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Electronic and thermodynamic properties of -Ga,05
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Electronic and thermodynamic properties of 8-Ga,0O5 are investigated in the framework of density
functional theory. The equilibrium structural parameters and Debye temperature are obtained
through fitting of the energy surface to the equation of state. Analysis of the band structure shows
the valence band maximum to be degenerate at I" and M, whereas the conduction band minimum is
predicted to be at I". The valence band is almost flat, indicating a rather large effective mass for
holes, whereas the calculated electron effective mass comes out to be about 0.12, expressed in units
of the free electron mass. © 2006 American Institute of Physics. [DOI: 10.1063/1.2218046]

Thin films and single crystals of gallium oxide (Ga,05)
have acquired an increasing importance in recent years
because of their applications in various optoelectronic
devices,l’2 semiconducting lasers,3 and ultrasensible gas de-
tecting devices. Optical absorption measurements” in single
crystals of B-Ga,O; have revealed an absorption edge at
4.60 eV (=2700 A) at room temperature, suggesting it to be
an intrinsic insulator, though it displays a semiconducting
behavior when synthesized in reducing conditions.® Photolu-
minescence studies, on the other hand, reveal three dominant
bands in the ultraviolet (UV), blue, and green regions.7 It is
suggested that the UV emission is an intrinsic phenomenon
associated with the recombination of an electron and a self-
trapped hole.® In spite of the availability of numerous experi-
mental studies” " investigating technological applications of
Ga,0;, there are relatively fewer theoretical studies'®'” on
Ga,0;, even though first-principles calculations with proven
predictive capabilities are now routinely performed on a
wide variety of materials.

In this letter, our main interest lies in understanding the
electronic and thermodynamic properties of [3-Ga,0;. We
calculate the potential energy surface and fit an equation of
state to it to obtain the equilibrium structural parameters in-
cluding the lattice constants, bulk modulus and its pressure
derivative, and Debye temperature. At the equilibrium vol-
ume, electronic properties including band structure, density
of states, and charge density are calculated to determine in-
terband transitions, electron effective mass, and the nature of
chemical bonding in B-Ga,0;.

At ambient conditions, Ga,O5 occurs in the monoclinic
(i.e., B) phase, although it can be transformed into four other
high-pressure and temperature polymorphs.'8 The mono-
clinic phase has C2/m symmetry, with 4 formula units per
crystallographic cell (i.e., 8 Ga and 12 O atoms)." The cal-
culated lattice parameters and internal coordinates refer to
these four formula units per unit cell, but the calculated vol-
umes and energies are given for 1 formula units (i.e., two Ga
and three O) to facilitate the comparison with molar thermo-
dynamic properties. The unit cell can be characterized by
four lattice parameters: a, b, ¢, and B. In the unit cell, there
are two crystallographically nonequivalent Ga atoms and
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three nonequivalent O atoms located at 4i (x,0,z). The local
symmetry of the constituent atoms is C;, and Ga atoms have
tetrahedral- and octahedral-like coordinations.

The plane-wave pseudopotential approach within the
generalized gradient approximation (GGA) (i.e., Becke for
exchange and Perdew and Wang for correlation) of density
functional theory (DFT) was employed to perform electronic
structure calculations using vASP.” The energy cutoff for the
plane wave expansion is 270 eV, and the cutoff for the aug-
mented electron density is 554 eV. Under these computa-
tional conditions, the residual numerical uncertainty is esti-
mated to be about 0.01 eV/atom.

To obtain the equation of state for Ga,0s3, a relationship
between total energy and volume was determined from the
fourteen-dimensional (14D) potential energy surface consist-
ing of four lattice parameters and ten internal parameters. It
involved the optimization of the lattice parameters as well as
the internal coordinates at several fixed values of the crystal-
lographic unit-cell volume. Figure 1 shows the calculated
potential energy curve of Ga,0O5; which is fitted to the equa-
tion of state of Vinet er al.*' It yields the equilibrium volume
(Vo) of 52.4 A3/per formula unit, bulk modulus (B,) of
330 GPa, and its pressure derivative (B(')) of 1.7, at zero pres-
sure. It is to be noted here that the lattice parameters b, ¢, and
B remain nearly the same for the range of unit-cell volume
considered. However, the lattice parameter a shows a small
variation of about 6% with respect to its equilibrium value.
The lattice parameters corresponding to the equilibrium ge-
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FIG. 1. Energy vs volume per formula unit of 8-Ga,05. V/V,, vs pressure is
given in the inset, together with the fitted equation of state.
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TABLE 1. Equilibrium geometry of [3-Ga,0;. Experimental results are
taken from Ref. 18.

Property Expt. Calc.
Lattice parameters
a (A) 12.23 12.27
b (A) 3.04 3.03
c (A) 5.80 5.80
B (deg) 103.7 103.7
Avg. nearest-neighbor distance
Gar-R,, (A) 1.83 1.84
Gay-R,, (A) 2.01 2.00
Op-R,, (A) 1.92 1.90
Oy-R,, (A) 1.87 1.86
Oyr-R,, (A) 2.01 2.01
Fractional coordinates

XGa, 0.090 0.089
ZGa 0.795 0.795
Xy 0.341 0.342
ZGay, 0.686 0.685
Xo, 0.167 0.162
20, 0.101 0.108
Xoy, 0.496 0.496
2oy, 0.255 0.258
Xoy 0.828 0.826
2oy, 0.436 0.435

ometry are listed in Table I, showing an excellent agreement
with the corresponding experimental values. The lattice con-
stants, average nearest-neighbor distance, and internal pa-
rameters (i.e., fractional coordinates of atoms) are mostly
within 1% of the respective experimental values. The calcu-
lated binding energy per formula unit of Ga,05 with respect
to the constituent atoms is 30.6 eV. Assuming a quasihar-
monic Debye-like model in which the Debye temperature
depends only on the volume of the crystal,22 the Debye tem-
perature of Ga,0; is predicted to be 872 K.

Figure 2 displays the upper valence and lower conduc-
tion band structure of Ga,0;. Anionic and cationic states
constitute the top of the valence and the bottom of the con-
duction band, respectively, as revealed by the total and par-
tial density of states (DOS) shown in Fig. 3. The uppermost
valence band is mainly formed by O 2p states, with a width
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FIG. 2. Band structure of -Ga,0;. The Fermi energy is aligned to zero.
The k points are ['=(000), A=(001), z=(320), M=(311), L=(0}1), and V
=(0l0).
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FIG. 3. Total and projected density of states of Ga,O; in the monoclinic
phase. The PDOS associated with the conduction bands in the energy range
of 0—10 eV is magnified in the inset. The Fermi energy is aligned to zero.

of about 7.0 eV. We note here that our GGA-DFT results do
not agree with tight-binding calculations, which find the up-
per Valence band to be composed of O 2p, Ga 4p, and Ga 4s
bands."'®

The valence band maximum appears to be almost degen-
erate at the I' and M special points, the energy at I" being
0.03 eV lower than that at M. On the other hand, the con-
duction band minimum occurs at I', so there is a direct gap at
I" and an indirect M-I" gap. It is well known that GGA DFT-
based calculations underestimate the band gap, although this
can be corrected using a semiempirical express1on 3 which
shifts the levels in the conduction band. Using the high-
frequency dielectric constant value of 4.71 for Ga,0s;, the
semiempirical correction yields a direct gap of 4.40 eV at I,
and an indirect M-I" gap of 4.37 eV, in good agreement with
the value of 4.60 eV obtained by 0pt1cal absorption
measurements.” A recent experimental study finds the ab-
sorption edges to be at 4.79 and 4.52 eV for light polarized
along the b and ¢ axes, respectively. Finally, our calculations
do not predict the closing of the energy gap, at least up to
40 GPa, in the monoclinic Ga,05. The calculated pressure
coefficients of the energy gap at I' and M are 0.025 and
0.027 eV/GPa, respectively.

A close inspection of the density of states (see the insets
of Fig. 3) and charge density associated with the lowest con-
duction band finds it to be associated with Ga 4s. Since Ga
atoms have either tetrahedral coordination or octahedral co-
ordination, a significantly different dispersive behavior of the
bands associated with the tetrahedrally (Ga;) and octahe-
drally (Gay;) coordinated atoms is expected; the conduction
band minimum at I' is associated with the Gay atoms, show-
ing a large splitting of about 3.28 eV with respect to that
associated with Gaj atoms. This large splitting can be related
to a larger degree of covalency at the tetrahedral sites, which
moves the Gaj-4s levels into antibonding states at higher
energies.

Following the predicted value of 4.40 eV associated
with the transition from the top of the valence band to the
bottom of the conduction band at I', the interband transitions
associated with Z, A, and M Kk points are predicted to be at
6.61, 6.99, and 7.11 eV, respectively. This group is followed
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FIG. 4. ELF plot for 8-Ga,0; in the plane perpendicular to the b axis with
isolines from O to 1 with 0.1 spacing. Ga; atoms shown as filled squares,
Gay atoms as empty squares, and O atoms as circles.

by two peaks at 7.69 and 9.42 eV, associated with V and L k
points. It is expected that the predicted values will assist the
experimentalists in identifying the peaks in the optical spec-
tra obtained by either reflectance or x-ray photoelectron
spectroscopy.

The valence band is almost flat, indicating a rather large
effective mass for holes. On the other hand, the calculated
electron effective mass with m:/ myg values of 0.123, 0.124,
and 0.130 along a*, ¢* (I'-A), and b”" (Z-I'), respectively, is
close to the effective mass of 0.15m of the wurtzite GaN as
obtained by electron spin-resonance experiments.24 For each
k direction, we have fitted the energy dispersion of the con-
duction band minimum to a parabolic function in the vicinity
of the I point.

We use the (valence) electron localization function®
(ELF) to analyze bonding in the crystal. The ELF contour
plot on the plane perpendicular to b is shown in Fig. 4.
Electrons are localized in basins around the O atoms, and
there is no bond localization region, suggesting a mainly
ionic bonding, as expected considering the difference in elec-
tronegativity of Ga and O. However, small deviations from
the spherical symmetry around the nuclei suggest the pres-
ence of some covalency in the crystal. On the basis of these
deviations, a higher degree of covalency is seen to be asso-
ciated with Ga;—O bonds as expected due to its lower coor-
dination in the crystalline lattice.

In summary, we have calculated structural and electronic
properties of B-Ga,05. A fitting of the equation of state to
the energy surface yields lattice parameters at zero pressure
which are in good agreement with the corresponding experi-
mental values. The analysis of the band structure shows the
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gap to be indirect, and no metallization of Ga,0; is predicted
to occur for pressures up to 40 GPa. The valence band is
almost flat, indicating a rather large effective mass for holes,
whereas the calculated electron effective mass comes out to
be about 0.12, expressed in units of the free electron mass.
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