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ABSTRACT

We compute the lattice thermal conductivity of monoclinic f-Ga,O; and the ordered AlGaO; alloy from the phonon Boltzmann transport
equation, with the harmonic and third-order anharmonic force constants calculated from density functional theory. The calculated thermal
conductivity of -Ga,O; is consistent with experiment. We demonstrate that the lowest-energy structure of an AlysGags alloy, which is
ordered, has a thermal conductivity that is raised by more than 70% compared to }-Ga,O3. We attribute the enhancement to (1) increased
group velocities and (2) reduced anharmonic scattering rates due to the reduced weighted phase space. The findings offer an avenue toward

improved heat dissipation from Ga,O; devices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5131755

Gallium oxide (Ga,03) is a unique material with many promis-
ing applications in high-power and high-frequency electronics." The
large bandgap (4.76 €V, Refs. 2 and 3) of the monoclinic f-phase of
Ga, 05 (hereafter denoted as ff-Ga,Os3) leads to a high breakdown
field (6-8 MV/cm)." In spite of its large bandgap, Ga,05 can be easily
n-type doped.™” These superior properties, combined with the avail-
ability of high-quality substrates,” render Ga,O; a promising candi-
date for a new class of electronic devices.

Alloying can be used to modify the structural and electronic
properties of Ga,0s. Alloying with In,O; lowers the bandgap,” while
adding Al increases the gap.’ p-(AlGa;_),03/Gay O3 heterostruc-
tures that allow modulation doping and the formation of a two-
dimensional electron gas (2DEG) have been demonstrate R spite
of the promising applications, the low thermal conductivity of Ga, 03
(~20W/mK)"" " is still a potential show-stopper. An increase in
device temperature lowers the electron mobility, and limited heat
dissipation will impact the performance and reliability of high-power
devices. The low thermal conductivity can be attributed to the low-
symmetry monoclinic crystal structure of -Ga,0O3, which leads to
many phonon branches and thus an enlarged phase space for phonon
scattering. This problem is aggravated in heterostructures, since alloy-
ing causes increased phonon scattering resulting from disorder."" In
semiconductors, the thermal conductivity as a function of alloy con-
centration typically exhibits a U shape: the thermal conductivity is
high for the end compounds and rapidly declines upon alloying. This

has been observed for disordered alloys such as Si;_,Ge,, In,Ga; _,As,
and Al,Ga,_,As."”

Disorder in the alloy is the main reason for the rapid decline
in thermal conductivity. This raises the question whether ordered
alloys might offer an opportunity to improve the lattice thermal
conductivity. The monoclinic structure has equal numbers of four-
fold- and sixfold-coordinated cation sites. A recent first-principles
study demonstrated that in Al,Ga;_,Oj3 alloys, Ga can incorporate
on either site but Al has a strong preference for the sixfold (octahe-
dral) sites.” At 50% Al concentration, a highly stable ordered alloy
(AlGaO;) forms in which all Al atoms occupy octahedral sites®
[see the inset of Fig. 1(a)]. In the present study, we employ density
functional theory combined with the Boltzmann transport equa-
tion (BTE) to investigate the lattice thermal conductivity of
ordered AlGaO;. We also perform calculations for f/-Ga,O; for
purposes of comparison and benchmarking.

The density functional calculations were performed using projec-
tor augmented wave (PAW)'C potentials as implemented in the
Vienna Ab initio Simulation Package (VASP),”'® with a 500eV
kinetic energy cutoff in the plane wave expansion. The PAW pseudo-
potentials correspond to the valence-electron configuration 3d'°4s*4p"
for Ga, 35°3p" for Al, and 25*2p* for O. The exchange-correlation is
treated in the generalized gradient approximation, parameterized by
Perdew, Burke, and Ernzerhof (PBE).” The Ga,O; and ordered
AlGaO; bulk structures were calculated using the 10-atom primitive
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FIG. 1. (a) Calculated lattice thermal conductivity of Ga;O3 (dashed lines) and
AlGaO; (solid lines). Colors describe thermal transport along different directions:
[100] (blue squares), [010] (green circles), and [001] (red diamonds). The inset
depicts the crystal structure of AlGaO3. O, Ga, and Al atoms are represented by
red, green, and blue spheres, respectively. (b) Room-temperature (normalized)
accumulative averaged thermal conductivity as a function of frequency for Ga,03
(dashed lines) and AlGaOs (solid lines).

cell and an 8 x 8 x 8k-point grid. Full relaxations were performed
with Hellmann-Feynman forces converged to 0.005 eV/A.

Interatomic force constants (IFCs) were calculated using the
finite-displacement method in a 2 x 2 x 2 (80-atom) supercell with a
4 x 4 x 4 k-point grid. The harmonic IFCs give rise to phonon disper-
sion, while third-order anharmonic IFCs lead to scattering as a result
of three-phonon interactions. Interactions up to the third-nearest
neighbor were employed for the anharmonic IFCs, while harmonic
IFCs were determined for all interactions within the supercell. The
phonon scattering rates and lattice thermal conductivity were calcu-
lated using the ShengBTE package,”” which solves the BTE itera-
tively.”' The thermal conductivity tensor is given by

Z Cu(T

where A = (n, q) labels the phonon branch n and the wave vector q,
and o, f§ are Cartesian coordinates. V is the cell volume, C,(T) is the
temperature-dependent specific heat, v/, is the group velocity, and 7,
is the phonon lifetime, defined as the inverse of the phonon scattering
rate. Only the dominant three-phonon scattering process has been
considered. An 11 x 11 x 11 g-point grid was employed to converge
the room-temperature thermal conductivity; g-point convergence tests
are included in the supplementary material (Sec. S1). The effect of the
nonanalytical correction”” on both the phonon bands (calculated using
Phonopy ) and the resulting thermal conductivity has been included.
p-Ga, 05 has the monoclinic space group (C2/m). In the primi-
tive (10-atom) unit cell, two of the Ga atoms occupy tetrahedral sites,
and the other two atoms occupy octahedral sites. The ordered AlGaOs
alloy maintains the same primitive cell and space group, with Al occu-
pying the octahedral sites. The optimized lattice parameters for Ga,Os
and AlGaOs are listed in Table I. The calculated lattice parameters of
Ga,05 are slightly overestimated (by 1.3%-1.7%) compared with
experiment.”* We have checked that uncertainty in lattice parameters
affects the thermal conductivity values by less than 16% and does not

)% V)‘C/ (1), 1)

scitation.org/journal/apl

TABLE 1. Structural |nformat|on (lattice parameters, A; angle B, °; volume of the
10-atom primitive cell V, A%), average atomic mass (Mayg, amu), room-temperature
specific heat C, (J/K mol, normalized to one mole of atoms), room-temperature ther-
mal conductivity (x, W/mK), and acoustic phonon group velocity (sound velocity)
(v, km/s) along [100], [010], [001] directions for Ga,03 and AlGaOs;. For Gay0s,
experimental results are also listed for comparison.

Ga,03
AlGaO;
Calc Expt Calc
a 12.44 12.21° 12.16
b 3.08 3.04° 2.99
¢ 5.88 5.80" 5.78
B 103.28 103.83" 103.84
\% 109.88 104.52° 101.98
Mg 37.5 28.9
C, 18.9 18.6 17.7
K[100] 11.1(16.19 11.0°, 14.8¢ 19.8
K[o10] 15.5 (21.5%) 26.8",19.5° 25.0
K[oo1] 15.3 (21.29 14.6° 30.4
V[100] LA:7.3; TA: 2.3-3.5 LA: 8.4; TA:3.2-44

Vjoro) ~ LA:7.3; TA:2.4-3.5
V[()Ol] LA. 7.8; TA. 2.9—3.3

LA: 8.5; TA:3.2-44
LA:9.5; TA: 3.5-4.1

“Reference 24.
PReference 11.
“Reference 25.
dReference 13.
“Reference 12.

impact any of our conclusions. The inclusion of Al, which has a
smaller atomic size than Ga, leads to a reduction in the volume of the
primitive cell from 109.88 A for Ga, 05 to 101.98 A2 for AlGaO;.

The preference of Al atoms for octahedral sites was first revealed
by hybrid functional calculations;’ here, we found the same result
based on PBE calculations. In the AlGaOj; structure, the total energy
for Al occupying octahedral sites is 120 meV/(formula unit) (PBE) or
140 meV/f.u. (hybrid functional) lower than that for Al occupying
tetrahedral sites. The same conclusion applies to an alloy with 25%
Al concentration (i.e., one Al per 4-cation primitive cell): octahe-
dral sites are still preferred by Al atoms, and the energy penalty for
Al occupying tetrahedral sites is 62 meV/f.u. (PBE) or 70 meV/f.u.
(hybrid functional).

We investigated the possibility of site disorder by calculating the
energy cost for swapping Al and Ga atoms. We performed these calcu-
lations in an 80-atom supercell of the ordered AlGaO; alloy.
Regardless of the distance between the swapped Al and Ga atoms, the
energy cost was found be to greater than 0.17 eV. This reinforces the
notion of the octahedral-site preference of Al and indicates that site
disorder on the cation lattice will be a minor issue in the ordered
AlGaOs alloy.

The site preference correlates with the preferred coordination
environment of Al vs Ga: Al atoms always favor octahedral positions
(cf. the coordination of the cation sites in corundum). We found that
in order to obtain these results, it is essential to include Ga 3d electrons
in the valence states. If the d electrons are treated as part of the core in
the PAW potential, Al atoms prefer to incorporate on tetrahedral sites
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(with an energy gain of 50 meV/fu. compared to Al on octahedral
sites). We also find that treating d electrons as part of the valence is
essential for obtaining the correct energetic ordering for the phases of
Ga, 03 (monoclinic being lower in energy than corundum). We attri-
bute the importance of Ga 3d states to the fact that they are close in
energy to the O s states; the resulting hybridization impacts the ener-
getics, as also observed by Sabino et al.”®

Our calculated x values along three crystallographic directions
are shown in Fig. 1(a) as a function of temperature. In space group
C2/m, the only nonzero components of a second-rank 3 x 3 tensor
such as & are Ky, Ky Kz and K, = K. K values along the [100],
[010], [001] directions are projected from the x tensor in Cartesian
coordinates as detailed in Sec. S2 of the supplementary material. The
calculated room-temperature values are listed in Table I. Strong
anisotropy is evident for both Ga, O3 and AlGaOs.

The thermal conductivity of bulk f-Ga,O; has previously been
investigated theoretically by Santia et al.”> and also in several experi-
ments.'" "7 As seen in Table I, our calculated values generally compare
well with experiments (a comparison of the temperature-dependent x
with experiments is shown in Sec. S3 of the supplementary material).
A disagreement occurs with the experimental value of ijg;0) from Guo
et al,'"' but we note that value differs significantly from the value
reported by Galazka et al.'” As to the comparison with the calculations
of Ref. 25, we suggest that the difference can be attributed to the meth-
odology: if Ga 3d orbitals are excluded from the valence states, x values
increase by 3-4 W/mK (see Sec. $4 of the supplementary material).

Turning now to AlGaO;3, Fig. 1(a) shows a sizable enhancement
of & for AlGaO; compared to Ga,O; over the entire temperature
range. At 300K, « is increased by as much as 70%-100% (see Table I).
The enhancement can be understood based on the empirical rules out-
lined by Slack,”” who attributed higher thermal conductivity to (1)
lighter average atomic mass (M,,,); (2) stronger interatomic bonding;
(3) simpler crystal structure with higher symmetry; and/or (4)
decreased anharmonicity. In the present case, M, is reduced by 23%
in the 50% Al alloy [rule (1)]. The AlGaOj; alloy also displays stronger
interatomic bonding [rule (2)], as evidenced by the bond-stretching
IFCs for Al-O bonds being about 10% higher than for Ga-O bonds. As
shown in detail below, the combined effect of reduced M,,, [rule (1)]
and stronger interatomic bonding [rule (2)] leads to an increase in the
sound velocities (Table I) that enter the expression for k [Eq. (1)]. Our
detailed analysis will also show that alloying does not result in a
decrease in anharmonic force constants [rule (4)]; instead, the
enhanced x of AlGaOs is related to a decrease in the number of poten-
tial phonon scattering events.

To gain further insights into the enhancement of the thermal
conductivity, we now examine the factors that enter Eq. (1). The
volume is reduced in going from Ga, O3 to AlGaOs, which is in princi-
ple favorable. However, the calculated specific heat (C,) is also slightly
reduced (see Table I), and the reduction in C, almost exactly cancels
the increase in 1/V, leading to almost no change in x. Thus, the
enhancement of thermal conductivity must be ascribed to the other
two factors in Eq. (1): the group velocities and the scattering rates.

Group velocities are determined by phonon dispersion. Figure 2
compares the phonon band structures for Ga,O; and AlGaO;; the
high-symmetry points of the Brillouin zone for monoclinic f-Ga, O3
were identified in Ref. 28. Because of the low symmetry of the mono-
clinic structure, with 10 atoms in the primitive cell, the phonon band

scitation.org/journal/apl
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FIG. 2. Left panel: calculated phonon dispersion of Ga; 03 (black dashed lines) and
AlGaO; (blue solid lines). Right panel: species-projected phonon density of states
(PDOS, in THz™" per fu.) for Al (blue), Ga (green), O (red), and total (black) in
AlGaO3.

structure contains 30 branches. Fortunately, it is justified to focus on a
subset of these modes. Figure 1(b) shows the accumulative averaged
thermal conductivity (K ec,m,) normalized by the total average thermal
conductivity (defined as i,y = Tr[k]/3) at room temperature as a
function of frequency for Ga;O3 and AlGaOs. Kaceum/Kavg gives the
integrated contributions for all the phonon modes up to a certain
frequency. For both materials, 80% of the thermal conductivity can be
attributed to phonon modes with frequencies up to 6 THz. We there-
fore focus our discussion on this low-frequency region.

The frequency region up to 6 THz is dominated by the three acous-
tic modes, but these modes mix with low-frequency optical modes.
These optical phonons provide additional scattering channels for the
heat-carrying acoustic modes, effectively reducing the thermal conduc-
tivity. The calculated r,,, of f-Ga,O3 is only 14 W/mK, an order of
magnitude smaller than x of wurtzite GaN (220 W/mK, Ref. 29),
another wide-band-gap semiconductor that is being developed for high-
power devices. The larger x of GaN can be attributed to the acoustic and
optical phonon bands being separated by a large gap, which quenches
the scattering of acoustic phonons by optical phonons.”

In the right panel of Fig. 2, we project the phonon density of
states (PDOS) of AlGaOs on different species. The heat-carrying low-
frequency phonon modes are mainly associated with the heavy Ga
atoms, while the high-frequency modes are dominated by the light O
atoms. Substituting Ga with Al causes all phonon branches to move
toward higher frequencies, due to the lighter atomic mass and larger
force constants. One may expect that this increase in frequency also
leads to larger group velocities. Indeed, inspection of viv{f [which
enters Eq. (1)] indicates an increase in going from Ga,O3 to AlGaOs
(see the plot in Sec. S5 of the supplementary material), thus contribut-
ing to an enhancement in x.

We now discuss the final factor in Eq. (1), namely, the anhar-
monic three-phonon scattering rates (1/7). The room-temperature
rates for Ga,O3 and AlGaO; are plotted in Fig. 3(a), focusing on the
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low frequencies that are most relevant for k. The scattering rates for
Ga, 03 are clearly higher than for AlGaOs;, leading to a lower k of
Ga,03. The scattering rates stem from a combined effect of the anhar-
monicity (third-order anharmonic IFCs) and the weighted phase space
(solely determined by harmonic IFCs). The weighted phase space, as
defined in Ref. 31 (see also Sec. S6 of the supplementary material),
measures the number of three-phonon scattering processes that satisfy
energy and momentum conservation. In order to distinguish between
these effects, we recalculated x of Ga,O; but with the anharmonic
IFCs of AlGaOs;. The « tensor barely changes (Sec. S7 of the supple-
mentary material). This result allows us to conclude that it is not the
magnitude of the anharmonic IFCs that is driving the enhancement of
K in AlGaOs, but rather the effect of the weighted phase space.

Indeed, Fig. 3(b) shows that the weighted phase space is a lot
lower in AlGaO; than in Ga, O3, explaining most of the difference in
scattering rates [Fig. 3(a)]. The difference in weighted phase space can
be attributed to specific features in the phonon dispersion. As seen in
Fig. 3(c), the low-frequency optical modes of Ga,O3 are lower in fre-
quency than those of AlGaOs, and thus, they interact more strongly
with the heat-carrying acoustic modes. This leads to more “avoided

N
o
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<
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(b)

N
S)
3
T

Anharmonic scattering rates (THz)
Weighted phase space (THz*)

107 10°F
& s AlGaO, & AlGaO,
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Z [001] [100] N, [100] r [010] N
FIG. 3. (a) Calculated anharmonic scattering rates and (b) weighted phase space,
as a function of frequency for Ga,03 (black circles) and AlGaOs (blue triangles) at
room temperature. (c) Low-frequency phonon bands of Ga, 03 (black dashed line)
and AlGaOs3 (blue solid line) along [001], [100] and [010] directions. The red dashed
line depicts a low-frequency optical mode of Ga,03 that interacts with the acoustic
modes. The avoided-crossing features in Ga;O3 phonon bands are highlighted

using shaded areas.
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crossings” in the phonon branches in Ga,O; than in AlGaOs, as
highlighted in Fig. 3(c). Avoided crossings are typical indicators of
strong acoustic-optical phonon coupling, which is known to reduce
the thermal conductivity.”"**

We have demonstrated that substituting light Al atoms on cation
sites in Ga, O3 leads to enhanced x. However, it requires the formation
of an ordered structure to avoid phonon scattering due to alloy disor-
der. Long-range ordering has been observed in alloyed semiconductor
thin films, such as Al,Ga,_,N"" and Ga,In,_,P.”* These precedents
strengthen the prospects for experimental synthesis of ordered
AlGa0O;/Ga, 05 thin films.

In conclusion, based on first-principles calculations and
Boltzmann transport simulations, we have shown that alloying Ga, 05
with 50% Al—forming an ordered alloy—increases the components of
the thermal conductivity tensor by 70%-100%. We attributed the
enhancement to a reduction in mass and increase in bond strength,
which lead to higher group velocities, and to a reduction in overlap
between acoustic and low-frequency optical modes, which leads to a
decrease in scattering processes. The prospect of enhanced thermal
conductivity will hopefully stimulate experimental efforts to grow the
ordered AlGaOj structure.

See the supplementary material for the q-point convergence tests,
relation between crystallographic and Cartesian directions, compari-
son with temperature-dependent experimental data, impact of Ga 3d
orbitals, comparison of group velocities, definition of weighted phase
space, and impact of anharmonic IFCs.
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