-Al,O5 phases. Table II gives the structural
information from density functional theory in scaled coordinates.
Table III shows the high-symmetry points in reciprocal space for
the monoclinic and rhombohedral structures. Tables TV-VI give
the explicit tight-binding models for each phase. The tight-binding
basis functions are Wannier functions centered on the specified
sites with the specified symmetry. For example, “Ga2 s” represents
a Wannier function centered on the second Ga site with s-orbital
symmetry.
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TABLE II. Structural parameters of 5-Ga,03, a-Ga,05, and a-Al,03. The Cartesian coordinate of a site i is given by d = Ava; + Aoy + Asas.

Lattice B-G2,0, Lattice a-G2,0, Lattice -ALO;

vector (A) x y z vector (A) x y z vector (A) X y z

a 6.115 1.620 0.000 a 2.491 1.438 4.478 a 2.403 1.387 4.372
a —6.115 1.620 0.000 a —2.491 1.438 4.478 a —2.403 1.387 4.372
az —-1.374 0.000 5.635 az 0.000 —2.877 4.478 az 0.000 —-2.774 44.372
Site Site Site

coordinate Ay A, As coordinate A A, As coordinate A, A, As
Gal 0.090 —0.090 0.795 Gal 0.179 0.179 0.179 All 0.818 —0.162 —0.177
Ga2 0.910 0.090 0.205 Ga2 0.678 0.678 -0.322 Al2 0.671 0.659 -0.311
Ga3 0.659 0.341 0.314 Ga3 0.821 —-0.179 —0.179 Al3 0.330 0.318 —0.664
Ga4 0.341 —0.341 0.686 Ga4 0.322 0.322 —0.678 Al4 0.174 0.182 0.164
o1 0.165 —0.165 0.109 0O1 0.553 —0.053 0.250 01 0.750 —0.558 0.057
02 0.835 0.165 0.891 02 0.941 0.250 —-0.441 02 0.942 0.250 —0.442
03 0.173 —0.173 0.563 03 0.250 0.559 —0.059 03 1.058 —0.250 —0.558
04 0.827 0.173 0.437 04 1.059 —0.250 —-0.559 04 0.442 0.058 —0.250
05 0.496 —0.496 0.256 05 0.750 —0.559 0.059 05 0.558 —0.058 0.250
06 0.504 0.496 0.743 06 0.441 0.059 —-0.250 06 0.250 0.558 —0.058

TABLE |ll. High-symmetry points in the first Brillouin zone of the B and a phase.
Coordinates are calculated by k= 8151 + le;z + B3l33, in which 51 b} and 53
are the reciprocal lattice vector. li 52 and 53 can be calculated by

N e a1\ T
(b1b2b3) =((313233) 1) .

TABLE V. Tight-binding parameters of -Ga,0;. R is written in integer multiples of
latice vectors [jKl and can be franslated to Cartesian coordinates by
R = iaj + jaj + ka3, where ay, ap, and as are the lattice vectors. The hopping param-
eters describe hopping from atom centered Wannier functions with s- or p-symmetry.

$ phase On-site energy
B, B, B, Site i g; (eV)
r 0.0000 0.0000 0.0000 Gal, Ga2 4.95
c 0.2662 0.2662 0.0000 Ga3, Ga4 4.5
C, —0.2662 0.7338 0.0000 All O 0
Y, —0.5000 0.5000 0.0000
M, —0.5000 0.5000 0.5000 .
D ~0.2580 0.7419 05000 ~ Hopping parameters
D, 0.2580 0.2580 0.0000 Site i Site j B £ (V) &
A 0.0000 0.0000 0.5000
L, 0.0000 0.5000 0.5000 Gal s Gal s [1, 1, 0] 0.224 T
V, 0.0000 0.5000 0.0000 Ga2s Ga2's [1’ 1, 0] 0.224 T
o phase Ga3 s Ga3's [1, 1, 0] 0.129 0
Ga3 s Ga4d s [0, 0, 0] 0.108 0
B B2 Bs Ga3 s Gad s (1, 1,0] 0.108 0
r 0.0000 0.0000 0.0000 Gad s Gad s (1, 1, 0] 0.129 0
T 0.5000 0.5000 0.5000 Gal s O1 px [0, 0, 1] 0.652 0
H, 0.7641 0.2358 0.5000 Gal s Ol pz [0, 0, 1] 3.467 0
H, 0.5000 —0.2358 0.2358 Gal s 03 px [0’ 0, 0] 2.592 0
L 0.5000 0.0000 0.0000 Gal s 03 pz [0, 0, 0] 2592 x
So 0.3679 —0.3679 0.0000
S, 0.6320 0.0000 0.3679 Gal s 06 px (0, 0, 0] 1.748 T
F 0.5000 0.0000 0.5000 Gal s 06 px [-1,-1,0] 1.748 T
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TABLE IV. (Continued.) TABLE V. Tight-binding parameters of a-Ga,03. R is written in integer multiples of
lattice vectors [jk] and can be translated to Cartesian coordinates by
On-site energy R = iaj + ja; +l_<a§, where ai, a, and a; are the Iattige vectors. The_ hopping
parameters describe hopping from atom centered Wannier functions with s- or
Site i g; (eV) p-symmetry.
Gal, Ga2 4.95 On-site energy
Ga3, Gad 4.52
AllO 0 Site i g; (eV)
All Ga —5.48
Hopping parameters AllO ~105
Site i Site j R #j (eV) by
Hopping parameters
Gal s 06 py [0, 0, 0] 3.029 0 = —
Gal s 06 py [-1,-1,0] 3.029 n Site i Site j R L &;j
Gal s 06 pz (0,0, 0] 0.440 T Gals Ga3 s [0, 0, 0] 0.012 0
Gal s 06 pz (-1,-1,0] 0.440 T Gals Ga3 s [-1,1,0] 0.013 0
Ga2's 02 px [0, 0, 1] 0.652 T Gals Ga3 s [-1,0,1] 0.013 0
Gaz s 02 pz (0, 0,—1] 3.467 T Gals Gad s [0, 0, 1] 0.014 P
Ga2 s O4 px (0,0, 0] 2.596 T Gals Gad s [0,—1,1] 0.010 P
Ga2 s O4 pz (0,0, 0] 2.596 0 Gals Gad s [-1,0,1] 0.010 P
Ga2's 05 px [0, 0, 0] 1.750 0 Gazs Ga3 s [0, 0, 0] 0.010 P
Gaz s 05 px (1,1, 0] 1.750 0 Gas Ga3 s [0, 1, 0] 0.014 P
Ga2's 05 py (0, 0, 0] 3.030 T Gas Ga3's [-1,1,0] 0.010 P
Ga2 s O5 py (1,1, 0] 3.030 0 Gazs Gad s [0, 0, 1] 0.013 0
Ga2's 05 pz [0, 0, 0] 0.443 0 Gazs Gad s [0, 1, 0] 0.013 0
Ga2 s 05 pz (1,1, 0] 0.443 0 Gas Gad s 1, 0, 0] 0.013 0
Ga3 s 01 px [0, 0, 0] 0.355 0 Gal s 01 px [0, 0, 0] 1.983 0
Ga3 s 01 px [1, 1, 0] 0.355 0 Gal s 01 Py [0’ 0) 0] 0.105 0
Ga3's Ol py (0,0, 0] 2.484 T Gals Ol pz [0, 0, 0] 1.860 0
Ga3's Ol py (1,1,0] 2.484 0 Gal s 02 px [-1,0,1] 0.910 P
Ga3 s 01 pz [0, 0, 0] 1.654 T Gal s 02 py [_ 1,0, 1] 1.766 T
Ga3 s 01 pz [1, 1, 0] 1.654 T Gal s 02 pz [_ 1, 0) 1] 1.864 0
Ga3's O3 py [0, 0, 0] 2.162 T Gals 03 px [0, 0, 0] 1.076 P
Ga3's 03 py (1,1, 0] 2.162 0 Gal s 03 py [0, 0, 0] 1.673 0
Ga3 s 03 pz [0, 0, 0] 1.673 0 Gal s 03 pz [0’ 0, 0] 1.867 0
Ga3 s 03 pz [1, 1, 0] 1.673 0 Gal s 04 px [_ 1, 0’ 1] 1.151 0
Ga3 s 04 pX [0, 0, 0] 2.878 0 Gal s 04 py [ _ 1, 0’ 1] 2.402 T
Ga3 s 04 pz [0, 0, 0] 1.102 0 Gal s 04 pz [ -1,0, 1] 1.248 T
Ga3 s O5 px [0, 1, 0] 2.965 T Gal s 05 px [_ 1,1, 0] 2.654 T
Ga3 s O5 pz [0, 1, 0] 0.622 T Gal s 05 py [_ 1,1, 0] 0.216 0
Gad s 02 px [0, 0, 0] 0.352 T Gal s 05 pz [-1,1,0] 1.246 T
Gad s 02 px [ -1,-1, 0] 0.352 T Gal s 06 px [0’ 0, 0] 1.509 0
Gad s 02 py [0, 0, 0] 2.484 0 Gal s 06 py [0, 0, 0] 2.197 0
Gad s 02 py [-1,-1,0] 2.484 T Gals 06 pz [0, 0, 0] 1.242 P
Gad s 02 pz [0, 0, 0] 1.657 0 Ga2s 01 px [0, 1, - 1] 1511 e
Gad s 02 pz [ -1,-1, 0] 1.657 0 Ga2s 01 Py [0, 1,— 1] 2.198 0
Gad s 03 px [0, 0, 0] 2.878 T Ga2 s 01 pz [0) 1,— 1] 1.249 T
Gad s 03 pz [0, 0, 0] 1.102 T Ga2s 02 px [0) 0, 0] 2.656 0
Gad s 04 py [0, 0, 0] 2.164 0 Ga2 s 02 py [0’ 0’ 0] 0.216 0
Gad s O4 py [-1,-1,0] 2.164 T Gals 02 pz [0, 0, 0] 1.242 P
Gad s 04 pz [0, 0, 0] 1.663 T Ga2 s 03 px [0, 0, 0] 1.142 T
Gad s 04 pz [ -1,-1, 0] 1.663 T Ga2 s 03 Py [0) 0) 0] 2.404 T
Ga4 s 06 PX [0, - 1, 0] 2.965 0 Ga2s 03 pz [0’ 0’ 0] 1.245 T
Ga4 s 06 pZ [0, - 1, 0] 0.622 0 Ga2s 04 px [0’ 1’ 0] 1.074 0
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TABLE V. (Continued.) TABLE VI. Tight-binding parameters of a-Al,05. R is written in integer multiples of

lattice vectors [jk] and can be translated to Cartesian coordinates by
On-site energy R = iai + ja; + kas, where @y, &, and a; are the lattice vectors. The hopping

parameters describe hopping from atom centered Wannier functions with s- or
Site i g; (eV) p-symmetry.
iﬂ ga :?(;125; On-site energy (eV)

All Al 7.00
Hopping parameters AllO 0.00
Site i Site j R b i Hopping parameters
Ga2s O4 pz [0, 1, 0] 1.866 0
Ga2's 05 px [0, 1, 0] 0.904 0 All's Al2's [0,—1,0] 1.019 n
Gaz's 05 py [0, 1,0] 1.759 x  Alls Al3 s [0, 0, 0] 0.429 0
Ga2's 05 pz [0, 1, 0] 1.872 0 All's Al3's [0, 0, 1] 0.389 0
Ga2's 06 px [0, 1, 0] 1.980 r All's Al3's (1,0,0] 0.405 0
Ga2s 06 py (0,1, 0] 0.096 0 Al2's Ald's [0, 0, 0] 0.406 0
Ga2's 06 pz [0, 1, 0] 1.870 0 Al2 s Alds [1, 0, 0] 0.415 0
Ga3 s 01 px [0, 0, 0] 1.508 T Al3's Ald's [0,0,—1] 1.024 T
Ga3's Ol py [0, 0, 0] 2.191 r All's O1 px [0, 0, 0] 1.592 0
Ga3 s Ol pz [0, 0, 0] 1.252 0 All's O1 py [0, 0, 0] 2.614 n
Ga3's 02 px [0, 0, 0] 1.151 7 All's Ol pz [0, 0, 0] 2.646 Pig
Ga3 s 02 py [0, 0, 0] 2.402 0 All's 02 px (0, 0, 0] 1.008 m
Ga3 s 02 pz [0, 0, 0] 1.251 0 All's 02 py [0, 0, 0] 2.321 0
Ga3 s 03 px [1,-1, 0] 2.656 0 All's 02 pz [0, 0, 0] 1.738 0
Ga3's 03 py (1,-1,0] 0.199 n  Alls 03 px [0, 0, 0] 1.553 0
Ga3 s 03 pz [1,—1,0] 1.253 0 All's 03 py [0, 0, 0] 2.708 0
Ga3 s 04 px [0, 0, 0] 0.910 0 All's 03 pz [0, 0, 0] 2.685 ™
Ga3 s 04 py [0, 0, 0] 1.779 0 All's 04 px [0, 0, 0] 3.249 ™
Ga3 s 04 pz [0, 0, 0] 1.851 pis All's O4 pz [0, 0, 0] 2.871 T
Ga3 s 05 px [0, 0, 0] 1.084 0 All's 05 px [0, 0,0] 1.392 T
Ga3 s 05 py [0, 0, 0] 1.681 r  Alls 05 py (0, 0, 0] 2.058 ™
Ga3 s 05 pz [0, 0, 0] 1.853 n All's 05 pz [0, 0, 0] 1.717 0
Ga3 s 06 px [0, 0, 0] 1.995 7 All's 06 px [1,-1,0] 2.352 0
Ga3's 06 py [0, 0, 0] 0.098 r  Alls 06 py (1,-1,0] 0.250 ™
Ga3 s 06 pz [0, 0, 0] 1.856 x  Alls 06 pz [1,-1,0] 1.597 0
Gad s Ol px [0, 0,—1] 1.989 0 Al2's O1 px [0, 1, 0] 1.578 0
Gad s Ol py [0, 0, — 1] 0.098 r  Al2s Ol py (0, 1, 0] 2.783 ™
Gad s Ol pz [0, 0, — 1] 1.859 r  Al2s Ol pz [0, 1, 0] 2.994 0
Gad s 02 px [-1,0,0] 1.077 n Al2's 02 px [0, 0,0] 2,511 0
Gad s 02 py [-1,0,0] 1.677 r  Al2s 02 py (0, 0, 0] 0.365 0
Gad s 02 pz [-1,0,0] 1.862 7 Al2's O2 pz [0, 0, 0] 1.704 T
Gad s 03 px [0, 0, — 1] 0.908 r  Al2s 03 px [0, 1, 0] 1.473 0
Gad s 03 py [0,0,—1] 1.775 0 Als O3 py (0, 1, 0] 2.567 0
Gad s 03 pz [0, 0,—1] 1.856 p3 Al2 s O3 pz [0, 1, 0] 2.657 0
Gad s 04 px [-1,1,0] 2.653 7 Al2's 04 px [0, 1, 0] 2.998 Pi3
Gad s 04 py [-1,1,0] 0.213 r  Al2s 04 pz [0, 1, 0] 2.722 0
Gad s 04 pz [-1,1,0] 1.253 0 Al2s 05 px [0, 1,-1] 1.381 m
Gad s 05 px [0,1,-1] 1.151 0 Al2s O5 py (0, 1,—1] 1.901 0
Gad s 05 py [0, 1,—1] 2.405 0 Al2's O5 pz [0, 1,-1] 1.554 T
Gad s 05 pz [0,1,-1] 1.249 0 Al2's 06 px [0, 0, 0] 1.144 @
Gad s 06 px [0, 0, 0] 1.510 0 Al2s 06 py [0, 0, 0] 2.297 m
Gad s 06 py [0, 0, 0] 2.196 T Al2's 06 pz [0, 0,0] 1.769 ™
Gad s 06 pz [0, 0, 0] 1.254 0 Al3 s 01 px [0,1,—1] 0.924 0
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TABLE V1. (Continued.)

On-site energy (eV)

All Al 7.00
All O 0.00

Hopping parameters
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