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Control of polymorphism in Ga,O; poses a significant challenge. In this study, we investigate the phase
stability and transitions of «-, -, and k-Ga, O3 structures using first-principles calculations. Our analysis of
the pressure and energy relationship of Ga,O; polymorphs demonstrates that external pressure can induce the
transition from the ground-state monoclinic 8 to the corundum « phase, but not to the orthorhombic « phases
because of the small volumetric changes and relatively large energy differences. However, taking x-Ga,0; as
an example, we propose that introducing holes (e.g., substituting Ga with a valence II ion) can stabilize the
metastable phases in combination with pressure because the valence bands of the x phase are higher than those in
the o and B phases. These findings not only rationalize the absence of direct observation of the §— « transitions
with conventional external pressure, but also offer insights into the underlying physical mechanism behind the
experimentally observed ion irradiation-induced transitions to metastable phases in Ga,0s.
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I. INTRODUCTION

Gallium oxide (Ga,0O3;) with a wide band gap (4.2-
5.3 eV) boasts a range of exceptional properties, including
high breakdown field strength, high switching frequency, high
temperature tolerance, and strong radiation resistance. These
attributes make it an attractive candidate for a wide range of
applications, including high-power electronic devices, day-
blind ultraviolet communication systems, ultrasensitive gas
detectors, and transparent ultraviolet electronic devices [1-5].
Ga,03 has five recognized polymorphs, namely, o, 8, v,
3, and x. Among these, the monoclinic 8 phase with space
group C2/m is the most stable form and, therefore, has been
extensively studied [6-10]. The metastable phases have also
attracted growing interest in recent years due to their appeal-
ing properties, e.g., orthorhombic k-Ga, O3 has spontaneous
polarization and ferroelectric behavior [11-17]. However, the
process of stabilizing the metastable phases from 8 phase has
not been a trivial work. External pressure has conventionally
been used as an effective means for inducing phase changes
in materials. For instance, it is experimentally reported that
B-Ga, O3 can transform into corundum «-Ga,;O3 by applying
high pressure (4.4-19.2 GPa) [18-20]. Nevertheless, to date,
direct observations of the transformation from the 8 to «
phases by applying pressure have not been reported. Surpris-
ingly, it has been shown that ion implantation can trigger
B—« [21-23] transitions, although the underlying physical
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mechanism behind this phenomenon has not been clearly
stated.

In this work, we perform a systematic first-principles in-
vestigation into the phase stability and transitions of «-, -,
k-, and y-GapOs structures, which are commonly consid-
ered to have relatively low energies and high stabilities. We
first explore the relationship between the energy and volume
(pressure) of the Ga,Os polymorphs and observe that the
application of pressure does not induce the B—« or f—y
phase transitions because the presence of the o phase with
significantly small volume (large volume reduction) induces
the f— o phase transition before other phase transition oc-
curs. Further, by investigating the §—« phase transition as
an example, we show that introducing holes (e.g., through ion
implantation) can significantly lower the total energy of the
k-Ga; 03 phase due to its high valence band energy, thus sta-
bilizing the xk-Ga, O3 with or without pressure, depending on
the hole concentration. The findings presented here rationalize
the experimentally observed S—« phase transition induced
by external pressure as well as other polymorph transitions
caused by synergistic effect with ion irradiation.

II. COMPUTATIONAL METHOD

Our first-principles calculations are based on the projec-
tor augmented wave method and density functional theory
with the Heyd-Scuseria-Ernzerhof hybrid functional [24] as
implemented in the VASP code [25]. The Hartree-Fock ex-
change mixing parameter « is set to be 32% to match the
experimentally observed band gaps. The Ga 3d electrons
are treated as the valence electrons. We use a plane-wave
basis set with a cutoff energy of 500 eV, and a Hellmann-
Feynman force convergence criterion of 0.01 eV/A for each
atom. We sampled the Brillouin zone of «-, -, y-, and

©2024 American Physical Society
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FIG. 1. (a) Primitive cells of -, 8-, and k-Ga,0;. The y phase with large unit cell and statistically occupied Ga sites is not plotted here.
(b) Calculated energy-volume curves (E-V) for «-, 8-, -, and k-Ga,O;. The solid lines are fitted by the third-order Birch-Murnaghan equation
of state. The dashed common-tangent line represents the allowed S-o phase transition by applying pressure. (c) Pressure dependence of the
enthalpies for «-, -, and x-Ga,0; relative to S-Ga,O; showing that the S-« phase transition occurs before other phase transitions can occur
and the y phase has much higher enthalpy compared to the other phases.

k-Gap O35 lattices with I'-centered Monkhorst—Pack k grids
with energy converged to 1 meV per formula unit, respec-
tively. The band alignments between «-, 8-, and k-Ga,03
are calculated using the three-steps approach described in
Ref. [26]. In doping calculations, we constructed a super-
cell with 160 atoms for each phase and the hole doping is
simulated by introducing holes without replacing Ga atoms
with other atoms. Structural optimization is performed for all
concentrations.

III. RESULTS AND DISCUSSION

Figure 1(b) presents the energy-volume (E-V) curves cal-
culated for the «-, 8-, y-, and k-Ga; 03 polymorphs. Given
the structural disorder nature of y-Ga,0Os3, in our calcu-
lation, we adopt the experimentally determined crystalline
model detailed in Ref. [27]. The total energies are fitted to
the third-order Birch-Murnaghan equation of state [28]. The
ground-state properties extracted from Fig. 1(b), including lat-
tice parameter, volume, and total energy per formula unit, for
a-, B-, y-, and k-Ga, 03 are tabulated in Table 1. Figure 1(a)

depicts the corresponding atomic structures for the primitive
cell of a-, 8-, and xk-Ga,03. «-Ga, O3 adopts the corundum
structure with a space group of R3c, where each Ga atom
binds with six surrounding O atoms, forming a distorted GaOg
octahedron. B-Ga,0Os3; has two nonequivalent Ga sites in a
1:1 ratio, with one site exhibiting tetrahedral and the other
octahedral coordination geometry. y-Ga,Os3 exhibits a so-
called defective spinel structure (cubic, Fd3m) with both
tetrahedral and octahedral coordination. It can be best de-
scribed as a disordered phase derived from the B phase.
k-Ga, 03 crystallizes in the orthorhombic structure with a
space group of Pna2;, consisting of three nonequivalent Ga
sites with octahedral, trigonal bipyramid, and tetrahedral co-
ordination geometries in a 1:2:1 ratio, respectively.

The equilibrium volume increases from «- to k- to y- to
B-Ga,03. As expected, the monoclinic § structure has the
lowest energy and is stable under ambient pressure for Ga, O3,
consistent with prior calculations [11,23]. A common-tangent
line can be constructed between the 8 and « phases, indicat-
ing a phase transition between these two phases can occur
at the pressure given by the slope of the common-tangent
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TABLE I. Calculated equilibrium lattice parameters (a, b, ¢), volume (V), total energy (E) per formula unit, and band gap (E,) for -, 8-,
y-, and k-Ga,O3. Experimental values for the band gap and lattice parameters of all three phases are provided in brackets. The space group

for each phase is also given.

ot-Ga203 ,B-Ga203 )/-Ga203 K-Ga203
Space group R3¢ C2/m Fd3m Pna2,
a (A) 5.00 (4.98%) 12.22 (12.21%) 8.228 (8.238°) 5.02 (5.05%)
b (A) 5.00 (4.98%) 3.03 (3.04%) 8.65 (8.70%)
c (A) 13.47 (13.43%) 5.79 (5.81%) 9.26 (9.28%)
vV (A/f.u) 47.69 52.09 51.30 50.26
E (eV/f.u.) —40.444 —40.582 —40.337 —40.485
E, (eV) 5.29 (5.30%) 4.84 (4.90") 4.05 (3.99¢) 4.94 (5.0M

#Reference [29].
bReference [6].

‘Reference [27].
dReference [13].
¢Reference [30].
fReference [1].

gReference [31].
hReference [32].

line. To show it more clearly, the pressure dependence of the
enthalpies for a-, -, and x-Ga,Oj3 relative to f-Ga, O3 poly-
morph is illustrated in Fig. 1(c). The enthalpy of the o phase
drops below that of the 8 phase after approximately 4.8 GPa,
indicating that the B phase transforms into the « phase under
such pressure conditions, in good agreement with previous
experiments [18]. On the other hand, the enthalpies of
the y and « phases are not the lowest ones at any pres-
sure, suggesting that the phase transition to the y and «
phases does not occur as pressure increases. This is at-
tributed to the large volume of the y- and «-Ga,Os3 as
compared to that of w-Ga,03. Because the y phase has
both high energy and large volume among the metastable
phases, and as a disordered phase, the y phase can be
deduced from the B phase by varying temperature [27,
33-35], rather than relying on pressure and doping, in the rest
of the paper, we will only consider -, 8-, and k-Ga, O3 phase
transitions between the polymorphs.

The calculated projected electronic band structures of «-,
B-, and k-Ga, 03 in their respective ground states are shown
in Fig. 2. The orthorhombic «-Ga,Oj3 structure has four times
as many bands per k point compared to that of the « and B
phases due to its larger primitive unit cell containing 40 atoms.
The conduction band minimums of all three phases are located
at the I' point, while the valence band maximum (VBM)
states are located on the I'-X line, L-I line (in agreement
with Ref. [7]), and the I" point for «-, 8-, and x-Ga,Os3,
respectively. The calculated band gaps, given in Table I, agree
with the available experimental band gaps. Within the energy
region between —5.0 and 0 eV, the O p character dominates
the valence bands of all three phases. Meanwhile, in the region
around —15 eV, the valence bands are primarily composed of
Ga d states. It is noteworthy that the proportions of octahedral
coordination geometry are 100%, 50%, and 25% for a-, 8-,
and «-Ga,0s3, respectively. As p —d mixing at octahedral
sites is symmetry forbidden or weak, it is expected that the
p — d coupling effect will increase from « to B to k. Fur-
thermore, the volume of the x phase is about 96% of the B
phase, and the VBM has high deformation potential due to

the p — d coupling, therefore, the reduction in volume in the
k phase will result in a stronger atomic p — d repulsion than
the B phase. These factors suggest that the VBM energy levels
should increase from « to 8 to «.

To verify this expectation, we calculate the band alignment
between «-, -, and x-Ga,O3 using first-principles meth-
ods, as shown in Fig. 3(a). As anticipated, we see that the
VBM energy increases in the sequence of a-, 8-, and «-
Ga,0;3. Furthermore, when holes are introduced into Ga, O3
phases, polarons are formed with the hole self-trapping en-
ergy (Eg) also increasing in the sequence of «-, -, and
k-Ga,03 [17]. Therefore, k-Ga, O3, which has the highest
VBM and E energy, can gain more energy with respect
to the other two phases [36,37]. Therefore, it is plausible
to stabilize the metastable x phase by incorporating holes
into Ga,03. We substantiate this idea by computing the total
energy for a-, B-, and xk-Ga,O3; as a function of the in-
jected hole density, as depicted in Fig. 3(b). Here, the slopes
correspond to the energy increase rate with the hole injec-
tion. We find that under low hole density, 8-Ga,O3; has a

a-Ga,04

p-Ga,04 x-Ga,0,

Energy (eV)

LM

\\2\\“ )))\\\\“‘Dlliiilllj[{l[[!’{z

FIG. 2. Projected band structures of «-, 8-, and k-Ga,Os. The
valence band maximum is set to zero.
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FIG. 3. (a) Calculated band alignments between a-, 8-, and k-Ga,0s3. The green numbers represent the differences in the VBM between
the various phases. The red dashed lines indicate the hole self-trapping energy (Ey,) relative to the VBM of the Ga,O; phases [17]. (b) Total
energies of «- and k-Ga, 03 as a function of the hole density relative to 8-Ga,0;.

lower energy compared to x-Ga,O3;. However, the energies
of the two phases approach each other with increasing hole
incorporation. Notably, as the hole density reaches 1.78 x
10?! cm™3, the energy of the x phase becomes lower than
that of the B phase, resulting in the stabilization of the «
phase. This finding offers an alternative explanation for the
ion-implantation-induced metastable phase transitions ob-
served experimentally [23]. It is also noticeable that the
energy difference between the o and 8 phases increases with
hole carrier density, which indicates that the required pressure
to cause the B-« phase transition will increase with the intro-
duced hole carrier density [13—15].

It is possible to use the synergistic effects of introducing
holes and applying pressure to induce the phase transitions
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between the 8-Gay O3 to k-Ga, O3 phases to reduce either the
required hole concentration or the pressure. This is because
when we introduce holes into these materials, due to the band
alignment, the energy of «-Ga,Os increases relative to that
of B-Ga,03, while the energy of x-Ga,0O3; decreases. Our
calculations show that at the critical doping concentration of
3.56 x 10 cm™? and under a critical pressure of 5.7 GPa, a
direct pressure-induced transition from 8-Ga,03 to k-Ga, 03
to «-Ga,O3 phases becomes possible, as shown in Fig. 4.
When the hole doping concentration increases beyond the
critical concentration, the required pressure causing the S-
phase to the k-phase transition is reduced but the pressure
for the further «-phase to the «-phase transition will increase
from the critical pressure of 5.7 GPa. It should be noted,
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FIG. 4. (a) Calculated energy-volume curves (E-V) for a-, 8-, and k-Ga,0O5 at a hole doping concentration of 3.56 x 10%° cm—> where
the three phases have the same enthalpy. The slope of the dashed common-tangent line (5.7 GPa) represents the S-«k-o phase transition.
(b) Pressure dependence of the enthalpies for «- and k-Ga, 05 relative to §-Ga, O3 at the same hole doping concentration.
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even though the calculations of the electronic effects were
performed for the §— « phase transition, it is likely the 8—y
transition may employ a similar mechanism.

IV. CONCLUSION

In conclusion, we have carried out a first-principles in-
vestigation on the phase stability and transitions of a-, -,
and k-Ga,; 03 structures. Our results reveal that pressure can
induce the transformation of B phase to o phase, but it does
not lead to either 8— « phase transitions. To shed light on the
mechanism underlying the metastable polymorph transitions
induced by ion implantation, we have analyzed the crystal
structures, electronic structures, and band alignment of the
k-Ga,03 in comparison with the o and B phases. We find
that the x-Ga,O3 phase exhibits a higher VBM and Ej; state
compared to the & and B phases, which can be attributed to its
small volume and consequently strong p — d coupling effect.
Based on this observation, we demonstrate that introducing

holes into the Ga, O3 systems, especially with the synergis-
tic effect of pressure, can stabilize the metastable «-Ga, O3
phases. Our findings provide a rational explanation for the
experimental observations of the §— « phase transition under
external pressure and the metastable polymorph transitions
under ion irradiation. Our study, thus provides insights on the
synergistic effects of pressure and carrier doping in control-
ling the phase stability of crystals.
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