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Phase stability of (Al,Ga;_,),0; polymorphs: A first-principles study
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Monoclinic Ga, 05 and (Al,Ga,_,),0j3 alloys are wide-band-gap semiconductors with promising applications
in power electronics. Although the physical properties of monoclinic Ga,Os (8 phase) have been extensively
explored, information is lacking about other phases («, y, k) of Ga,O3 and related alloys. Here we use density
functional theory to assess the phase stability of different polymorphs of Ga,0; and (Al,Ga,_,),0; alloys at
both zero and finite temperatures. Due to the preference of Al for the octahedral site, the y and « phases of
(Al,Ga;_,),05 exhibit a minimum enthalpy of formation at 62.5% and 50% Al concentrations, respectively.
Relative to the other phases, the enthalpy of formation of the y phase is the highest over the entire range of
alloy compositions. We examined the effect of strain arising from pseudomorphic growth of (010)-oriented
(Al,Ga;_,),0; films on 8-Ga,0; substrates and found that the alloys become less stable. At finite temperature
we found that the lattice vibrations tend to stabilize the « phase and destabilize the & and y phases, referenced
to the monoclinic phase. This can be attributed to the greater phonon density of states of the x phase at
low frequencies. A unique configurational entropy that is present in the y phase due to the cation vacancy
disorder plays a substantial contribution in stabilizing the y phase at finite temperature, particularly at 50% Al
concentration. Our study provides a comprehensive overview of stability of different phases of (Al,Ga;_,),0s,
offering insights into the driving forces for polymorph formation that should prove useful for improved control

over phase-pure growth of these important alloys.
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I. INTRODUCTION

As a promising materials platform in power electronics,
monoclinic Ga;O3 (8-Ga;03) has been well characterized
and studied in detail [1,2]. §-Ga; O3 has a band gap of 4.76—
5.10 eV [3-6] and a high breakdown field of 6-8 MV /cm
[7]. The existence of high-quality yet low-cost substrates
[8-10] together with the ease of n-type doping [11,12] ren-
der B-Ga,Oj3 highly promising for applications in high-power
electronics and UV optoelectronics [13-15].

Several polymorphs of Ga;03 are known: In addition to
B (monoclinic), o (corundum), y (defective spinel), k (or-
thorhombic), § (bixbyite), and € phases have been reported
[16,17]. Among these polymorphs, B8-Ga,03 is thermody-
namically the most stable and can be directly obtained from
melt [8—10]. While the structures of 8-, a-, -, and k-Ga, 03
have been unambiguously identified [17-22], the space groups
of the € and 6 polymorphs have been controversial. €-Ga, 03
was originally assigned to a hexagonal P63mc space group,
with Ga atoms randomly occupying the octahedral and tetra-
hedral cation sites, yielding a disordered structure with 2:3
stoichiometry [23,24]. However, more recent high-resolution
transmission electron microscopy studies [25] demonstrated
that €-Ga,03 is composed of domains of the orthorhom-
bic crystal structure with the space group Pna2; (i.e., the
k phase). Three connected 120° domains of the orthorhom-
bic structure produce a pseudohexagonal symmetry, causing
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€-Ga,; 03 to have been erroneously ascribed to a hexagonal
symmetry. The orthorhombic Bravais lattice of €-Ga,O3 was
subsequently confirmed by high-resolution x-ray diffraction
and Raman spectropy [26]. Similarly, the § phase, first re-
ported by Roy et al. [16], was subsequently suggested by
Playford et al. to be a mixture of € and § phases [27]. There-
fore, there is no need to further discuss the € and é phases, and
we can concentrate solely on the single phases («, 8, y, and
k) in the present study.

It has been proposed that polymorphs of Ga,O3 other than
B could potentially lead to advancements in gallium-oxide-
based power electronics or other novel applications [28]. For
example, «¢-Ga,O; has a band gap of 5.3 eV [29,30] and
has been grown epitaxially on sapphire [31]. k-Ga; O3 has a
band gap of 4.6-4.7 eV [28,32,33] and, uniquely among the
polymorphs, has a polar structure [23,25,26] with a predicted
spontaneous polarization of 23.0-26.4 uC/cm? [34-36].
Analogous to AIN/GaN-based heterojunctions, this polariza-
tion could be used to create an interfacial two-dimensional
electron gas (2DEG) [35-37] that could be exploited in high-
electron mobility transistors. In order to take advantage of
these attractive features of different polymorphs of Ga,;0s3,
it is crucial to understand their phase stability and unique
physical properties.

Alloying with alumina further widens the band gap of
B-Ga,03 [38], enabling heterostructures [39-41] and the
fabrication of field-effect transistors with a high-mobility
two-dimensional electron gas [39]. Electron confinement
depends on the conduction-band offset (CBO) between
(Al,Ga;_,)>03 and Ga,O3 [38,42-44]. The CBO increases
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with Al concentration, and hence the synthesis of high-Al-
fraction B-(Al,Ga;_,),0; films on top of Ga,0j; is desirable.
This has turned out to be challenging due to formation of
extended defects [45,46] and phase segregation (particularly
y phase) [47-50]. Alloying with Al has also been reported for
the corundum phase, yielding a band gap that is continuously
tunable from 5.4 to 8.6 eV in «-(Al,Ga;_,),0; films [31]
over the entire composition range, while maintaining a high
crystalline quality. A thorough understanding of the stability
of the competing phases in (Al,Ga;_,),0; is needed to offer
insight into how to promote formation of the desired phase
while avoiding detrimental phases.

Some previous computational studies have partially ad-
dressed the issue of phase stability. Peelaers er al. [38]
explored the relative stability of monoclinic and corundum
(Al,Ga;_y),03, and Seacat et al. [51] investigated orthorhom-
bic (Al,Ga;_,),0s3, all at zero temperature. Yoshioka et al.
[52] did take vibrational free energies into account and investi-
gated the phase stability of k-, 8-, and «-Ga, O3 up to 1500 K,
but not for y-Ga,0Os3 and (Al,Ga;_,),03; polymorphs. Our
present study, based on density functional theory, addresses
the phase stability of all polymorphs (¢, 8, y, and «) for both
Ga;0; and (Al,Ga;_,),05 alloys at both zero temperature
and finite temperature.

We calculate the enthalpy of formation of different poly-
morphs of (Al,Ga;_,),03 and find that the y phase is the
least favorable over the entire range of Al compositions, but
it exhibits a comparable enthalpy of formation to other phases
around x = 62.5%.

Since growth of thin alloy films often occurs pseudomor-
phically on Ga, O3 substrates, we also investigated the impact
of strain on the enthalpy of formation. It was suggested that
the strain would lead to the competition between B and y
phase during thin-film growth of (Al,Ga;_,),03 at high Al
compositions, promoting phase segregation [47]. Specifically,
we focus on the strain effect when growing 8-(Al,Ga;_,),03
on top of (010)-oriented -Ga, O3 substrates. Our study of the
impact of strain on stability shows that the strain due to lat-
tice mismatch between Ga, O3 substrates and (Al,Ga;_,),03
films only slightly increases the energy of 8-(Al,Ga;_,),03
alloys due to a small increase in the enthalpy of mixing AH.
For phases other than monoclinic, we expect AH to also
increase with strain. The strain is highly unlikely to impact
the relative phase stability since the increase in AH for the
monoclinic phase is small.

We also performed extensive investigations of finite-
temperature free energies, taking both vibrational and con-
figurational entropy into account. For the vibrational entropy,
we calculated the phonon densities of states for the various
phases of Ga,0s, AlGaOj3, and Al,O3 at different volumes;
the effect of thermal expansion at finite temperature was as-
sessed using the quasiharmonic approximation. Referenced to
the monoclinic phase of Ga,03; and AlGaOs, the vibrational
entropy tends to stabilize the « phase, and weakly destabilizes
the @ and y phases. In Al,O3, the o phase remains most stable
up to 1400 K, beyond which the B phase is favored due to
vibrational entropy.

As for configurational entropy, the regular-solution mixing
entropy gives a similar contribution for all phases at a given
Al fraction and hence does not affect the relative stability of

different alloy phases. However, an additional type of con-
figurational entropy occurs in the y phase: This is a defective
spinel phase, in which vacancies can occur in various different
positions; we find that the configurational entropy associated
with this disorder stabilizes the y phase relative to the other
phases.

The paper is organized as follows. In Sec. II the details
of the first-principles calculations for the enthalpy of forma-
tion and free energy are introduced. The main results are
presented in Sec. III. The enthalpy of formation for different
polymorphs of (Al,Ga;_,),0;3 at zero temperature is exam-
ined in Sec. IIT A. Strain effect on the enthalpy of formation
of (Al,Ga;_,),03 and relative phase stability is explored in
Sec. IIIB. The vibrational and thermal properties, and the
phase stability of various polymorphs of Ga,0s3, AlGaOs,
and Al,O; at finite temperature are investigated in Sec. III C.
Since the bulk modulus characterizes elastic properties, we
explore the temperature-dependent bulk modulus of various
polymorphs of Ga,03;, AlGaOs, and Al,O3 in Sec. IIID,
based on the study of thermal properties. Section IV concludes
the paper.

II. METHODOLOGY
A. Structures of polymorphs

We focus on the monoclinic (8), corundum (), or-
thorhombic (k), and defective spinel (y) phases of Ga,0s3,
Al,Os, and (Al,Ga;_,),03. The unit cells of these poly-
morphs of Ga,0O; are illustrated in Fig. 1. While o-Ga;03
only contains octahedral cation sites, 8-, k-, y¥-Ga, O3 contain
both octahedral and tetrahedral cation sites. In the 8 phase,
there are equal numbers of octahedral and tetrahedral sites; in
the « phase, the ratio of the octahedral and tetrahedral sites is
3:1. For the y phase, the ratio of octahedral to tetrahedral sites
depends on which cations are removed in the defective spinel
phase.

Uniquely among the polymorphs, the y-Ga,03 exhibits
disorder due to the fact that cation vacancies can occupy
different sites within this defective spinel phase. To construct
a unit cell of the y-Ga,03;, we followed the two-step pro-
cedure outlined by Gutierrez et al. [54]: (1) Starting from
the perfect conventional spinel cell Gay4Os;, (corresponding
to stoichiometry Gas;Qy), create a triclinic unit cell Ga;gOo4
by performing a lattice transformation based on the lattice
vectors (ag, by, ¢g) of the conventional cell:

a’ 05 05 O ag
b|l=10 05 05]]|b
c 1.5 0 1.5) \c¢o

(2) Remove two Ga atoms from this triclinic unit cell to reach
the desired 2:3 stoichiometry (Ga;sOy4). Similar to Yoshioka
et al. [52], we removed two octahedral Ga sites which are
separated by 7.9 A, which is most energetically favorable.
This results in a 5:3 ratio of octahedral to tetrahedral sites in
this unit cell.

To investigate enthalpy of formation of (Al,Ga;_,),03
alloys (see Sec. IIT A), the alloy structures for different poly-
morphs can be constructed within the cells that are depicted in
Figs. 1(a)-1(d), by substituting Ga with Al atoms. At a given
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(a) Ga,0, (b)

Gaocta(l)

FIG. 1. Structural illustration of Ga, O3 polymorphs: (a) monoclinic (8); (b) corundum («); (c) orthorhombic («); (d) defective spinel (y).
Red spheres denote O atoms and Ga atoms are denoted using different colors to distinguish the coordination number (see the labeling for Ga
atoms). Only unit cells (a) and (b) are primitive cells. The unit cell of the defective spinel structure contains layers composed of pure tetrahedral
Ga or pure octahedral Ga sites. Structural visualization was performed using VESTA [53].

Al concentration, different structures may be generated de-
pending on which cation sites are replaced by Al. To study the
thermal properties, we limited ourselves to the 50/50 AlGaOs;
alloy (see Sec. IIIC), and selected the most stable ordered
AlGaOs; cell for each phase as a representative example.

B. Computational details

We performed density functional calculations using the
projector augmented wave method (PAW) [55] implemented
in the Vienna ab initio simulation package (VASP) [56,57]. For
all the calculations, a plane-wave energy cutoff of 500 eV
was employed and the valence-electron configurations are
3d'%45%4p' for Ga, 3s?3p' for Al, and 2s?2p* for O. Note
that the inclusion of Ga-3d electrons in the valence is essen-
tial in the present study to obtain the correct phase ordering
in Ga,0O; and the correct octahedral site preference of Al
atoms in (Al,Ga;_,),03 [38,58]. To accurately describe the
electronic structure as well as energetics, we used the hybrid
functional of Heyd, Scuseria, and Ernzerhof (HSE) [59], with
a mixing parameter of o = 0.32. This results in a band gap
of 4.8 eV for monoclinic Ga,03 and 7.4 eV for monoclinic
Al O3, consistent with experiment [4,60]. Brillouin-zone inte-
grations were carried out using a I'-centered 4 x 4 x 4 k-point
mesh for the primitive cell of the monoclinic and corundum
phases [Figs. 1(a) and 1(b)], a 3 x 2 x 2 mesh for the or-
thorhombic phase [Fig. 1(c)], and a 3 x 3 x 1 mesh for the
defective spinel phase [Fig. 1(d) for the triclinic unit cell. Full
relaxations were performed with Hellmann-Feynman forces
converged to 5 meV/A. The convergence of the structural
parameters as a function of the k-point mesh was checked.
The HSE-optimized structural parameters of all polymorphs
of Ga,03, AlGaOs, and Al,O3 are summarized in Table I;
they compare well with experiment (where available).

Calculations of interatomic force constants were per-
formed using the generalized gradient approximation of
Perdew, Burke, and Ernzerhof (PBE) for the exchange cor-
relation [61], which is more computationally efficient and has
been shown to be adequate for obtaining accurate vibrational
properties [62]. The finite displacement method was used to
compute the interatomic force constants, in which the forces
are calculated by explicitly introducing atomic displacements

in supercells of different polymorphs. Based on the unit cells
shown in Fig. 1, the supercells employed for interatomic force
constant calculations are 2 x 2 x2, 2x2x2, 2x1x1,
2 x 2 x 1fora, B, k, and y phases, respectively.

C. Enthalpy of formation

The stability of alloys at zero temperature is assessed
by comparing their enthalpies of formation (AH) with re-
spect to the energies of the most stable structures of the
end compounds, i.e., monoclinic for Ga,O3; and corundum

TABLE 1. Structural parameters [lattice parameters (A); angle 8
(degrees)] for different polymorphs of Ga,03, AlGaOs, and Al,O3,
calculated using HSE. Note that the calculated lattice parameter for
the defective spinel phase is a pseudocubic parameter. Available
experimental lattice parameters are also listed for comparison.

G3203 A1G303 A1203
Monoclinic Calec. Expt. Cale. Expt. Calc. Expt.
a 1220 1221* 11.97 12.00* 11.76 11.85°
b 3.03 304 295 298 290 290°
c 579 581* 570 573 560 5.62°
B 103.80 103.87* 104.33 104.03* 104.09 103.83"
Corundum
a 496 498 485 - 474  4.76°
c 13.41 1343 13.21 - 1294 12,994
Orthorhombic
a 5.02 5.05 491 - 4.81 4.84f
b 8.65 870° 843 - 8.31 8.33f
c 9.27 928  9.11 - 8.89  8.94f
Spinel
a 852 8.24¢ 833 — 8.17 791°

2Reference [63].
bReference [64].
‘Reference [20].
dReference [65].
¢Reference [25].
fReference [66].
gReference [67].

104601-3



SAI MU AND CHRIS G. VAN DE WALLE

PHYSICAL REVIEW MATERIALS 6, 104601 (2022)

for Al,O3:
AH[(AL:Ga|_;);03] = E[(AL;Ga;_,);05]

— (1 — x)E[Ga,05] — xE[ALO5].
(1

These values can be fit to an expression for the enthalpy of
mixing of heterostructural alloys within a regular solution
model [38]:

AH(x) = x(1 —x)Q2 + Ql(x2 —x)(x—0.5)
+ (1 —x)Hy + xHy, 2)

where 2 is the regular alloy interaction parameter, €2; de-
scribes the asymmetry of the enthalpy of mixing, and H, and
H; are the enthalpies of the end compounds. We have checked
the convergence of the enthalpy of formation with respect to
the plane-wave cutoff energy; increasing this cutoff energy
from 500 to 600 eV changes the values of the enthalpy of
formation by less than 5 meV per formula unit (f.u.). We
note that to obtain the most accurate enthalpy of formation
at zero temperature we conducted HSE calculations, while for
finite-temperature properties that require phonon calculations
(see Sec. II D), PBE was employed since HSE would be com-
putationally prohibitive.

D. Free energy

To assess the relative phase stability of different poly-
morphs at finite temperature and constant external pressure
p we use the Gibbs free energy:

G(p, T) = miny (E(V,0K) — TS (T")
+ FVib(V’ T) + pV}, (3)

where miny indicates the minimization of the expression
value in the brackets as a function of volume V. E(V, 0K)
is the total energy of the structure at the volume V at 0 K,
and $°°" is the configurational entropy, which can be written
as —kpln2; © counts the number of configurations for ther-
modynamically equivalent macroscopic states, and kg is the
Boltzmann constant. FY®(V, T') is the vibrational free energy,
defined as

vib oo ho —hw/ksT
F™WV, T)= dwg(w) - + kgTIn(1 — e 55y 1,
0

“
where g(w) is the phonon density of states (DOS) at frequency
. The interatomic force constants at a particular volume
are calculated using density functional perturbation theory,
as implemented in VASP. The PHONOPY code [68] is then
utilized to calculate the phonon DOS and thermal properties.

The effect of thermal expansion is included using the quasi-
harmonic approximation (QHA), which requires both phonon
calculations and total energy calculations at various fixed
volumes (V). The Gibbs free energy at a given temperature
and constant pressure is obtained by minimizing the free
energy with respect to the volume [see Eq. (3)], resulting in
the equilibrium volume at this particular temperature. There-
fore, the evolution of the phonon dispersion relationship as
a function of temperature is obtained by linking the temper-
ature to the volume. We note that external pressure is zero

030f © o J0.30
025 © 10.25
r (@] o ]
A 8 o © |
~ 020} y 10.20
=N |
S [ v ]
?g 015 @& £ O %0.15
I )¢ v o |
< AR o\e
010F gz ¥ 50.10
K 4
0.05} 10.05
I N ]
B
000 bmcte o o v . . . W, .. ... .. ~NgQo
0.00 0.25 0.50 0.75 1.00

Al concentration

FIG. 2. Enthalpy of formation (AH, eV /f.u.) as a function of Al
concentration for various polymorphs. The lowest energy structures
are indicated by filled symbols and the higher-energy structures by
open or transparent symbols. The purple stars denote the enthalpy
of formation of B phase for strained (010)-oriented pseudomorphic
(Al,Ga;_,),05 lattice-matched to B-Ga,0Os5. For simplicity, we use
the notation 8 to denote the monoclinic phase across all compositions
of (Al,Ga,_,),0s3 alloys.

throughout our calculations and therefore pV = 0, making the
calculated Gibbs free energies only temperature dependent.
From the temperature-dependent Gibbs energies, the bulk
modulus as a function of temperature for different polymorphs
can be obtained from Birch-Murnaghan equation-of-state fits
[69,70]. In order to render the calculations affordable, the PBE
exchange correlation function is employed for the study of
vibrational properties, Gibbs free energy, and bulk modulus.

III. RESULTS AND DISCUSSIONS

A. Phase stability of polymorphs at 0 K

The phase stability of different polymorphs of
(Al,Ga;_,),0; alloys at zero temperature is examined
by comparing their enthalpies of formation AH [Eq. (1)].
Figure 2 shows AH as a function of Al concentration for
B, «, k, and y phases. Our results for Ga,O3; quantitatively
agree with previous calculations [38,51,52]; the relative
phase stability follows the trend, in order of increasing
AH, <k <a <y. The y phase is the least stable,
with a AH of 0.22 eV/f.u., much higher than the « phase
(AH = 0.09 eV/f.u.) and the o phase (AH = 0.14 eV /f.u.)
(all referenced to the B phase). For the other end compound
Al,O3, AH of different polymorphs follows the trend
a < B <k < y. [Note that the monoclinic phase of Al,O3
is conventionally denoted 6, but in order to keep a consistent
notation across all compositions of (Al,Ga;_,),03 alloys we
use the label B here, as for Ga;03.] The y phase is still the
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TABLE II. Parameters (€29, €21, in units of eV) in the enthalpy of
mixing of (Al,Ga,_,),0s3 alloys in a regular solution model [Eq. (2)].
The two values of Q2 for the 8, «, and y phases result from separate
piecewise fits, as explained in the text. Results from previous calcu-
lations [38] are included for comparison.

Q() Q
B 0.092 (0.081%) 0.092 (0.101%) - -
K 0.070 0.027 - -
o 0.096 (0.164%) 0.043 (0.012%)
y 0.098 0.078 - -

4Reference [38].

least favorable (AH = 0.25 eV/f.u.) while ¥ and 8 have
similar AH (see Fig. 2).

As for (Al,Ga;_,),03 alloys, the relative stability between
B and « phases has been explored by Peelaers et al. [38], and
between B and k by Seacat et al. [51]. Here we add the y
phase for a systematic comparison.

For « and B our calculated AH values agree with Ref. [38]
to within ~0.01 eV /f.u. Equation (2) provides a good fit
for AH of the o phase over the entire composition range,
yielding €p = 0.096 eV and Q| = 0.043 eV compared to
Qo =0.164 eV and 2; = 0.012 eV in Ref. [38] (see Table II).
For the monoclinic (8) phase, the fitting of AH to Eq. (2)
needs to be performed in a piecewise fashion [38], due to
the fact that Al prefers octahedral sites over tetrahedral sites.
Equation (2) works over the entire alloy concentration range
for a random solid solution, but breaks down when an alloying
element exhibits a site preference. Equation (2) does hold
within the individual intervals 0-0.5 and 0.5-1 within which
a random solid solution model is valid. A fit of AH, neglect-
ing asymmetry, yields €2y = 0.092 eV within both of these
intervals, consistent with 0.081 and 0.101 eV in Ref. [38] (see
Table II).

For the y phase, a preference by Al atoms for the octahe-
dral site is also observed. For low Al concentrations, different
structures can be generated with Al occupying distinct octa-
hedral sites; the resulting AH values are all very close to each
other and barely distinguishable in Fig. 2. When Al occupies
tetrahedral sites, on the other hand, AH is greatly increased
(transparent symbols in Fig. 2). AH of the y phase drops
quickly when the Al concentration increases, becoming more
comparable to (but still greater than) AH of other phases.
This trend continues up to 62.5% Al, where a minimum in
AH occurs due to all octahedral sites being occupied by Al.
Beyond 62.5% Al, Al is forced to occupy tetrahedral sites, and
AH rapidly increases to 0.25 eV /f.u. for Al,O3. We again fit
the AH of the y phase separately over the intervals 0-0.625
and 0.625-1, resulting in €2 values of 0.098 and 0.078 eV for
the two composition regimes.

It is worth noting that around 62.5% Al, the AH values of
the y, «, and « phases are close to each other, and also closer
to AH of § than at any lower Al content.

The « phase contains three types of symmetry-inequivalent
octahedral sites (denoted as Gaocia(1), Gaocta2), Gaocta(3)) and
one type of tetrahedral site (Gay,), as labeled in Fig. 1(c).
We note that Ga,a3) Was denoted to have a pentahedral coor-
dination in Ref. [51]; in the present study, any Ga-O pair with

a bond length less than 2.4 A is counted as a bond, yielding
three types of octahedral Ga sites. The calculated longest
Ga-O bonds within the Gayetra(1), Gaietra(2), and Gayerra(3) cation-
centered octahedra are 2.03, 2.29, and 2.39 A, respectively.

As seen from Fig. 2, the « phase is the second most stable
phase for Al concentrations up to 60.5%. The dependence of
its AH on Al concentration is weaker than for other phases.
The calculated enthalpies of formation agree with Seacat et al.
[51]. A minimum of AH (0.06 eV /f.u.) is observed at 50%
Al, which seems to disagree with the preference of Al for
octahedral cation sites and the fact that 75% of the cation sites
in the k phase are octahedral sites. This seemingly anomalous
behavior can be explained as follows: Al favors occupation
of the Gayca(1y and Gagera2) sites, while Al occupation of
the Gaoca3) (and Gagya) sites yields a larger AH. This is
evident from calculations at x = 0.25, where Al can fully
occupy a single type of symmetry-inequivalent cation site; we
obtained AH = 0.09 eV /f.u. for Al on Gagac1), 0.11 eV /fou.
for Gagea2), 0.14 eV /fu. for Gages), and 0.18 eV /fu. for
Gayera. The preference for the Gagerary and Gagera(2) sites ex-
plains the dip in AH at x = 0.5. Similar to the monoclinic
phase, we fit the AH of k phase over the intervals 0-0.625
and 0.625-1, resulting in €2 values of 0.070 and 0.027 eV for
the two composition regimes.

B. Impact of strain on phase stability

Strain was suggested as an explanation for the stabilization
of the y phase, relative to 8, during (Al,Ga;_,),0Oj3 thin-film
growth [47]. To assess the impact of strain on phase stabil-
ity, we perform a representative case study, corresponding to
pseudomorphic growth of B-(Al,Ga;_,),03 lattice matched
to B-Ga,0s3 in the [010] orientation, which is most common
for growth. We calculate AH of (Al,Ga;_,),03 with its in-
plane lattice parameters constrained to those of B-Ga,0s3,
and the out-of-plane lattice parameter of (Al,Ga;_,),0;3 re-
laxed. The same structure was previously used to explore
impact of strain on the band alignment [43]. Results for the
strained (Al,Ga;_,),0;3 alloy is shown by purple stars in
Fig. 1, showing only a minor impact of strain on the AH
of (Al,Ga;_,),0s3, except for the end compound Al,Os. For
Al, O3, the strain leads to a notable increase in AH, from 0.11
to 0.15 eV /f.u. The strain-induced enhancement in AH can be
almost entirely attributed to elastic energy, which is quadratic
in strain and therefore noticeably increases at larger alloy
compositions due to the larger lattice mismatch and also due
to the larger elastic constants of Al,O3 compared to Ga;Os.

We found that for phases other than monoclinic, AH
similarly increases with strain. Since the AH increase for
the monoclinic phase is small, the change in AH for other
phases is highly unlikely to change the relative phase stability.
Therefore, we do not expect strain can be the cause for phase
segregation in (Al,Ga;_, )03 thin films at high Al composi-
tion, at least from a thermodynamic point of view.

C. Phase stability of polymorphs at finite temperature

In order to investigate the phase stability at finite tempera-
tures, we considered contributions from vibrational entropy
as well as configurational entropy. To calculate the Gibbs
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FIG. 3. Phonon density of states for four polymorphs (8, «, «,
y) of Ga,0s.

free energy from the phonon DOS at various crystal volumes,
we employed the QHA (see Sec IID). Configurational en-
tropy of mixing arising from random occupation of Al in
(Al,Ga;_,),03 alloys (chemical disorder) is equally present
in all phases since it is determined solely by the Al concen-
tration. This type of configurational entropy will therefore not
change the relative phase stability and we do include it here.

However, a different type of configurational entropy is
uniquely present in the y phase, because multiple choices
are possible for removing cations from specific sites in the
defective spinel structure [52]. Cation vacancy disorder is
therefore inevitable in the y phase, yielding a contribution to
the configurational entropy (which we will denote as §¢V) that
is absent in other phases, and thus could affect the relative
phase stability at finite temperature.

1. G3203

Figure 3 shows the phonon DOS of B-, a-, k-, and y-
Ga;03. One may wonder whether the choice of vacancy sites
in the defective spinel structure (Sec. I A) might also affect
the phonon DOS. As a check, we performed a calculation of
the phonon DOS for a structure in which one octahedral and
one tetrahedral Ga was removed; we found the results to be
very similar to those for the most stable structure (in which
the vacancies both occur on octahedral sites), leading to the
conclusion that the vibrational entropy is insensitive to the
details of the vacancy positions.

Low-frequency phonons play the dominant role in vibra-
tional entropy, since they are most easily excited at finite
temperatures. In the region below ~4 THz we find that the
magnitude of the phonon DOS follows the trend o < y <
B < k. A peak appears in the low-frequency phonons of
k-Gay03; the atom-projected phonon DOS (not shown) in-
dicates that this peak mainly originates from vibrations of
Gagera(y and Gagera(s). Due to this peak, the phonons of «-
Ga,0; are more easily thermally excited than those of other
phases, yielding a greater phonon population and a lowering

020}
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FIG. 4. Gibbs free-energy difference as a function of temperature
for polymorphs of (a) Ga,0s3, (b) ordered AlGaO;, and (c)AL O3,
referenced to the monoclinic phase. Gibbs free energies of the y
phase (referenced to the monoclinic phase) with (w/) and without
(w/0) S are shown.

of the free energy relative to other phases. On the other hand,
since the low-frequency phonon DOS of the « and y phases is
lower in magnitude than that of 8, the « and y phases become
less stable relative to 8 at finite temperature.

The calculated Gibbs free energies, including the effect of
lattice expansion using QHA, are plotted in Fig. 4(a). Rather
than plotting absolute values, the free energies of «, «, and y
Ga;0; are referenced to the monoclinic (8) phase. The cal-
culated Gibbs free energies of «- and k-Ga, O3, referenced to
that of 8-Ga,03, agree with Yoshioka et al. [52]. In line with
the expectation based on the comparison of the low-frequency
phonon DOS for different polymorphs, k-Ga,O3 indeed be-
comes more stable at elevated temperatures: F(k)-F(B) is
reduced from 0.08 to 0.02 eV /f.u. when the temperature is
raised from O to 1400 K. This indicates that « phase is more
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likely to form thermodynamically at elevated temperature. In
contrast, F(y)-F(p) is relatively constant with temperature,
and F («)-F (B) slightly increases with temperature.

To address the effect of configurational entropy associated
with vacancy disorder (S) that is uniquely present in the
y phase, we calculate the ideal configurational entropy per
cation using

8¢ = kg[cln(c) + (1 — ¢)In(1 — ¢)], &)

where ¢ is the concentration of cation vacancies expressed
with respect to a perfect spinel structure. To achieve the stoi-
chiometry of Ga,0s3, ¢ must be equal to 1/9. Here we assume
that the vacancies can form on any cation sites, without taking
into account that these sites have slightly different energies.
This assumption overestimates S and thus exaggerates the
impact of cation vacancy disorder on the free energy. The
inclusion of §¢ facilitates the stabilization of y-phase Ga, 03
at high temperature [see Fig. 4(a)]: At 1200 K, the free energy
of the y-Ga, 03 is reduced to roughly the same values as for
«-Ga,03. However, the free-energy difference between the y
phase and the B phase is still large at these high temperatures,
indicating that, thermodynamically, y-Ga;Oj is still unlikely
to form.

We note that stabilization of particular structures due to
configurational entropy has been described in other systems. It
was demonstrated that configurational entropy facilitates the
formation of vacancies at high temperature in high entropy
alloys [71] and in an AIB, crystal [72].

2. AlGaO;;

As we saw in Fig. 2, the enthalpy of formation of
different polymorphs become comparable and relatively
low as the Al concentration increases in (Al,Ga;_,),03
alloys, rendering it important to assess the impact of vibra-
tional and configurational entropy on the free energy. For
the ordered AlGaO; alloy with 50% Al, Fig. 4(b) shows
that F(x)-F(B) slightly decreases with temperature while
F(a)-F(B) slightly increases. When configurational entropy
is included, F' (y )-F (B) decreases markedly with temperature:
F(y)-F(B) reduces from 0.11 eV/f.u. at 0 K to 0.04 eV /f.u.
at 1400 K, and the y phase becomes more stable than the o
phase above 280 K.

Carrying out the free-energy calculations as displayed in
Fig. 4 for additional alloy compositions would be hugely
computationally expensive, due to the need for phonon
calculations at different volumes within the quasiharmonic
approximation, and the large supercells needed to describe
lower-symmetry structures. However, the trends displayed in
Fig. 4 allow drawing informative conclusions. For instance,
we can examine the case of the 62.5% alloy, where according
to Fig. 2 the T = 0 enthalpies of formation of the y, «, and
o phases are nearly equal. From Fig. 4 we learn that the trend
with temperature of the free-energy difference (referenced to
the B phase) of the different polymorphs is fairly independent
of the alloy composition: for the y phase (w/S") the free-
energy difference decreases with 7', for the x phase it slightly
decreases with 7', and for the o phase it increases with 7.
It is therefore an acceptable approximation to assume that
the temperature dependence of the free-energy difference will

behave similarly in the 62.5% alloys as it does in the 50%
alloy. We can then take the curves from Fig. 4(b) and shift
them so that the data points at T = 0 coincide, to reflect the
fact that in the 62.5% alloy the y, k, and « phases have similar
T = 0 enthalpies; the result shows that in the 62.5% alloy
the y phase is preferred over the o and « phases at all finite
temperatures.

This reduced free energy of the y phase indicates it can
form more easily in the AlGaO; alloy. Indeed, the forma-
tion of the y phase during growth of (Al,Ga;_,),03 on
B-Ga; 03 substrates has been reported. Bhuiyan et al. [47]
performed metal-organic chemical vapor deposition, yielding
B phase (Al,Ga;_;),03 for x <27% but a mixed B+ y
phase for 27% < x < 40%. Above 40% the structure became
pure y. Chang et al. [49] also found y phase inclusions in
(Al,Ga;_,),0; layers grown by plasma-assisted molecular
beam epitaxy, but at a lower onset of Al concentration (x <
20%). While the general trend that the y phase becomes more
favorable at higher Al content is in agreement with our cal-
culations, it is also clear that the experimental results cannot
be explained purely based on thermodynamics: Our results in
Fig. 4 indicate the formation of the « phase should also be
expected, and do not show that single-phase y would become
more stable at the alloy compositions studied in Ref. [47].
Clearly kinetic factors associated with the growth conditions
are playing an important role in actual film growth.

3. ALO;3

The trends in the free-energy difference as a function of
temperature identified above persist in Al,O3. The corun-
dum phase («-Al,03) is most stable up to T = 1400 K [see
Fig. 4(c)]. The vibrational entropy reduces the free-energy
difference between the corundum phase and the monoclinic
phase of Al,O3, tending to destabilize the corundum phase at
high T. As for the orthorhombic « phase, it is less stable than
the monoclinic phase and the free-energy difference between
the two phases only slightly reduces at elevated temperature.
The free energy of the y phase is much higher than that of
other phases, indicating that it is less likely to form thermody-
namically for Al,Os3.

D. Bulk modulus

Figure 5 shows our results for the temperature dependence
of the bulk modulus (B) for the four phases of Ga, O3, ordered
AlGaOs3, and Al, O3, taking into account the lattice expansion
at finite temperature. For Ga, O3, our results are in quantitative
agreement with those of Yoshioka et al. [52] for the «, 8, and
k phases. The magnitude of the bulk modulus decreases in the
order « > k > f3; the bulk modulus of the y phase is closest
to that of the « phase.

We note that our calculated bulk modulus is somewhat
underestimated due to the use of the PBE functional. Taking
B-Ga,03 for example, the PBE-calculated bulk modulus is
151.3 GPa at 0 K (147.1 GPa at room temperature), while
the HSE-calculated bulk modulus at 0 K is 183.3 GPa (con-
sistent with the 174 GPa value obtained using the B3LYP
functional by He et al. [73]). The hybrid functional value is
in good agreement with the experimentally measured value of
182.6 GPa (at room temperature) [74]. The underestimation
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FIG. 5. Temperature dependence of the bulk modulus (B, GPa)
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Here we use the commonly used notation € to denote the monoclinic
phase of Al,Os;.

in the PBE value can be ascribed to the overestimation of
the lattice parameters in PBE [58]. The underestimation of
the bulk modulus using PBE is also evident for corundum
Ga,03: The PBE-calculated bulk modulus is 192.3 GPa at
0 K (185.6 GPa at room temperature), while the measured
bulk modulus at room temperature is 221 GPa [75]. Our HSE
calculation yields a value of 244 GPA (at 0 K) for «-Ga, 03,
and B3LYP [73] gives 210 GPa. While acknowledging the
underestimation associated with the PBE results, the trends
expressed in Fig. 5 are expected to be reliable, both as a
function of temperature and in terms of the relative magnitude
of B for different phases. The influence of different exchange
correlation functionals on the temperature dependence of the
bulk modulus was studied for a series of II-VI semiconductors
[76]; it was found that different functionals yield very similar
trends as a function of temperature.

In addition to the temperature-dependent bulk modulus for
a-, -, and x-Ga, 03, our newly calculated bulk modulus for
the y phase exhibits a similar temperature dependence as the
B phase (with a slightly greater bulk modulus) and is close
to the values for the « phase [see Fig. 5(a)], with the relative
ordering between y and « depending on temperature.

As for alloys, as shown in Fig. 5, the moduli of all
polymorphs increase with Al alloying, mainly due to Al-O
bonds being stronger than Ga-O bonds [58]. The overall trend
roughly stays the same across the three materials, with the
a phase exhibiting the largest bulk modulus over the entire
studied temperature range.

We expect that the magnitude of the bulk modulus is cor-
related with the density p of the different polymorphs, since
B= pj—ﬁ, where Z—‘: denotes the derivative of pressure with
respect to density. We found a linear correlation between the
0 K bulk modulus and the density for the different polymorphs
of Ga;03 and Al,Os. The reason that the o phase always has
a greater bulk modulus than the other phases is primarily due
to its higher density.

IV. CONCLUSIONS

We have reported a comprehensive investigation of phase
stability of several polymorphs of (Al,Ga;_,),03, includ-
ing the monoclinic B phase, the corundum « phase, the
orthorhombic « phase, and the defective spinel y phase. We
found that, as previously observed for 8-(Al,Ga;_,),03 [38],
both x- and y-(Al,Ga;_,);03 exhibit a minimum in their
enthalpy of formation as a function of Al concentration, which
we attribute to Al atoms preferring to occupy the octahedral
cation sites. y-(Al,Ga;_,),0O3 has the highest enthalpy of
formation over the entire composition range. The enthalpy of
formation of y-(Al,Ga;_,),03 exhibits the strongest depen-
dence on Al concentration; it is lowest at 62.5% Al, where it
becomes comparable to that of other phases. The enthalpy of
formation of the « phase, the second most stable phase up to
62.5% Al, varies less as a function of Al concentration.

The finite temperature phase stability of (Al,Ga;_,),0;
was assessed by comparing the Gibbs free energy of differ-
ent polymorphs, taking into account the vibrational entropy
as well as configurational entropy; the latter is particularly
relevant for the y phase due to the presence of vacancy disor-
der in the defective spinel structure. Thermal expansion was
included using the quasiharmonic approximation. Across the
alloy range, the lattice vibrations tend to render the x phase
more stable at higher temperatures, while destabilizing the o
and y phases relative to the monoclinic phase. We attributed
this to the relative magnitude of the phonon DOS in the
low-frequency region. Configurational entropy arising from
cation vacancy disorder in the spinel structure was found to
play a key role in stabilizing the y phase and rendering it
increasingly more competitive with other phases at increasing
Al concentrations.

An important conclusion from our study is that the mono-
clinic 8 phase is thermodynamically stable for (Al,Ga;_,),03
alloy concentrations up to at least 50% and temperatures
up to at least 1400 K. This is consistent with experimental
results on bulk crystals (see Ref. [77] and other references
in Ref. [38]), but leaves unexplained why thin-film growth
of (Al,Ga;_,),03 on Ga,03 substrates has resulted in phase
segregation [47-50] at Al concentrations well below 50%.
Our present study indicates that strain does not provide an
explanation. The systematic observation of the y phase when
phase segregation occurs is even more puzzling, since y is not
even the next-most-stable phase after § (see Fig. 4). Future
investigations are called for to identify the kinetic factors that
favor formation of the y phase during growth of epitaxial
alloy films.
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