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Danbei Wang,” Kongping Wu® and Yaowei Wei®

B-Ga,Os is one of the new-generation wide-bandgap semiconductor materials that has attracted much
attention in recent years. However, the reported room-temperature electron mobility of B-Ga,Os is
much lower than GaN and SiC. Alloying Ga,Os is expected to endow the material with superior carrier
transport properties. Herein, we mainly investigate the electron mobility of pure Ga,Os, In-doped
Gay0s3, and Al-doped Ga,Os from first-principles considering acoustic deformation potential (ADP)
scattering, polar optical phonon (POP) scattering and ionized impurity (IMP) scattering. The structure
optimization, electronic band structure, and temperature-dependent and concentration-dependent
electron mobility are investigated. The results show that the mobility of In-Ga,Os is always the highest
at 105-650 K, and POP scattering is the dominant factor limiting the electron mobility from 150-650 K.
The mobility enhancement by In-doping is attributed to the smaller effective mass caused by the In 5s
state despite its slightly increased electron—phonon coupling strength. The predicted electron mobilities
for Ga,0s, Al-Ga,0s and In-Ga,Os at an electron concentration of 1.0 x 107 cm™> are 1515 cm? V-1 s7%,
137.8 cm? V71 s7t and 184.9 cm? V1 571 at room temperature, respectively. This work provides an alterna-
tive route to enhance the electron mobility of Ga,Os and guides in engineering their electronic transport

rsc.li/pccp

1. Introduction

Wide bandgap semiconductor materials, represented by gal-
lium oxide (B-Ga,0;)," aluminum nitride (AIN),” and diamond,?
have become the most promising materials for the new gen-
eration of semiconductors. Their high bandgap (> 4.5 eV)" and
high breakdown voltage (>1800 V)>° significantly expand the
depth and breadth of applications in electronic and optical
devices. -Ga,0O; has gained market favor due to its high-quality
substrates and large-scale substrate production capabilities,”
prompting in-depth exploration of performance optimization
by the academic and commercial communities. In semicon-
ductor devices, carrier transport properties are crucial as they
determine the electrical performance. However, the reported
room-temperature electron mobility of $-Ga,O; remains below
200 ecm® V™! s71 872 which is 1 to 2 orders of magnitude lower
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properties for high-power electronics.

than that of third-generation semiconductors like SiC, GaN,
etc.,”*'* hindering the efficiency and application range of
Ga,0; devices. Alloying Ga,0; is expected to endow the mate-
rial with superior carrier transport properties.

Existing research showed that doping could change the
carrier mobility of semiconductors. Considering only acoustic
phonon (rather than polar phonon) scattering, Zhang found
that by doping with Cu and Sn, the electron mobility of
Ga,0; was enhanced significantly from 847 ecm® V' s7* to
12409 cm® V' 57! and 4217 em® V' s 4'® respectively.
Focusing on a simplified model based on deformation
potential scattering, Yu found that the electron mobility of
Ga,0; was reduced from intrinsic 283.8 ecm®> V™' s ! to
207.7 cm*> V157! 212.6 em*> V' 57! and 187.3 em®> V! 57!
by doping with Si, Ge and Sn.'® Typically, the structure cells
chosen for first principles calculation contain only several
dozen atoms, in which even doping with one atom could result
in heavy doping, leading to a band structure similar to that of
metals or semimetals, when doping with elements that are not
isoelectronic with Ga or O. In such cases, using a semiconduc-
tor model to calculate its electrical transport properties might
not be accurate. Isoelectronic doping does not present this
issue. Li calculated the impact of indium doping on the
electrical properties of single-layer Ga,O; metal-oxide-semi-
conductor field-effect transistors (MOSFETs) and discovered
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that the on-current for high-performance and low-power achieved
great improvement at In doping concentrations of 5% and 20%."”
Using a chemical vapor deposition method, Tian found that
In-doping enhanced the mobility of Ga,03; nanobelts compared
to pure Ga,0s, thereby improving the sensitivity and respon-
sivity of Ga,0; photodetectors,'® consistent with Ji’s experi-
mental results.” Both theoretical and experimental studies
have shown that the electron mobility of Ga,O; could be
improved by doping with indium. However, the scattering
mechanisms in In-doped Ga,O; have not been thoroughly
studied yet. Moreover, literature has indicated that Al, which
belongs to the same group as In, reduced the mobility when
doped in Ga,05.>*?" It is worth noting that these two elements
belonging to the same group contribute to completely different
effects on Ga,0;. Therefore, this research aims to compare
various properties of In-doped Ga,03, pure Ga,O; and Al-doped
Ga,03, and then to investigate the reasons behind In-doping
enhancing the mobility of Ga,0;.

In this work, we emphasize the scattering mechanisms
determining the electron mobility of Ga,0;, In-Ga,0;, and
Al-Ga,03, taking acoustic deformation potential (ADP) scatter-
ing, polar optical phonon (POP) scattering and ionized impurity
(IMP) scattering fully into account. We computed the band
structures and density of states for three different structures, as
well as the necessary parameters for ADP, POP and IMP scat-
tering. Additionally, we calculated the variations in ADP, POP,
and IMP scattering between 105 and 650 K and their respective
contributions to the total mobility. Lastly, we investigated the
mobility enhancement mechanism of In-doped Ga,Oj;.

2. Computational methodology

There are two kinds of unequal Ga atoms in the lattice structure of
B-Ga,03, namely Ga; with tetrahedral coordination and Gay with
octahedral coordination, as shown in Fig. 1. We have calculated
the doping formation energy of In and Al atoms substituting for
Ga; and Gayp, from which we could conclude that Al atoms
preferentially substitute for Gay atoms, while In atoms preferen-
tially substitute for Ga; atoms. All the DFT calculations were
performed in the 1 x 2 x 1 monoclinic Ga,0O; supercell using
the Vienna ab initio simulation package (VASP) code.”>”* The
generalized gradient approximation (GGA) involving the Perdew—

,fQ*Quw i

c > b
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Fig.1 Crystal structure of the Ga,Os computational model. Green
spheres represent cation antimony, and red spheres represent anion
oxygen.

Q

This journal is © the Owner Societies 2025

View Article Online

PCCP

Burke-Ernzerhof (PBE)** functional was employed to describe the
exchange correlation potential. The plane wave cutoff energy was
set to 400 eV for all calculations. For the optimization and other
property calculations, 3 x 6 x 7 and 4 x 7 x 8 Monkhorst-Pack
k-points sampling were applied. These calculations were per-
formed with 1 x 10~% eV per atom energy tolerance and 0.01 eV A™*
force tolerance. To counteract the underestimation on the band gaps
of GGA, and reproduce the correct band-structure of -Ga,Os3, the
Heyd-Scuseria-Ernzerhof (HSE06) screened hybrid functional® was
adopted to acquire the band structure as well, and the mixing
parameter of 0.39 was set.

Based on the momentum relaxation time approximation,
the electron mobility, p, can be computed through the linear-

ized Boltzmann transport equation (BTE),**°

(NRTA € Jdk afY
cop neQ QBZ (9

Vnk alVnk,fTnk (1)
nech
where o and f denote Cartesian coordinates, n. is the electron
concentration, 2 and Qg are the volumes of the unit cell and
first Brillouin zone, respectively, v, and v,z are the group
velocity weight of band index n and wave vector k, “cb” stands
for conduction bands, fu. is the Fermi-Dirac distribution
function, &, is the electron energy, and 7, is the electron
lifetime. Based on the self-energy relaxation time approximation
(SERTA),”” the electron lifetimes can be obtained according to

/:k1 - ; JS:Z ;klﬂkarq (2)
where rnkﬁmkﬂfl is the scattering rate of the transition from state
|nk) to state |mk + q). Two classes of scattering are implemented in
the work: (i) inelastic scattering which occurs via emission or
absorption of a phonon and (ii) perfectly elastic scattering in which
no energy is gained or lost. In the case of inelastic scattering, the
partial decay rate can be written as®**!

T mkiq = %Ignm(k,q)\zx [(na+ 1= 100 )5 (Ackts — ey

(14 S ) O (Aeitn + g ) |
@)

where % is the reduced Planck constant, nq is the Bose-Einstein
occupation, ¢ is the Dirac delta function, Aslq = &uc — Epicrg-
|gun(k,q)|* represents the matrix element of the interaction, which
measures the probability amplitude of the transition from an initial
state nk to final state mk + q via a phonon with wave vector q and
frequency wq. The —hiwg and +hwg terms correspond to scattering
by emission and absorption of a phonon, respectively. The scattering
mechanism of POP belongs to inelastic scattering.*

For elastic scattering, the partial decay rate can be written as

i = g (A7) @)

The scattering mechanisms of IMP**** and ADP**7® belong
to elastic scattering. The matrix elements for ADP, IMP and POP
are calculated, respectively. Before the total mobility can be
obtained, the basic parameters are calculated firstly. These
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include the ADP matrix parameters of the fully anisotropic
acoustic deformation potential and elastic constants, POP
matrix parameters including static (&), high-frequency (e.,)
dielectric constants and effective phonon frequency (wy,), etc.
Through Fourier interpolation in the first Brillouin zone to
compute electron mobility by AMSET,>® we can accurately
evaluate the contribution of individual scattering mechanisms
on a much-denser mesh of dimensions 13 x 25 x 27 after
convergence tests.

3. Results and discussion

3.1. Electronic band structure

The lattice parameters of Ga,03;, Al-Ga,0O; and In-Ga,0; are
listed in Table 1. The calculated Ga,O; lattice parameter results
are in good agreement with the experimental data®® (deviation
less than 1.8%) and previous calculations,’® demonstrating
reliability of the employed theoretical methodology. Al-Ga,03
has a slightly smaller lattice parameter, while In-Ga,O; has a
slightly larger lattice parameter, as Al atoms are smaller than
Ga atoms while In atoms are larger than Ga atoms.

To explore the differences in energy band, electronic occu-
pancy states, and effective electron mass between pure Ga,O3
and doped Ga,03;, we performed calculations of the band
structure, total density of states (TDOS), and partial density of
states (PDOS). Fig. 2(a)-(c) present the electronic band struc-
tures of Ga,0j;, Al-Ga,0O; and In-Ga,O; with a Brillouin zone
path of G-F-Q-Z-G calculated using PBE (orange lines) and
HSE (blue lines), respectively. This reveals that the electronic
band structures predicted using PBE and HSE demonstrate the
same dispersion shape, except for the bandgap values, which
means that they have the equivalent effective mass closely
related to the curvature of the band at the high symmetry
point. The band gap of Ga,Oj; (Fig. 2a) obtained using HSE and

Table 1 Lattice constants of B-Ga,Oz compared with literature data

Lattice constant A b c p
Ga,05-expt.>’ 12.23 3.04 5.80 103.7
Ga,05-theory™ 12.45 3.08 5.87 103.7
Ga,0, 12.32 3.07 5.70 103.69
Al-Ga,0; 12.30 3.07 5.68 103.64
In-Ga,05 12.40 3.10 5.73 103.61

Fig. 2
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PBE is 4.91 and 2.05 eV respectively. The gap between the
bandgap calculated by HSE and the experimental results of
4.86 eV*! is very small. For Al-Ga,O; (Fig. 2b), the band gap is
5.05 and 2.18 eV, respectively, while for In-Ga,0O; (Fig. 2¢), the
band gap is 4.77 and 1.93 eV, respectively. As HSE requires
heavy computational resources, PBE is chosen to predict the
carrier transport properties of these three Ga,Oj; structures.
In this study, we only focus on the electron mobility. From
the band diagram, it can be seen that the conduction band
minimum (CBM) is located at the gamma point. The electron
effective mass (m;) is defined as:
. 1 PE(F)
(o), g e ©

where x, y, and z are the directions in the reciprocal space

(2mt/a), E,(k) is the dispersion relationship for the n-th electronic
band. Using the effective mass calculator (EMC)** and finite
difference method, we have calculated the effective mass at
CBM, as shown in Table 2. The effective masses of pure Ga,O3
along x, y, and z are 0.22, 0.23, and 0.21, which are close to the
values reported in the literature of 0.22, 0.22, and 0.21.%° The
electron effective mass distributions reveal that the electron
effective mass m is basically isotropic, consistent with the
subsequent mobility calculations. The effective masses of Al-
Ga,0; are 0.24, 0.24, and 0.23, slightly higher than pure Ga,03,
which is unfavorable for carrier transport; meanwhile the
effective masses of In-Ga,0O; are 0.21, 0.22, and 0.21, slightly
lower than pure Ga,0O3, which is beneficial for carrier transport.

The total density of states (TDOS) curves for pure Ga,Os,
Al-Ga,03, and In-Ga,0; are similar, as shown in Fig. 3. Near
the valence band maximum (VBM), the states are mainly
contributed by O 2p and Ga 3p states. The O 2p states are
localized below VBM, leading to a flat valence band, bringing
about large hole effective mass. The DOS near the CBM is very
low, resulting in a steep conduction band, meaning Ga,O; has
small electron effective mass. Al 3s and Al 3p states have
minimal contribution to CBM as shown in Fig. 3(b) and (d).
In contrast, In-Ga,03; shows slightly higher In 5s states near the
CBM (3.5-5 eV), resulting in a higher TDOS, as shown in
Fig. 3(c) and (e). However, in the region that determines the
electron effective mass at the CBM (1.93-2.05 eV for In-Ga,Os3,
2.06-2.15 eV for Ga,03, circled in red), the TDOS of In-Ga,0; is

Electronic band structures of pure Ga,Os, Al-Ga,Os, and In-Ga,Os calculated using PBE (orange lines) and HSE (blue lines) functionals.
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Table 2 Electron effective mass of Ga,Osz, Al-Ga,Oz and In-Ga,Os3
compared with literature data

Electron effective mass (1 /)

Structure . my, my,

Ga,03*° 0.22 0.22 0.21
Ga,0; 0.22 0.23 0.21
Al-Ga,0; 0.24 0.24 0.23
In-Ga,0, 0.21 0.22 0.21

the lowest caused main by the In 5s state, with less localization
and a steeper CBM, resulting in a lower electron effective mass.
The detailed TDOS of Ga,0; and In-Ga,0O; near the CBM is
shown in Table S1 (ESIT).

3.2. Electrical transport properties caused by ADP

Based on the electronic band structure, the scattering rate from
ADP, POP, and IMP and the electron mobility could be calculated.
Piezoelectric scattering was not considered as its proportion is very
small. The electron mobility is calculated at moderate electron
concentrations (1 x 10" ecm?). The methodology is introduced
firstly for computing the transport properties, which enable us to
discuss various factors influencing the electron mobility.
The ADP matrix element is given by*’

g (k,q) = VksT )

G#—q

lM)nk:SrZ

Ct2\//7

ﬁn/(:sl l.-)n/cjstl

+
avp o cnyp

(6)
X <mk + q’ei(q+c>"}nk>

where D,k is a deformation potential tensor that describes how
the electronic states respond to lattice vibrations, §;, S;; and S,
represent the unit polarization vectors for the longitudinal
acoustic mode (/) and two transverse acoustic modes (t1, and
t2), respectively, and p represents the density of the material.
The amplitude of the strain at any temperature 7 can be

View Article Online
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obtained from the potential energy of the acoustic phonon as
ks T/pc2, where kg is the Boltzmann constant. (mk + q|e/"®*
|nk) is the overlap integral between state |nk) and state
|mk + q), where the factor e @ accounts for the phase factor
associated with the phonon wavevector and reciprocal lattice vector.

The elastic constants (C) of pure Ga,O; calculated in this
study are 288.4 GPa, 412.6 GPa, and 401.7 GPa, slightly higher
than the experimental values®, as shown in Table 3. The
deformation potential (D,) and elastic constants of In-Ga,O3
are the smallest, while those of Al-Ga,O; are the largest, with
pure Ga,0; falling in the middle. The value of D,/C of In-Ga,0;
is the smallest, while in Al-Ga,O; it is the largest. According to
formula (6), g29, is proportional to DA/C, indicating that In-
Ga,0; might have the smallest g2%,. Detailed matrix of elastic
constants and deformation potential are listed in the ESL{

Fig. 4a shows the temperature-dependent anisotropic mobility
caused by only ADP scattering. The calculated mobilities differ by
about 30% for the different directions, equivalent to the values
observed in ref. 44. Besides, the mobility caused by ADP decreases
with increasing temperature. According to formula (6), the scatter-
ing caused by deformation potential is positively correlated with
temperature; as the temperature rises, deformation potential scat-
tering increases, leading to a decrease in mobility. Fig. 4b shows the
isotropically averaged mobility variation of Ga,0s, Al-Ga,03, and
In-Ga,0; with temperature. The mobility of In-Ga,0; is the highest
when only ADP scattering is considered.

3.3. Electrical transport properties caused by POP

The POP differential scattering rate is given by:

1 1
fitwpe |2 1 1 2
awa =[S (i)
2 et N-&.-N N-&-n

(mk + q|e"@G)T k)

lq + G|

18 "Ga-4s 2r "Ga-4s oL " Ga-ds
= : Ga-4p S Ga-4p S Ga-4p
316 Ga-3d 316} Ga-3d 36l Ga-3d ]
=14 0-2s Z Al-3s = In-5s
812 O0-2p——1 84,51 A3p—— | 3 In-5p ——
5 512 0-2s 12 In-4d 1
< . 0-2p —— - 0-2s
508 508 1 ‘608- 0-2p ]
> 3 -2p ——
gos g g
204 Zoar Zo4
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Fig. 3 TDOS of pure Ga,Os (a), Al-Ga,Os (b), and In-Ga,Os (c); PDOS of Al in Al-Ga,Os3 (d) and PDOS of In in In-Ga,Os (e).
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Table 3 Elastic constants and deformation potential of Ga,Os, Al-Ga,Os3
and In-Ga,Oz compared with literature data

C (GPa) D, (eV)

A b c a b c
Ga,O-expt™® 242.8 343.8 347.4 — — —
Ga,0, 288.4 412.6 401.7 3.15 2.16 3.27
Al-Ga,0; 295.8 419.0 406.5 3.29 2.36 3.30
In-Ga,05 281.8 403.9 385.2 2.88 2.17 2.93

where %oy, represents the frequency of the polar optical
phonon mode, fi is a unit vector describing the direction of
the phonon wavevector, while ¢, and & are the high-frequency
and static dielectric tensors of the material, respectively. The

. 1 2 . .
expression | —— — = — | characterizes the difference
D& -0 N-g&- N

in dielectric screening between high and low frequencies,
influencing the strength of the long-range Coulomb interac-
tions between electrons and phonons in polar materials.

In polar semiconductors, the charge carriers and the sur-
rounding lattice deformation form a so-called polaron,*® which
determines the nature of carrier transport. Polarons can be
classified into small and large ones based on the strength of
electron phonon coupling. The lattice deformation in a large
polaron is usually moderate and spreads over multiple unit
cells, resulting in a larger mobility. The electron-phonon
interaction is usually dominated by the coupling of charge
carriers to the longitudinal optical phonons, which can be
described within the Fréhlich model.*® The coupling strength
between electrons and polar optical phonons is quantified
using the Frohlich coupling constants***’

oc—l 1 1 1\ &€ Pmo ()
T 24meg\eno & hwpo h

where m is the CBM electron effective mass, and ¢, is the
vacuum permittivity. The above relevant material parameters of
Ga,0; are listed in Tables 2 and 5. The calculated o (shown in
Table 4) shows the averaged value of 1.16, 1.25 and 1.17 for
Ga,0j3, Al-Ga,0; and In-Ga, 03, which falls in the intermediate

10°
(a) —& X
2 ——y
2 —A—7
5
=
%
S 10°4
c
S
3
3
[10)
100 200 300 400 500
Temperature(K)

Fig. 4 Temperature-dependent electron mobility of Ga,Os along x, y, and
Ga,03 and In-Ga,Os3 (b) when only ADP scattering is considered.

3992 | Phys. Chem. Chem. Phys., 2025, 27, 3988-3996

View Article Online

Paper

electron-phonon coupling regime (defined as 0.5 < o < 6). The
magnitudes of o for Ga,O; and In-Ga,O; are quite close,
suggesting similar electron-phonon interaction strengths.
We further estimate the size of polarons in Ga,0;, Al-Ga,03
and In-Ga,0;, by the Schultz polaron radius (r¢)."” The large
values of electron polaron radius (which extend over multiple
structural units) indicate that the polarons are delocalized in
these Ga,0;. Al-Ga,0O; has the smallest Schultz Polaron radius
while Ga,O; has the largest one, suggesting that the Frohlich
coupling strength of In-Ga, O3 is slightly larger than Ga,0;, and
smaller than that of Al-Ga,Oj;.

2ok, g) is proportional to the frequency of the polar optical
phonon mode, w,,, and inversely proportional to the electronic
high-frequency dielectric constant, ¢,. As &, is much smaller

1 1 .
than &, the value of —— — - ~ is almost equal to
N &y N N-g-N
1
fi-ée -0

For purposes of the screening, we assume that the high-
frequency dielectric constant is isotropic. Indeed, our DFPT
calculations (see Table 5) show that the high-frequency part of
the dielectric tensor is nearly isotropic, with values ranging
between 3.98 and 4.10 depending on the direction, close to the
theoretical value."""* In contrast, the static dielectric tensor (&)
shows a stronger directional dependence, which is attributed
to the anisotropic ionic contributions to the dielectric tensor
in the monoclinic lattice. An averaged value of the computed
&, (4.05) is used for calculating ghn(k, q) of Ga,0;. This value
is close to the experimental value of &, = 3.60.*® Besides,
it is obvious that the ¢, of In-Ga,O; is the largest, and the
wpo of In-Ga,0; is the smallest, indicating ghy, of In-Ga,O;
might be the smallest among these three structures according
to formula (7).

We further analyze the individual contribution of POP
scattering, as shown in Fig. 5. The mobility of Ga,0;, Al-
Ga,0;, and In-Ga,0; exhibits similar variation curves with
temperature, in which the mobility of In-Ga,O; by POP indivi-
dual scattering is always the highest. upop reduces monotoni-
cally as the temperature increases. Since as temperature further
increases, more polar optical phonons are excited which can

10°
(b) -8 Ga,0,

9 —o—Al-Ga,0,
£ —A—In-Ga,0,
=
510°4
=
c
o
©
9]
w

160 2(|)O 360 4(IJO 5(l)0 6(I)0

Temperature(K)

z directions (a) and the isotropically averaged mobility variation of Ga,Os, Al—
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Table 4 Calculated Frohlich parameter (o) and Schultz polaron radius (rf)
for electrons in Ga,0s3, Al-Ga,0Os3, and In-Ga,Osz at T = 300 K

o e (A)
Ga,0; Al-Ga,0; In-Ga,0; Ga,0; Al-Ga,0; In-Ga,0;
Average 1.16 1.25 1.17 145.8 138.1 142.3

induce a macroscopic electric field, thus strengthening the
electron-phonon coupling.

3.4. Electrical transport properties caused by IMP

The ionized impurity matrix element is given by
ni 2 Ze <mk + q|ei(‘I+G)'r|nk>

i k, —_
gnm( q) Z |q + G|2+,B2

G#—q

©)

n-g-n

where n; is the ionized impurity density, representing the
concentration of the electron that contributes to the inter-
action. Ze is the charge of the ionized impurity, where Z is
the atomic number of the impurity (or the number of charges),
and e is the elementary charge. The factor fi-¢;-fi modulates the
strength of the Coulomb interaction due to screening effects.
The denominator |q + G|*> + > accounts for the momentum
transfer q + G during scattering, with f§ representing a screening
length parameter that modulates the range of the interaction.

As shown in Fig. 6a, the mobility due to IMP slightly
increases with rising temperature because, as the temperature
increases, the kinetic energy of electrons increases, causing
them to move faster and spend less time near recombination
centers, thereby reducing the probability of scattering. Besides,
our research has shown that the mobility of In-Ga,O; is always
higher than that of pure Ga,0; and Al-Ga,0s. This might be
partly attributed to the larger & of In-Ga,O3.

The electron concentration is varied from 10" em™ to
10" em ™ to explore the concentration dependent electron
mobility of Ga,0;, Al-Ga,O; and In-Ga,0s, respectively, as
shown in Fig. 6b. With electron concentration increasing from
10" to 10'® em ™, the electron mobility of In-Ga,0; slightly
drops from 228.9 cm® V' s7' to 211.7 em®> V"' 57" at 300 K,
respectively, which indicates the electron mobility of In-Ga,03
remains essentially stable. After that, a further increase in electron
concentration (from 10'® to 10'® ecm™?) rapidly deteriorates elec-
tron mobility, from 211.7 em®> V"' s7' to 1384 ecm®* V' ' 57" at
300 K. This is caused by the strong scattering of excessive carrier
concentration with electrons and phonons. According to formula
(9), the scattering intensity is positively correlated with impurity

3
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Fig. 5 Temperature-dependent electron mobility of Ga,Os, Al-doped
Ga,03 and In-doped Ga,Os, where only POP scattering is considered.

concentration 7;;: the higher the impurity (electron) concen-
tration, the greater the electron scattering intensity, which hinders
movement and decreases mobility.

Based on Fig. 4b, 5 and 6a, in the temperature range of 105~
150 K, pvp is the lowest, indicating IMP scattering dominates
the electron transport. In the temperature range of 150-650 K,
Uapp and ppp are much higher than ppep, indicating that POP
scattering dominates the carrier transport of these three Ga,0;.
Fig. 7 shows the effect of temperature on overall mobility,
considering ADP, IMP, and POP together. Following Matthies-
sen’s rule,”® the total mobility i is determined from g =
tapp -+ Umap -+ Upop - The total mobility is primarily deter-
mined by the smallest partial mobility. Overall, ADP has little
effect on the total electron mobility. At low temperatures,
impurity scattering significantly impacts the total electron
mobility; as the temperature increases, optical phonon scatter-
ing gradually becomes the dominant scattering mechanism.
The magenta curve in Fig. 7 shows the experimentally mea-
sured Hall mobility of pure Ga,0;,” while the black curve
represents the mobility of pure Ga,0O; calculated in this study.
The high degree of overlap between these two curves indicates
the reliability of the calculation method employed in this
research. The overall mobility of In-Ga,O; (blue curve) is the
highest from 105 to 650 K, and the electron mobilities of Ga,O3,
Al-Ga,0; and In-Ga,0; are 151.5 cm* V' s, 137.8 ecm* V ' s7*
and 184.9 em® V' s7" at 300 K. Since the effective mass of
In-Ga,0; is smaller than that of Ga,0; and Al-Ga,O;, it still
possesses higher mobility despite its slightly larger electron-
phonon coupling strength.

Table 5 The parameters of POP scattering of B-Ga,Oz compared with literature data

o &s
Materials a b c Average a b c Average Wpo (THZ)
Ga,0,"! 4.07 4.14 4.19 4.13 10.99 10.50 13.91 11.80 12.08, 8.46-11.60*°
Ga,0;'? 4.02 4.03 4.15 4.10 11.88 9.22 12.61 11.24
Ga,0, 3.98 4.06 4.10 4.05 10.20 9.55 13.71 11.15 13.12
Al-Ga,0, 3.91 3.99 4.00 3.97 10.09 9.48 13.04 10.87 12.75
In-Ga,O0; 4.01 4.10 4.12 4.08 10.32 9.49 13.90 11.24 12.71
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4. Conclusions

To summarize, we have investigated the temperature-
dependent electron mobility of Ga,0;, Al-Ga,0O; and In-
Ga,0; from first-principles by fully considering the scattering
mechanisms of ADP, IMP, and POP. The results show that
POP scattering is the dominant factor limiting the electron
mobility of Ga,03, Al-Ga,0; and In-Ga,0; between 150 and
650 K. Combining these three scattering mechanisms,
the electron mobilities of Ga,03;, Al-Ga,0; and In-Ga,O; are
151.5ecm?*V 's71,137.8em®*V ' s ' and 184.9 cm? vt st at
300 K. Furthermore, as temperature increases, the electron
mobility of three Ga,O; reduces due to more excited optical
phonons, thus enhancing the electron-phonon coupling.
With electron concentration increasing, the electron mobility
of three Ga,0O; reduces due to more scattering probabilities.
The electron mobility of In-Ga,O; is the highest among these
three structures for the decreased effective mass caused by the
In 5s state. This work offers an alternative method to boost the
electron mobility of Ga,0; and serves as a guide for engineer-
ing the electronic transport properties tailored for high-power
electronic applications.
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