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Abstract
The electrical transport properties of β-Ga2O3 are studied by first-principles calculations. The
calculated intrinsic electron Hall mobilities agree well with experiments, with intrinsic Hall
factor decreasing monotonically from 1.54 at 100 K to 1.14 at 800 K. The anisotropy of
electron mobility is weak due to the almost isotropic electron effective mass, which also
results in nearly isotropic Seebeck coefficient and electronic contribution to the thermal
conductivity. The mode analysis of phonon scattering reveals that the optical phonon
scattering is almost entirely determined by the long-range polar interactions, whereas the
acoustic phonon scattering also plays an important role especially at low temperatures. The
intrinsic electron mobility is significantly overestimated even above room temperature by only
considering the polar optical phonon scattering, in contrast to previous predictions from fitting
of phenomenological models.
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(Some figures may appear in colour only in the online journal)

1. Introduction

β-Ga2O3 has attracted accelerated interest due to its promising
application in electronic and photonic devices with capabil-
ities beyond existing technologies [1]. The ultra-wide band
gap (∼4.9 eV) [2] along with its transparent characteris-
tic makes it an outstanding candidate for solar blind ultra-
violet detector [3–5], and the photo-excitation gas sensor
using ultraviolet-assistedβ-Ga2O3 has also been demonstrated
[6–8]. The exceptionally high Johnson and Baliga figures of
merit advance the field of high-power/high-voltage devices
which can overstep the performance of current Si, SiC and
GaN based limits [9–11]. From the device application view-

3 Author to whom any correspondence should be addressed.

point, the electrical and thermal transports of β-Ga2O3 are two
fundamental but exceedingly important properties.

β-Ga2O3 has a highly anisotropic monoclinic crystal struc-
ture with C2/m symmetry. Though early experiments reported
strong anisotropy in electron mobility [12], later measure-
ments have clarified that the mobility is nearly isotropic [13,
14] and the strong anisotropy found in early experiments
is attributed to the twin boundaries in experimental samples
[14]. Several sets of high-qualityβ-Ga2O3 single crystals have
been experimentally measured [14–18], reporting a room-
temperature electron Hall mobility of 130–176 cm2 V−1 s−1.
Phenomenological model analysis, by fitting the temperature
dependence of experimental data, identifies that the dominant
scattering mechanism changes from long-range polar optical
phonon (POP) scattering caused by the strong coupling of
electrons with longitudinal optical (LO) phonons to ionized
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impurity scattering as temperature decreases [15–18]. The
demarcation temperature decreases as the impurity concen-
tration is reduced, reaching as low as 80 K in the purest
samples [18] among previous experimental reports. By only
considering the long-range electron–LO coupling in the com-
plete phonon space for the phonon scattering, the effect of
LO–plasmon interaction [19] and the presence of compensat-
ing impurity centers [20] are discussed. On the other hand,
Parisini and Fornari [21] have systematically analyzed the
scattering mechanisms in β-Ga2O2 and found that the non-
polar optical phonon (non-POP) scattering seems to be dom-
inant above room temperature, but later they confirmed the
crucial role of POP scattering by considering all LO modes
[22].

Beyond the phenomenological analysis, the interactions
between electrons and phonons can be directly obtained from
density functional theory (DFT) and density functional per-
turbation theory (DFPT) calculations. Nonetheless, the com-
putational cost is unbearable. Benefitting from the advances
of Wannier interpolation of electron–phonon coupling matrix
[23, 24], the first-principles calculations of electrical trans-
port properties have been enabled in the framework of Boltz-
mann transport equations (BTEs), and the accuracy of this
parameter-free method has been well verified [25–36]. Ghosh
and Singisetti [37] have applied the first-principles calcula-
tions to study the electron mobility of β-Ga2O3 combined
with ionized impurity scattering at a concentration of 1.1
×1017 cm−3, and observed a room-temperature drift mobil-
ity of 115 cm2 V−1 s−1. Nonetheless, the 40 × 40 × 40 uni-
form meshes of the Brillouin zone are probably not enough for
the convergence of electrical transport properties especially at
low temperatures. Since the experimental record for the elec-
tron mobility of β-Ga2O3 is always refreshed, up to 176 cm2

V−1 s−1 at room temperature in the latest measurement [18],
the knowledge of the phonon-limited intrinsic upper limit of
the electron drift and Hall mobilities of β-Ga2O3 is of great
significance.

The thermal conductivity generally includes contributions
from the electrons and the lattice. In the limit of weak doping,
the electronic contribution to the thermal conductivity is negli-
gible, and thus the lattice thermal conductivity of β-Ga2O3 has
been experimentally measured, about 10–30 W m−1 K−1 at
room temperature [38–40]. The first-principles calculation of
lattice thermal conductivity, well developed in the past decades
[41–45], has been applied to the study of β-Ga2O3, and pro-
vides good agreement with experiments [46]. In some techno-
logical applications, the β-Ga2O3 is intentionally doped, and
thus the electronic contribution to the thermal conductivity
may play a non-negligible role. The knowledge of the elec-
tronic contribution to the thermal conductivity as a function of
carrier concentration is helpful to confirm this result.

Therefore, we calculated the intrinsic electrical transport
properties of β-Ga2O3 by iteratively solving the BTE with
scattering limited by electron–phonon coupling obtained from
Wannier interpolation of DFT and DFPT calculations. The
ionized impurity scattering was included for the cases involv-
ing doping effect. In this work, the electron effective mass is
in good agreement with experiments; the convergence with

respect to the meshes of Brillouin zone is guaranteed; and the
Hall factor is considered. Larger values of electron drift mobil-
ity than that reported in reference [37] are obtained and the
calculated electron Hall mobilities agree well with the exper-
imental measurements. The role of long-range polar interac-
tions is quantitatively discussed by comparing the mobility
calculated including full scatterings of phonons and that with
only long-range POP scattering.

2. Methods

The evolution of electron occupation is described by BTE,
from which the steady-state electrical transport properties
can be derived [25, 26]. The electrical conductivity tensor is
written as

σ =
2e2

ΩN

∑
nk

vnkFnk

(
−∂ f 0

nk

∂εnk

)
, (1)

where e is the elementary charge, nk labels the electronic state
with band index n and wave vector k, Ω is the volume of unit
cell, N is the number of meshes of Brillouin zone, vnk is the
electron velocity, and F0

nk is the electron Fermi–Dirac occupa-
tion factor. Note that the factor 2 accounts for the spin degen-
eracy in spin-unpolarized calculations which otherwise should
be 1. Fnk is the mean free displacement of the electron state,
and can be obtained by an iterative solution of BTE as [25]

Fi+1
nk = τnkvnk + τnk

∑
qpm

Wqp
nk,mk+qFi

mk+q. (2)

If neglecting the second term in the right side of equation (2), it
is exactly the relaxation time approximation with F0

nk = τnkvnk

and τ nk being the relaxation time. The transition probability by
absorbing or emitting a phonon with wavevector q and mode
index p is [25]

Wqp
nk,mk+q =

2π
�
|gqp

nk,mk+q|2

×
[
(n0

qp + f 0
mk+q)δ(εnk + �ωqp − εmk+q)

+ (1 + n0
qp − f 0

mk+q)δ(εnk − �ωqp − εmk+q)
]

,

(3)

where εnk is the electron energy, ωqp is the phonon frequency,
and n0

qp is the phonon Bose–Einstein occupation factor. The
electron–phonon coupling strength gqp

nk,mk+q is calculated by
[47]

gqp
nk,mk+q =

1√
2ωqp

〈ψmk+q|∂Vqp|ψnk〉, (4)

where ∂Vqp is the perturbation of the self-consistent potential
due to lattice vibration [25], ψnk is the electronic wavefunc-
tion. In polar materials, the strong coupling strength with LO
phonons in long wavelength cannot be correctly reproduced by
the Wannier interpolation based on maximally localized Wan-
nier functions [24]. To address this issue, a polar correction
scheme is proposed [24, 48], in which the electron–phonon
coupling matrix is divided into short-range and long-range
parts, g = gS + gL. The short-range gS is Wannier interpolated
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Figure 1. Conventional (a) and (b) and primitive (c) unit cell of β-Ga2O3 in the Cartesian space (red balls are Ga atoms and brown balls are
O atoms). The primitive cell actually consists of the atoms in the AOC plane of the conventional cell. (d) The first Brillouin zone of the
primite cell along with high-symmetry points in the Cartesian space.

Figure 2. Band structures above the CBM of β-Ga2O3 calculated
(a) with and without SOC, (b) with and without GW correction. (c)
Phonon dispersion of β-Ga2O3 compared with the Raman
measurements (blue dots) [60].

while the long-range gL is analytically calculated from [24, 47,
48]

gqp,L
nk,mk+q =

1√
2ωqp

i4πe2

Ωε0

∑
G �=q

(q + G) · Z∗ · eqp

(q + G) · ε∞ · (q + G)

×
〈
ψmk+q|ei(q+G)·r|ψnk

〉
, (5)

where eqp is the phonon eigenvector, G is the reciprocal lat-
tice vector, Z∗ is the Born effective charge, ε0 is the vacuum
permittivity, and ε∞ is the high-frequency relative permittivity.

For doping cases, the ionized impurity scattering was con-
sidered using the Brooks and Herring model [49], in which the
transition probability is given by

Ink,mk′ =
2πZ2nce4

�Ω(εrε0)2

δ(εmk′ − εnk)
(β2

s + |k′ − k|2)2
, (6)

where Z is the charge of the ionized impurity, nc is the impurity
concentration. Here, we simply assume that the doping is sin-
gle donors which are fully ionized, thus Z = 1 and nc is equal
to the carrier concentration. εr is the static relative permittivity,
βs is the inverse Thomas–Fermi screening length,

β2
s =

nce2

εrε0kBT

F−1/2(η)
F1/2(η)

, (7)

where F j(η) is the Fermi–Dirac integral defined as [50]

F j(η) =
∫ ∞

0

ξ j

1 + exp(ξ − η)
dξ, (8)

with ξ = ε/kBT and η = ε f /kBT being the reduced energy and
reduced chemical potential, respectively.

The scattering rate, the inverse of the relaxation time in
equation (2), is computed by

τ−1
nk =

∑
qpm

Wqp
nk,mk+q +

∑
m

Ink,mk′ . (9)

By dividing the conductivity with carrier concentration nc, the
mobility tensor is obtained as

μ =
σ

enc
. (10)

The electronic contribution to the thermal conductivity is
calculated as [26]

κe =
2

TΩN

∑
nk

(εnk − ε f )2vnkFnk

(
−∂ f 0

nk

∂εnk

)
− TσS2, (11)

where the Seebeck coefficient S can be obtained from [26]

σS =
2e

TΩN

∑
nk

(εnk − ε f )vnkFnk

(
−∂ f 0

nk

∂εnk

)
. (12)

The mobility measured from Hall experiment differs from
the calculated drift mobility of equation (10) by a Hall factor,
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Table 1. Calculated phonon frequencies (in unit of cm−1) of Raman active modes at Γ center
compared with the Raman measurements. The diagonal components of the calculated
high-frequency and static relative permittivity tensors (εx , εy, εz) compared with previous
calculations and experiments. The direction of the experimental values is not specified in
references [63–65] whereas it is along the x-direction in reference [66].

Phonon frequency

Mode symmetry Calculation Experiment Calculation

Present Reference [60] References [60] References [59]
Ag 107 110.2 104 104.7
Bg 110 113.6 113 112.1
Bg 142 144.7 149 141.3
Ag 161 169.2 165 163.5
Ag 190 200.4 205 202.3
Ag 332 318.6 317 315.8
Ag 338 346.4 346 339.7
Bg 349 356 348.3
Ag 398 415.7 418 420.2
Ag 463 467 459.4
Bg 501 473.5 474 472.8
Ag 604 600 607.1
Bg 626 628.7 626 627.1
Ag 632 652.5 637 656.1
Ag 739 763.9 732 757.7

ε∞ (4.00, 4.38, 4.14)
3.61 [63] (4.02, 4.13, 4.15) [20]
3.60 [64] (3.81, 4.08, 3.85) [59]
3.57 [65]

εr (10.88, 11.61, 14.02)
9.93 [63] (11.88, 9.22, 12.61) [20]
9.57 [64] (10.84, 11.49, 13.89) [59]
10.2 [66]

μH = rHμ. Here, the Hall factor is assumed as an isotropic
scalar, and is computed from [35]

rH = 〈τ 2〉/〈τ〉2, (13)

where 〈τ 〉 is the energy-averaged scattering rate [35], which is
equivalently calculated in the discrete numerical computation
with a form for classical electron gas as

〈τ a〉 =
∑

nk(τnk)ax3/2e−x∑
nkx3/2e−x

, (14)

with x = εnk/kBT . The applicability of this expression to
monoclinic β-Ga2O3 has already been verified [20, 21].

3. Results and discussion

The crystal structure of monoclinic β-Ga2O3 in the Carte-
sian space is shown in figure 1, where the conventional unit
cell contains 20 atoms. In our calculation, we reduce such
a large conventional cell to its primitive cell with 10 atoms.
The structure was first relaxed using Quantum ESPRESSO
package [51], employing norm-conserving pseudopotentials
with Perdew–Burke–Ernzerhof exchange–correlation func-
tional [52] and a plane-wave kinetic energy cutoff of 72 Ry.
To compare with experiments, the optimized lattice parame-
ters of the primitive cell were converted back to those of the
conventional cell, which are OA = 12.26 Å, OB = 3.05 Å,

OC = 5.81 Å, θ = 103.7◦, in good agreement with experimen-
tal values of OA = 12.23 Å, OB = 3.04 Å, OC = 5.80 Å,
θ = 103.7◦ [53]. Since the valence bands of β-Ga2O3 are
almost flat, the effective mass of the hole is much larger than
that of the electron [54, 55]. Although the hole effective mass
fitted along a special direction can be relatively small [54], the
large density of states and huddled valence bands lead to strong
scattering phase space, suggesting worse transport properties
of holes than those of electrons. Moreover, the practically
used β-Ga2O3 is the n-type system. Therefore, we hereafter
focus on the transport properties for electrons if not otherwise
noted.

In view of the light atomic masses of Ga and O atoms, the
spin–orbit coupling (SOC) was not included in the calcula-
tions. This is confirmed by the fact that the conduction band
structures calculated with and without SOC are exactly identi-
cal, as shown in figure 2(a). Since it has been pointed out that
the many-body interaction could alter the electrical transport
properties due to the change of effective mass [31, 33], the
one-shot GW correction was carried out using YAMBO code
[56]. Figure 2(b) shows that the GW correction has almost no
effect on the band structure in a wide energy range above the
conduction band minimum (CBM), and thus the GW correc-
tion was not included in the calculations. The CBM is located
at the Γ point, and the energy-momentum dependence of this
band valley is almost isotropic as previously reported [20, 37,
54]. The fitted electron effective mass is about m∗

e = 0.282 me,
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in good agreement with experimental values [57, 58] as well
as calculations with HSE hybrid functional [20, 54]. The
harmonic interatomic force constants were calculated with
3 × 3 × 3 q grids, and were used to obtain the phonon dis-
persion of β-Ga2O3. The non-analytical correction due to
long-range polar interactions was added using the calculated
high-frequency permittivities. There are 30 phonon modes in
the primitive unit cell ofβ-Ga2O3, as shown in figure 2(c). The
zone-center modes can be classified into Au + 2Bu acoustic
phonons and 10Ag + 4Au + 5Bg + 8Bu optical phonons [59],
in which the Ag and Bg optical phonons are Raman active and
have been experimentally measured [60]. The calculated val-
ues herein agree well with the Raman measurements, with dis-
crepancy smaller than 6%, as listed in table 1. The Au and Bu

optical modes are infrared active, and correspond to the polar
LO phonons which would have strong scattering with electrons
[20]. Since the frequency of LO mode is strongly dependent on
the direction of phonon wave vector, Parisini et al [22] provide
spherically averaged LO frequencies by fitting the LO scatter-
ing rates using an analytical model; therein, the corresponding
averaged coupling constants of each LO modes are also given.
The coupling constant is proportional to the Callen effective
charge, which is actually the Born effective charge divided
by the high-frequency permittivity [61]. The static permittivi-
ties are obtained by the sum of the high-frequency permittivity
and the contribution from zone-center polar modes [62]. The
calculated permittivity of β-Ga2O3 is a tensor defined by the
Cartesian directions in figure 1. The diagonal components of
the high-frequency and static permittivity tensors are listed in
table 1. Although the direction information of the crystal in ref-
erence [59] is not directly provided, it is justified to speculate
that the same definition as this work was used in reference [59],
since the lattice parameters, the high-symmetry points and the
corresponding phonon dispersions along the L–M–A–Γ–Z–V
are consistent. In addition, the crystal information in reference
[20] indicates that the direction dependence of the permit-
tivity therein is essentially equivalent to this work, although
different high-symmetry lines, unfortunately not being illus-
trated therein, were chosen to display the phonon dispersion.
Therefore, the sequence of the diagonal components of the per-
mittivity tensors in references [20, 59] and this work should
be the same, and they are in reasonable agreement with each
other. The small discrepancy probably comes from the differ-
ent pseudopotentials and parameters used in the calculations.
For possible experimental measurements of the phonon dis-
persion of β-Ga2O3 in the future, which is more conveniently
defined by the directions based on the conventional cell, the
phonon dispersion relations along some special lines of the
Γ–X, Γ–Y, and Γ–V are additionally given. The Γ–X and
Γ–Y are parallel to the x- and y-directions in the real space,
respectively, whereas the Γ–V is at an angle of 13.7◦ to the
z-direction; thus, they are exactly corresponding to the direc-
tions perpendicular to the BOC, AOC and AOB planes of the
conventional cell, respectively. In the experimental studies, the
measurements do not provide all components of the permittiv-
ity tensor [63–66]; nonetheless, the measured values are close
to the calculations herein and references [20, 59].

Figure 3. Calculated phonon-limited intrinsic electron Hall
mobilities of β-Ga2O3 at different temperatures (solid lines). The
values along the x-direction including both phonon and ionized
impurity scatterings are also given for representative comparison
(dashed line). Symbols are experimental values with triangles from
reference [14], circles from reference [15], squares from reference
[16], diamonds from reference [17], and crosses from reference
[18]. The right inset shows the room-temperature electron drift
mobilities as a function of k and q meshes of Ni(k) = Ni(q) with i
being the three directions. The left inset gives the phonon-limited
intrinsic Hall factor for electrons (solid line) and that including both
phonon and ionized impurity scatterings (dashed line) at different
temperatures.

To calculate electron mobility, the electron–phonon cou-
pling matrix was first calculated on 6 × 6 × 6 k and 3 × 3 ×
3 q grids. Then a framework combining the Wannier interpo-
lation for the short-range part and analytical correction for the
long-range part as implemented in the EPW package [47] was
used to interpolate the electron–phonon coupling elements
to dense grids. The convergence of electron mobility with
respect to k and q meshes was checked and is shown in the
inset of figure 3. It can be seen that the calculated mobilities
reach convergence at 96 × 96 × 96 k and q grids, with the
difference compared to the values at grids of 120 × 120×
120 smaller than 1% at 300 K. It is known that the lower
the temperature is, the closer the energy of the electron that
can be activated is to CBM, so in order to obtain convergent
results, the meshes of Brillouin zone required in the calcula-
tions are also larger. We have checked that the convergence
of calculations at 100 K becomes worse but still can be guar-
anteed within 5%. This implies that the 40 × 40× 40 grids
used in reference [37] is not enough, and would underesti-
mate the values especially for low temperatures. The room-
temperature intrinsic electron drift mobilities are 129, 146,
and 144 cm2 V−1 s−1 in x, y and z directions respectively,
which are 12%–27% larger than the calculated value in ref-
erence [37]. Figure 3 shows that the intrinsic electron Hall
mobilities of β-Ga2O3 at different temperatures are in reason-
able agreement with experimental results [14–18], with room-
temperature values of 158, 178, and 175 cm2 V−1 s−1 in x,
y and z directions, respectively. It can be seen that the dis-
crepancy between different experimental values is relatively
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large at low temperatures, due to the effect of different ion-
ized impurity scatterings which play a more important role at
low temperatures [15, 16, 18, 21]. Among the experimental
values plotted in figure 3, the carrier concentration in refer-
ence [18] is below 1016 cm−3, while that of reference [14]
is about 1017 cm−3. When including ionized impurity scat-
tering with a concentration of 1 ×1017 cm−3, the calculated
low-temperature values are decreased to good agreement with
reference [14], whereas the high-temperature values are less
affected. The remaining discrepancy between calculations and
experiments can be attributed to the experimental measure-
ment errors and the excluded effects of temperature-dependent
band structures, inevitable sample-dependent defects, distor-
tions or boundaries, and so forth. The Hall factors for electrons
at different temperatures are calculated, as shown in the inset
of figure 3. The intrinsic Hall factor decreases monotonically
from 1.54 at 100 K to 1.14 at 800 K, whereas if the ionized
impurity scattering is included, the Hall factor first increases
and then decreases. The influence of scattering mechanisms
on the Hall factor has already been revealed by Parisini and
Fornari [21, 22]. The temperature dependence of the Hall fac-
tor including ionized impurity scattering agrees with the study
of reference [22]. Since the phonon scattering dominates impu-
rity scattering at high temperatures, it is not hard to understand
the monotonic decrease of the intrinsic Hall factor.

The temperature dependent intrinsic electron drift mobil-
ities are given in figure 4. It is found that the anisotropy of
mobilities is not as strong as the anisotropy of crystal struc-
ture, within 15% in the temperature range of 100–800 K. This
is attributed to the almost isotropic electronic valley around the
Γ point. All electrons that participate in the transport below
800 K are located in this valley. The momentum conservation
enforces the phonons acting with electrons also around the Γ
point. As a consequence, the scattering from long-range POP
is important because its coupling strength diverges as 1/|q| for
q approaching Γ [24, 48]. Previous qualitative analyses based
on phenomenological models predict that the electron mobility
above room temperature is almost entirely determined by the
POP scattering [15, 16, 18]. However, we found that the mobil-
ities limited only by POP scattering are about 1.7–2.3 times
larger than the values including full scatterings of phonons at
room temperature. The overestimation decreases as tempera-
ture increases, from 6–8 times at 100 K to 1.3–1.6 times at
800 K.

To understand the decrease of overestimation, we separate
the scattering rates of acoustic and optical phonons, as shown
in the inset of figure 4. It is noticed that the scattering rates of
optical phonons are almost entirely contributed by the long-
range POP interactions, more than 92% in the temperature
range of 100–800 K. The normalized cumulative distribution,
which is the mobility contributed by electrons below a spec-
ified energy divided by the total mobility, shows that more
than 98% of the mobility is contributed by electrons below
0.05 eV at 100 K, and within this energy range, the acous-
tic phonons have much larger scattering rates than those of
optical phonons. Therefore, consideration of only POP scatter-
ing would greatly underestimate the total scattering rates. As

Figure 4. Phonon-limited intrinsic electron drift mobilities
calculated with full scatterings of phonons (solid lines) and
long-range POP scattering only (dashed lines). The inset shows the
scattering rates contributed from acoustic and optical phonons at
different temperatures. The long-range POP scattering rates are
provided for comparison, with the difference (Δ) compared to the
optical phonon scattering rates smaller than 8%. The normalized
cumulative contributions to the mobility from electrons at a given
energy are also plotted.

temperature increases, the contribution from high-energy elec-
trons increases, about 98% of the mobility being contributed
by electrons with energies up to 0.15 eV at 300 K and 0.42 eV
at 800 K. Meanwhile, the scattering of optical phonons
becomes larger than acoustic phonons especially at low ener-
gies, due to its faster increase of occupation numbers [34]
multiplied with stronger coupling strength of polar modes [24,
29, 48]. As a consequence, the relative contribution of opti-
cal phonons increases, and the deviation between long-range
POP scattering rate and total scattering rate decreases, thus the
overestimation of electron mobilities is reduced. Although the
acoustic phonon scattering is regarded as negligible in pre-
vious phenomenological analyses [15, 16, 18] especially for
doped β-Ga2O3 [20, 21], the entirely first-principles calcu-
lations herein indicate that the role of acoustic phonon scat-
tering is important in intrinsically pure β-Ga2O3. Actually,
this is not surprising since the non-negligible role of acoustic
phonons has already been implied by Parisini and Fornari [21,
22]. In reference [22], it is highlighted that the scattering from
acoustic phonons cannot be neglected in the transport analysis
since the interaction between electrons and acoustic phonons
is physically active. Moreover, in reference [21], by fully con-
sidering the scattering mechanisms from acoustic phonons,
non-POPs, POPs, ionized impurities and neutral impurities, an
important trend revealed by the fitting of different samples is
that the acoustic phonon scattering becomes non-negligible as
the impurity is reduced, and eventually becomes comparable
with ionized impurity scattering and non-POP scattering in the
temperature range of 100–300 K.

Figure 5(a) shows the carrier concentration dependence of
electron Hall mobilities including phonon and ionized impu-
rity scatterings at room temperature. The calculated results

6



J. Phys.: Condens. Matter 32 (2020) 465704 J Ma et al

Figure 5. Carrier concentration dependence of (a) Hall mobilities,
(b) Seebeck coefficients, and (c) electronic contribution to the
thermal conductivities of β-Ga2O3 including phonon and ionized
impurity scatterings at room temperature. The impurity
concentration is assumed equal to the carrier concentration and the
impurity charge is set to Z = 1. In (a) the experimental Hall
mobilities are extracted from references [13–18, 67–70] (squares)
and [71] (triangles), whereas in (b) the experimental Seebeck
coefficient is obtained from reference [70].

agree well with the experimental data [13–18, 67–70] except
the dispersed values in reference [71] which is probably owing
to the presence of compensating sample-dependent defects
[20]. It can be seen that the mobilities obviously decrease when
the concentration exceeds 1016 cm−3. This is slightly different
from reference [20] which shows an increase of mobility as
carrier concentration increases from 1017 to 1019 cm−3 with-
out considering the impurity compensation. The increase of
mobility stems from the suppression of long-range LO phonon
scattering by the free-carrier screening effect [20], which is,
however, not considered in our calculations herein. Nonethe-
less, the important role of impurity compensation emphasized
in reference [20] is also found. Analogously with reference
[20], we consider the Ga vacancies with Z = 3 for the com-
pensation, and when we assume a 50% compensation ratio, the
calculated electron Hall mobilities can agree with the experi-
mental values of the heavily doped samples in reference [71],
as shown in figure 5(a) where only the values along the x-
direction are plotted as representative. The Seebeck coeffi-
cients at different carrier concentrations are also calculated, as
shown in figure 5(b), which are almost isotropic because they
are mostly determined by the electronic band structure [32,
72]. A recent experiment measured the Seebeck coefficients
of different β-Ga2O3 films [70], which gives a relatively con-
sistent room-temperature value about −(300 ± 20) μV K−1

at concentrations of (5.5–6.0) ×1017 cm−3, whereas the
calculated value herein is −330 μV K−1. Figure 5(c) gives
the room-temperature electronic contribution to the thermal
conductivity, which is smaller than 0.1 W m−1 K−1 below
1019 cm−3 and 0.9 W m−1 K−1 below 1020 cm−3. As com-
pared to the lattice thermal conductivity (10–30 W m−1 K−1)

[38–40, 46], the electronic contribution is not significant.
Nonetheless, it is obvious that the electronic contribution rises
quickly with concentration increasing from 1019 to 1020 cm−3,
thus the electronic contribution can be expected to become
important at higher carrier concentrations.

4. Conclusion

In summary, the electrical mobility, Seebeck coefficient and
electronic contribution to the thermal conductivity ofβ-Ga2O3

are calculated from first principles. The intrinsic phonon scat-
tering and ionized impurity scattering are considered. By tak-
ing into account the intrinsic Hall factor, which is about
1.54–1.14 in the temperature range of 100–800 K, the cal-
culated intrinsic electron Hall mobilities can agree well with
Hall experimental measurements. Different from the strongly
anisotropic crystal structure, the anisotropy of electron mobil-
ity is within 15%, due to the almost isotropic electron effec-
tive mass around the CBM. The mode-dependent scattering
rates indicate that the acoustic phonon scattering is compa-
rable with long-range polar optical scattering for low-energy
electrons. Therefore, acoustic phonons play a non-negligible
role, in contrast to previous predictions of phenomenological
models that the mobility is almost entirely determined by POPs
above room temperature. After validating the concentration
dependencies of the Hall mobility and Seebeck coefficient,
which are in reasonable agreement with experiments, the elec-
tronic contribution to the thermal conductivities is calculated
and found to be negligible as compared to the lattice ther-
mal conductivity with carrier concentration below 1020 cm−3

at room temperature.
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