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Abstract

Owing to its ultra-wide bandgap, aluminum gallium nitride (AlGaN) emerges as a promising
material for a power semiconductor device. The device performance of AlGaN is mainly governed
by its electron mobility. To control the mobility, however, it is desired to understand quantitatively
how the mobility relies on its composition and temperature. Using the density functional theory,
we investigate the electron mobility of Al,Ga;_,N for the full composition range (x = 0-1) by
varying temperature from 213 to 673 K. The polar optical phonon scattering is found to primar-
ily limit the mobility, but the piezoelectric scattering becomes important under a low temperature
(<240 K) and Al-rich (x > 0.75) condition. The present first-principles calculation gives the elec-
tron mobilities in accord with those of the prior experimental and theoretical studies. We derive a
simple empirical power law which accurately predicts the electron mobility for an arbitrary combi-
nation of composition and temperature.

1. Introduction

With the recent advances in the power conversion devices, there are growing demands for semiconduc-
tors that can sustain high voltages, high switching speeds, and elevated temperature while maintain-

ing their efficiency and compact form factors [1, 2]. Conventional silicon- (Si-) or gallium arsenide-
(GaAs-) semiconductors are limited in their breakdown fields and thermal stabilities because of their
narrow bandgaps [1]. Consequently, wide-bandgap materials such as silicon carbide (SiC) (~2.9 eV) and
gallium nitride (GaN) (~3.4 eV) have been extensively utilized in the power switching devices, enabling
a dramatic improvement in the size, weight, and power performance [3, 4]. Nevertheless, these materials
further need to be improved by developing ultra-wide-bandgap (UWBG) materials with bandgaps larger
than 3.4 eV.

Among the IlI-nitride, aluminum gallium nitride (AlGaN) underpins the next-generation power and
high-frequency electronic devices [4, 5]. In an AlGaN/GaN heterostructure, the discontinuity of polariza-
tion at the interface gives rise to a two-dimensional electron gas which enables a high electron mobility
transistor (HEMT) [4, 6-8]. The bulk material of AlGaN has also attracted significant interest for its
application to a power electronics: the UWBG (3.4 eV), large breakdown field (~15 MV cm™!), and
thermal robustness of AlGaN offer distinct advantages over the conventional semiconductor materials [5,
9]. Such nice properties have motivated the use of AlGaN in a broad range of semiconductor devices,
including HEMTs, deep-ultraviolet LEDs, radio-frequency amplifiers, and chemical/biological sensors [10,
11]. In order to transform these material advantages of AlGaN into predictable electrical performance,
however, a quantitative understanding of the charge transport in AlGaN is essential [12, 13]. In partic-
ular, the electron mobility governs the conductivity of AlGaN and therefore directly contributes to the
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on-state resistance, which is a major source of conduction loss in power devices [13, 14]. As the mobil-
ity is limited by the electron scattering, it is important to understand how various scattering mechanisms
rely on temperature, carrier density, and alloy composition.

The scattering mechanism has been studied previously for GaN. The ionized impurity (IMP) scat-
tering is found to be a dominant limitation at a low temperature, while the polar optical phonon (POP)
scattering dominates at room temperature and higher [15-18]. The electron mobility of Al,Ga;_,N is
reported to decrease as the fraction of Al, increases [19-21]. However, it has been challenging to derive a
quantitative relationship between the mobility and composition or temperature, because the prior studies
employed different growth conditions, and doping levels. Theory and simulation can isolate the effects
of composition and temperature by precisely controlling other experimental variables. Unfortunately,
the prior theoretical studies on AlGaN have relied on empirical methods, which predict the scattering
rates with inputs taken from the interpolation between GaN and AIN [22, 23]. A first-principles study is
desired to accurately predict the electron mobility of AlGaN for a given composition and temperature.
However, we are unaware of any first-principles studies on the electron mobility of AlGaN [24, 25].

Herein, we report the first-principles study which systematically explores the electron mobility of
Al,Ga; ;N for the full composition range (0 < x <1) [12, 26-33]. By using the density functional theory
(DFT), we calculate the structural, electronic, dielectric, piezoelectric (PIE), and elastic properties. These
properties are further used for evaluating electron mobility by utilizing the Boltzmann transport equation
(BTE). We resolve the electron mobility into the contributions from four scattering mechanisms: IMP,
POP, acoustic deformation potential (ADP), and PIE scattering [12, 34-38]. For a wide range of temper-
atures relevant to power electronics [3, 13], we derive a simple empirical power law that accurately pre-
dicts the electron mobility for a given combination of composition and temperature.

2. Computational methods

We simulate the electronic structure of Al,Ga;_,N by varying x as 0, 0.125, 0.25, 0.375, 0.50, 0.625, 0.75,
0.875, and 1. For a given x, we generate the atomic configurations of Al,Ga;_,N by using the special
quasi-random structure (SQS) method implemented in the Alloy Theoretic Automated Toolkit [26]. A

2 x 2 x 2 supercell is constructed from the primitive wurtzite GaN cell, resulting in a 32-atom supercell
for each composition. The SQS method generates atomic configurations whose local pair- and short-
range correlation functions closely match those of an ideal random alloy, allowing the finite supercell to
emulate an Al,Ga;_,N structure at a given composition.

The electronic structure calculations are performed by using the Vienna Ab initio Simulation Package
[27, 28]. The projector augmented wave method is used to describe the core electrons [29, 30]. We
employ the generalized gradient approximation (GGA) in the form of the Perdew—Burke—Ernzerhof
functional to model the exchange—correlation functional [31]. A plane wave cutoff of 500 eV is used for
all calculations. We relax all the supercell geometries until the maximum force <0.01 eV A~ and the
total energy variation <10~% eV. We carry out the Brillouin zone sampling using a I'-centered grid with
a density of approximately 0.02-0.04 x 27 A1,

As the GGA functionals underestimate the bandgaps, we calculate the bandgap energies by using
Heyd—Scuseria—Ernzerhof (HSE06) hybrid functional. We use a fixed (25:75) mixing ratio of Hartree—
Fock to GGA and a screening parameter of 0.2 A™' [39] We compute the PIE stress and dielectric ten-
sors using the density functional perturbation theory (DFPT) based on the linear-response theory. We
obtain the elastic tensors via the finite difference method by applying small lattice distortions and evalu-
ating the resulting stress response [32, 33, 40]. The elastic tensors are used as input to calculate the ADP
and PIE scattering models, and the PIE and dielectric tensors are used as inputs to the mobilities from
the PIE, POP, and IMP scattering mechanisms.

The electron mobility and electrical conductivity are calculated by employing the semiclassical BTE.
The conductivity tensor at a temperature T, 0,3 (T), is computed from the spectral conductivity ¥,3 (¢)

0o (T) = eZ/dgzaﬁ () <—§£> (1)

where f is the Fermi-Dirac distribution, o and 5 denote the Cartesian coordinates. The spectral conduc-
tivity tensor is given by

Eaﬁ (5) = ZTnkvnk,avnk,ﬁ5 (5 - 5nk) , (2)
n,k
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where €, and v, are the energy and group velocity, respectively. In practice, the summation over k rep-
resents a Brillouin-zone sampling of the corresponding k-space integral, with the usual volume/normal-
ization factors absorbed into the adopted definitions of X3 ().

The electron mobility at temperature T, 1 (T), given by

p(r) = %20, 3)
ne

where 7 is the electron concentration, and e is the elementary charge, and ojs, (T) is given by the
isotropic average of o (T) the tensor, o, (T) = Tr[o (T)]. The present mobilities are reported for a
fixed n-type electron concentration, n = 5.5 x 10'® cm™2, chosen to represent a moderately doped
in II-nitride mobility and relevant to lightly doped regions used in nitride power devices [15, 41].
Temperature is varied from 213 K to 673 K to cover the operational envelope of III-nitride power
devices, ranging from sub-ambient conditions encountered in aerospace and cryogenic applications to
elevated-temperature operation beyond the thermal limit of conventional Si electronics (~423 K) [3, 42].
us are evaluated on a 20 K grid over 213—673 K, the p at 300 K is additionally computed explicitly for
comparison with room temperature experimental data.

The mode- and state-dependent relaxation time T,y is given by the Fermi’s golden rule. For the elastic
processes, the transition rate from an initial state nk to a final state mk + q is given by

__ 2
Tnkl~>mk+q = ? |gnm (k7 q) |25 (Enk - 5mk+q) ) (4)

where g, (k,q) is the electron—phonon (or electron-impurity) coupling matrix element and 7 is the
reduced Planck constant. The inelastic processes include phonon absorption/emission terms with energy
conservation ¢ (sﬂk — Emk4q £ Ftwq), where q is the phonon wave vector, w is the phonon angular fre-

quency, and fiw is the phonon energy. The explicit form of g, (k,q) for each scattering mechanism is
DP

given by Ganose et al [34]. The electron—phonon matrix element for the ADP scattering, g, » is given
by [35, 43]
Du:S Du:S, Dug:S :
DP _ nk - 9l nk - Ot nk + Ot i(q+G)-r
o (k,q) =V kgT Xg1— + + mk +q|e'? nk), (5)
gAm ( q) B G#—q Cl\/ﬁ Ct] \/ﬁ Ctz\/ﬁ ‘| < q >

where ¢, ¢a, cpn are the sound velocities of the longitudinal and two transverse acoustic modes, obtained
from the Christoffel equation using elastic constants [44]; p is the mass density. The unit strain ten-

sor for a given acoustic mode is S = q ® @, where q is the unit vector along phonon propagation and

u is the phonon polarization unit vector. Finally, l~)nk =D,k + v,k ® V1, where D,y is the deformation
potential tensor. For the PIE scattering, the electron—phonon matrix element g''F is given by [35, 45, 46]

th:S,  dh:S,  hh:S, | (mk+qéO T nk)
G (k@) = VkpT Sz + + (6)
”m 7 cp cnVp coVp la+ G
where n = (q+ G) /|q + G| is the unit vector in the direction of scattering, h is the PIE stress tensor.
The electron—-phonon matrix elements for POP (g?9P) takes the following form [36, 47, 48],
iy '/ 1 1\ (mk +qe@tO) | ik
nrOnP (k> q) = & ZG;fﬁfq ~ ~ T X ~ < q| ’ > ) (7)
2 N €s N N-g-N lq+ G|
where ¢, and e, are the static and high-frequency dielectric tensors. The IMP matrix element gMP is
given by [37]
Yoo nt Ze (mk + q|e'(at6) 7| nk)
nIXInP (k, q) _ #—q'%j | ’ (8)

n-gon lq+G[* + 7

where Z is the charge state of the impurity center, e is the electron charge, n; = (n, —n.) /Z is the con-
centration of ionized impurities, and /3 is the inverse screening length.

The total electron mobility i is obtained by enabling all four scattering mechanisms simultane-
ously to compute the resulting state-dependent lifetime 7. Subsequently, o (T) is calculated by using
equations (1) and (2) and converting to 1 (T) via equation (3). Note we apply Matthiessen’s rule by
adding the scattering rates from four scattering mechanisms, 7'{,{1 => Tl-jnlk (i = POP, ADP, IMP, PIE).

1

3
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Figure 1. Lattice constants (top) and bandgap energy (bottom) of Al,Ga; —N. The lattice constants a and ¢ (top) and bandgap
energy are plotted by varying the fraction of Al, x. Drawn as circles are the present DFT results, and stars as the experimental

data. Lines are drawn for visual guide.

The total mobility p includes the contributions from different scattering mechanisms via equations (1)—
(3). It should be noted that this differs from applying Matthiessen’s rule for the mobilities of four scat-
tering mechanisms (! = ,u;v}P + u;olp + /”’Z[l)P + u;Hl:-). We calculate os and ps by using the AMSET
package benchmarked against the GaN experiments with a good accuracy [34].

3. Results and discussion

Figure 1 (top) shows how the wurtzite lattice constants a (=b) and ¢ of Al,Ga;_,N rely on x. The lattice
constants for GaN (a = 3.218 A and ¢ = 5.244 A) and for AIN (a = 3.129 A and ¢ = 5.02 A) accord
with the experimental values (a = 3.181 A and ¢ = 5.193 A for GaN; a = 3.112 A and ¢ = 4.982 A

4
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Table 1. Piezoelectric (e;) and elastic (Cj;) constants of AlGa;—xN. These data are used for calculation of the contribution of the
piezoelectric scattering given by equations (5) and (6).

xin Al,Ga;_ N 31 (Cmfz) €3 (Cmfz) €33 (Cmfz) Cs1 (GPa) Cs (GPa) Cs3 (GPa)

0 (GaN) —0.21 (—0.36) [51] —0.21 0.46 (0.44)[52] 78.15 (70)[53] 78.15 (70)[53] 359.31 (379)[53]
0.06 —0.29 —0.29 0.51 79.49 79.49 361.05

0.13 —0.32 —0.31 0.54 80.40 80.48 361.55

0.19 —0.33 —0.33 0.60 81.92 81.81 365.03

0.25 —0.34 —0.35 0.65 83.44 83.18 367.51

0.31 —0.37 —0.36 0.69 84.13 84.31 367.80

0.50 —0.42 —0.43 0.86 87.12 87.30 367.95

0.63 —0.45 —0.46 1.00 90.02 90.19 368.48

0.75 —0.48 —0.49 1.12 92.95 93.04 367.48

0.87 —0.52 —0.52 1.30 96.00 96.13 363.72

1 (AIN) —0.56(—0.60) [54] —0.56 1.44 (1.55) [55] 99.18 (120) [53] 99.18 (120) [53] 360.26 (395) [53]

for AIN), deviating from experiment within 0.05 A. As x increases, both a and ¢ decrease, consistent
with Vegard’s law [49]. This contraction arises from the fact that Al is smaller than Ga in atomic size.
In figure 1 (bottom), the bandgap energy of Al,Ga;_,N is plotted vs x. The bandgap energy of GaN

(Eg = 3.372 eV) is in good agreement with the experimental value of 3.495 eV [50]. As x increases
from 0 (GaN) to 1 (AIN), the bandgap energy increases. The present bandgap values are consistent with
the experimental values reported by Nepal et al [50] (4.311, 4.961, 5.649 eV for x = 0.38, 0.6, and 0.8,
respectively). Overall, the present bandgaps agree with the experimental data with a relative error of less
than 10%.

We investigate the dielectric, PIE, and elastic constants from the present DFT calculations. These are
used as inputs for the subsequent calculation of the electron mobility by utilizing BTE (see above). The
dielectric constant decreases with increasing the Al content: As x increases from 0 (GaN) to 1 (AIN), the
high frequency dielectric constant, €5, decreases from 5.89 to 4.46, and the static dielectric constant, 5%,
decreases from 10.45 to 8.16. This decreasing behavior implies a weaker dielectric screening in the Al-
rich alloys, which is expected to strengthen the long-range interactions relevant to both Coulomb impu-
rity scattering and POP coupling. As listed in table 1, the PIE response strengthens with increasing x:
e3 varies from —0.21 to —0.56 C m™2, and es3 from 0.46 to 1.44 C m~2. The elastic constants (table 1)
evolve more moderately with changing x: C3; and Cj3; increase from 78.15 to 99.18 GPa, and Cs; varies
only weakly across the entire composition range (359.31—368.68 GPa). For the binary endpoints, the
present DFT calculation reproduces the overall magnitudes reported in the literature: for GaN, we obtain
e3; = —0.21 C m~2, e33 = 0.46 C m~2, and Cs3 = 359.31 GPa, which are comparable with the refer-
ence values, e3; ~ —0.36 C m™2, e33 ~ 0.44 C m~2, and Cs3 =~ 379 GPa [51-53]. In the case of AIN,
e31 = —0.56 C m™2, e33 = 1.44 C m~2, and Cs3 = 360.26 GPa, which reasonably agree with the refer-
ence values of e3; ~ —0.60 C m™2, e33 ~ 1.55 C m~2, and Cs3 ~ 395 GPa [53-55]. Given these agree-
ments with the literature and the physically reasonable trends with varying the Al fraction, the present
dielectric, PIE, and elastic properties seem suitable as inputs for the subsequent calculation of the elec-
tron mobility. The PIE tensor es; for GaN is about —0.21 C m~2, while the experimental value is about
—0.36 C m~2. The error in the prediction of the PIE scattering rate due to the error in the calculation
of the PIE tensor can be estimated as follows. As the PIE matrix and scattering rate are, respectively, lin-
early and squarely proportional to the PIE tensor, the ratio of the present mobility to the experimental
one is estimated as (—0.36/—0.21)> ~ 2.9. This means the possible error in the calculation of the PIE
tensor can lead to an overestimation of the mobility from the PIE scattering by 2.9 times. Note, however,
the PIE scattering gives only a minor contribution to the total mobility, except for the high Al fraction
at the lowest temperature considered. As shown above, for such a high concentration of Al close to that
of AIN, the present total mobility matches the experimental value. Therefore, we do not expect the pos-
sible error in the PIE tensor to significantly affect the total mobility overall.

Figure 2 illustrates the electron mobility of Al,Ga;_,N calculated for each scattering (ADP, IMP, PIE,
and POP) mechanism. In each panel, the mobility is plotted (color-mapped) as a function of tempera-
ture T and x. In all the cases, the n-type carrier concentration is fixed to 5.5 x 10 cm—3. The mobil-
ity limited by the ADP scattering papp (figure 2, upper left) originates from the acoustic phonons that
induce elastic distortions and modulate the band edge through the deformation potential [56]. The large
elastic constants of GaN and AIN imply high acoustic phonon velocities [57-59] which in turn reduce
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Figure 2. Electron mobility of AlyGa, N color-mapped vs x and temperature T (K). Shown in each panel is the mobility
p (cm? Vs—1) arising from a single scattering mechanism: ADP (upper left), IMP (upper right), PIE (lower left), and POP (lower
right) scattering. The axis labels and ticks shown in the lower left apply to the rest of the panels.

the ADP matrix element, equation (5), and, therefore, a large value of papp. For example, papp ~1.0 X
10°—1.75 x 10° cm® Vs~' at 213 K and ~1.42 x 10*—2.30 x 10* cm” Vs~' at 673 K. Hence, the ADP
scattering is not a limiting process of electron mobility.

The mobility due to the IMP scattering, pmp, (figure 2, top right) is governed by the long-range
dielectric screening [56]. Consequently, upp decreases with increasing x, because a weakened dielec-
tric screening of an Al-rich alloy strengthens the screened Coulomb scattering from IMP centers.
Quantitatively, at 213 K, pupp decreases from 5403 (GaN) to 2463 cm? Vs—! (AIN). At 673 K, upp
decreases from 12 504 to 6250 cm? Vs~! as x increases from 0 to 1. Owing to the relatively large val-
ues of pp, the IMP scattering is not the main limiting factor of the mobility, but it can be substantial
at a low temperature where the POP scattering becomes less severe (see below).

The PIE scattering originates from the fluctuating PIE polarization in a non-centrosymmetric
wurtzite crystal and is therefore strongly amplified as the PIE coefficients increase [35]. Resultingly, pipig
(figure 2, lower left) sensitively relies on x: at 213 K, upg drops from 3.10 x 10* to 1.05 x 10°cm? Vs~!
with increasing x from 0 to 1. At 673 K, upp decreases from 1.39x 10* to 485 cm? Vs~! as x increases
from 0 to 1. The PIE scattering predominantly limits the electron mobility at a low temperature and Al-
rich condition. We find ppp > ppop under the condition x > 0.75 and temperature of 213-273 K.

The POP scattering (figure 2, bottom right) arises from the Frohlich type coupling between electrons
and the electric field of longitudinal optical (LO) phonons in polar semiconductors [36, 47]. The POP
scattering increases rapidly with the LO phonon occupation. This is why the mobility from the POP
scattering ppop mainly depends on temperature but not so much on the composition, as illustrated in
figure 2 (bottom right). ppop ranges from 2357 to 3822 cm? Vs~ ! at 213 K and from 56.9 to 126.9 cm?
Vs~! at 673 K. For the majority of (temperature and composition) conditions studied, jpop is the lowest
among the mobilities originating from four scattering mechanisms. Therefore, the POP scattering pri-
marily limits the electron mobility of AlGaN.

Figure 3 shows the map of the dominant scattering mechanism limiting the electron mobility. For a
given combination of x and temperature, the dominant mechanism is defined as the one giving the low-
est mobility in figure 2. The POP scattering dominates for the majority of the composition-temperature

6
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Figure 3. Map of the dominant scattering mechanism of Al,Ga;_N. For a given x and T, the dominant mechanism is defined as
the one yielding the smallest among the mobilities from the ADP, IMP, POP, and PIE scattering mechanisms. The POP scattering
dominates except for a low-temperature and Al-rich condition where the PIE scattering prevails.

conditions studied. Under an Al-rich and low temperature condition, however, the PIE scattering pre-
dominates over the POP scattering: specifically, at x = 0.75 at 213 K, x = 0.875 at temperature of
213—-233 K, and x = 1 at T = 213—273 K. This PIE dominant region reflects a pronounced strength-
ening of the PIE coefficients near AIN, where e33 increases from 0.46 (GaN) to 1.44 C m~? (AIN), com-
bined with the weakening of the POP scattering at low temperatures where LO phonon occupation is
suppressed. Although not shown, the IMP scattering remains secondary to POP and PIE scattering, and
the ADP scattering is negligible in all cases.

We now examine the total electron mobility ;2 by combining the contributions from four scattering
(IMP, POP, ADP, and PIE) mechanisms. Shown in figure 4 is 1 color-mapped as a function of temper-
ature T and x. Irrespective of x, y decreases with raising T, reflecting the growth of the POP scattering
with elevating temperature. In the case of GaN, y decreases from 1386.8 to 672.1 and 117.3 cm? Vs™!
as T rises from 213 to 293 and 673 K. The present mobility of GaN is 672.1 cm? Vs~! under the con-
dition of 293 K and n = 5.5 x 10'® cm™>. As summarized in table 2, the present value is comparable
to the prior experimental values which decrease from ~1245 to ~200 cm 2 Vs~! with increasing the
donor concentration n from ~6.7 x 10> cm™3) [60] to ~200 cm? Vs—! at n ~ 107 cm™3 [18]. As the
previous reports were obtained under different carrier concentrations and sample conditions, a rigorous
comparison with the present calculation is not feasible, however. We employed the semi-analytic method
to model the POP scattering. Recently, however, the full electron—-phonon scattering has been considered
by using the DFPT and the Wannier function interpolation. In the case of GaN, the present mobility
(~1084 cm? Vs~!) agrees well with that from the first-principles study which considered the electron—
phonon coupling by utilizing the Wannier functions (905 cm? Vs—!) [12].

For AIN, us are 437.5, 242.2, and 44.6 cm? Vs~! at 213, 293, and 673 K, respectively. At T = 293 K,
for example, 1 decreases by 2.8 times (from 672.1-242.2 cm? Vs~ ') as x increases from 0 to 1. As x
increases from 0 to 1, v decreases by 3.2 times at 213 K and by 2.6 times at 673 K. At a high tempera-
ture of 673 K, p closely matches pipop: for example, p and pipop of GaN are 117.3 are 126.9 cm? Vs™!,
respectively; 1 and ppop of AIN are 44.6 and 56.9 cm? Vs™!, respectively. This signifies that the POP

7
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Figure 4. Total mobility of Al,Ga,_,N p color-mapped as a function of the Al fraction x and temperature T (K). ps are reported
in units of cm? Vs ™. Note that the color scale is logarithmic.

scattering mainly limits 4 at a high temperature. At a low temperature of 213 K however, i is substan-
tially lower than ppop: v and ppop of GaN are 1386.8 and 3644 cm? Vs~ 1, respectively. This signifies that
additional scattering channels (IMP or PIE) make significant contributions when the LO phonon scatter-
ing is less severe.

Having obtained the mobility p of Al,Ga;_,N for the full range of composition by varying tempera-
ture, we derive a quantitative scaling law of 11 with respect to x and temperature. Such an empirical scal-
ing law can be utilized in predicting the mobility for an arbitrary combination of composition and tem-
perature. Let us first look into the temperature scaling of 1 for a fixed composition. Shown in figure 5
is the temperature dependence of p for given x and T, u (x,T), divided by the p at a reference tempera-
ture of 293 K with the same composition x, u(l; (§9§)I<) . The temperature scaling curve is drawn for x = 0,
0.25, 0.5, 0.75, and 1. All the scaling curves collapse into one, signifying a universal temperature scal-
ing regardless of x. ;1(x,T) can be well fitted to a power law, Mgc (’2‘9?1() = (5552) “*1% This near-inverse-
square temperature scaling seems to be coincidental. Although the total mobility is dominated by the
POP scattering, there are quantitatively nonnegligible contributions from the other scattering mecha-
nisms. Table S1 shows the temperature scaling of the mobility originating from each scattering mecha-
nism. Note the scaling exponent of the POP (IMP) scattering decreases (increases) from —2.82 (0.65) to
—3.29 (0.82) with increasing the Al fraction x. These opposite signs and trends of the POP and IMP
scatterings accidentally give rise to the universal exponent of the temperature scaling. Also, figure S1
illustrates that the contributions of the POP and IMP scatterings remain nearly unchanged across all the
Al fractions considered. The POP scattering accounts for 92%—98% of the total scattering rate above the
emission threshold, and the IMP scattering remains comparatively small (~3%-8%) with an opposite
temperature trend. As the dominant and secondary scattering contributions remain uniform by varying
the Al fraction, the effective temperature scaling exponent also remains constant. The present exponent
of temperature scaling is also consistent with those (—1.5 to —2.5) previously reported for III-nitride
semiconductors [22, 61, 62].

We next investigate the scaling behavior of ;1 with respect to the Al fraction x. Shown in figure 6
(top) the scaling behavior of p(x,T) divided by p evaluated for x = 0 (GaN) at the same temperature,
w1 (x=0,T). This ratio decreases with increasing x, irrespective of temperature. The curves obtained at
different temperatures have similar shapes, but do not show the nearly universal scaling behavior found
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Table 2. Comparison of the present calculated electron mobility of GaN (x = 0) at T ~300 K with existing theoretical and experimental
values.

Source Method T (K) n(cm™3) 1 (cm? Vs—1)
This work DFT + AMSET 293 5.5 x 10'® 672

Look 2001 [60] Hall measurement 300 6.7 x 1012 1245
Farahmand 2001 [22] Monte Carlo 300 ~10"7 ~900

Chin 1994 [16] Variational 300 ~10'® ~1000
Ilegems 1973 [18] Hall measurement 300 ~10"7 ~200

Poncé 2020 [12] First-principles (EPW) 300 Intrinsic 905

p(x,T)

250 350 450 550 650
Figure 5. Scaling behavior of the electron mobility of Al,Ga; N, p, with respect to temperature T. We plot the temperature

dependence of the mobility for given x and temperature T, p (x,T), divided by the g at a reference temperature 293 K. Curves
drawn for five different values of x. All the curves can be well fitted to a power law, gt oc T~2:193 (results not shown here).

with the temperature scaling. At T = 293 K, we can fit the composition scaling by the following power
law: % =(1 +x)_1'507 (figure 6, bottom).
Combining the empirical power laws of p with respect to T and x, the electron mobility of

Al,Ga;_,N p is given by

3 T —2.103
(%, T) = po - (1 +x) " <293K) 9

where 119 (= 672.1 cm? Vs™1) is the mobility of GaN at 293 K. As illustrated in figure 7, the scaling law
equation (9) agrees well with the present DFT calculation done for nine compositions and 24 temper-
atures (213-673 K). The present power law gives R*> = 0.9887, a mean absolute error of 5.5%, and a
maximum deviation of 18.98%. In particular, the high-temperature subset above 500 K, consisting of 81
data points over 513—673 K and nine compositions, gives a mean absolute deviation of 6.10%, which is
comparable to the overall value of 5.50% obtained across 213—673 K. No systematic monotonic increase
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Figure 6. Scaling behavior of the mobility of Al,Ga; _xN with respect to the composition x. (Top) Shown is p (x, T) divided by
p(x =0, T) vs x. The composition scaling is drawn by varying T from 213 to 673 K. Lines serve as visual guide. The color scale
(blue to red) indicates increasing temperature as shown by the color bar. (Bottom) g (x, T = 293 K) (drawn as circles) fitted to a

power law (solid line): [.l.’(‘/x(;’()T)T) =(14x)"1%,

in the deviation is observed with increasing temperature in this range, supporting the applicability of
the present scaling law at elevated temperatures considered in this work. The present power law can

be utilized to evaluate the electron mobility of Al,Ga,;_,N for an arbitrary combination of composi-
tion and temperature. The alloy disorder scattering arising from an inhomogeneous distribution of ions
cannot be captured by the present DFT study employing a finite-sized supercell. The prior theoretical
work on the alloy scattering was largely empirical in that the mobility of AIGaN was interpolated from
the known properties of GaN and AIN, such as bandgaps, effective masses, and deformation potentials.
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R*=0.9887

10
181y = 5.5%

1 (power law)

10
u (DFT)

Figure 7. Statistical performance of the empirical power law for the electron mobility, equation (9). The mobilities predicted

by the power law, 1 (power law)s, are plotted vs those (total of 216) from the present DFT calculations (drawn as circles). Each
circle is color-coded by its relative prediction error |6| = |p (power law) — 1 (DFT)| /u (DFT) x 100 (%). The solid diagonal
line denotes a perfect agreement, and the dashed lines indicate +20% deviation bounds. The power law gives R* = 0.9887 with a
mean absolute error of 5.5%.

The total mobility was further obtained by applying the Matthiessen rule by summing up the mobili-
ties from different scattering mechanisms. Including the empirical mobility from the alloy scattering is
inconsistent with the present first-principles approach, which calculates the mobility without requiring
any empirical data. Note also that the present study applies the Matthiessen rule for the relaxation rate,
not for mobility. And the mobility is related to the relaxation rate via the nonlinear relationship given
by equation (1). Therefore, the total mobility of the present study cannot be dissected into the contribu-
tions from different scattering mechanisms. Admittedly, however, the absence of an alloy disorder scat-
tering presumably limits the quantitative accuracy of the present model, especially at intermediate Al
fractions. The previous study reported that alloy scattering is maximal near x ~ 0.5-0.6 at 300 K [20].
Inclusion of the alloy scattering mechanism might change the composition dependence of the mobility
found in this work. Consideration of the alloy scattering in the first-principles study seems challenging
and is left as future work.

Also, the present POP scattering is limited to the single phonon scattering but, in principle, the
higher order phonon processes can further decrease the mobility, especially at a high temperature. A
previous first-principles study showed that two-phonon scattering can provide an additional scatter-
ing channel in a polar semiconductor in GaAs [63]. However, its quantitative contribution in AlGaN
remains to be examined in future work.
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4, Conclusion

Owing to its UWBG, an AlGaN alloy is considered as a promising material for a power conversion
application. By utilizing the first-principles calculations, we investigated the electronic and transport
properties of Al,Ga;_,N for the entire range of composition (x = 0-1) and for a wide range of tem-
perature (213—673 K). The structural, electronic, dielectric, PIE, and elastic properties were evaluated,
and the computed properties for GaN and AIN agree well with experimental and theoretical references.
Qualitatively, with increasing the Al fraction of Al,Ga;_;N, the lattice constants decrease, the band gap
increases, the dielectric screening weakens, and the PIE response strengthens.

The electron mobility of AIGaN was evaluated by employing the semiclassical BTE utilizing the
present DFT results as inputs. The mobilities due to four scattering (ADP, IMP, PIE, and POP) mech-
anisms were calculated and compared with each other. The POP scattering primarily limits the elec-
tron mobility for the majority of the temperature-composition conditions studied. This originates from
the fact that in the polar nitrides the electron—phonon interaction strongly increases the scattering rate
as temperature rises [22, 64]. Under a low temperature and Al-rich condition (x > 0.75 at 213 K, for
example), the PIE scattering predominates the mobility. The IMP scattering is enhanced with increas-
ing x because of a reduced dielectric screening, but it remains secondary to the POP or PIE scattering.
The ADP scattering was negligible in all cases. The total electron mobility was calculated by combin-
ing the relaxation rates from four scattering mechanisms. Qualitatively, the total mobility of Al,Ga;_,N
decreases with increasing temperature and with increasing x. We derived a simple power law which accu-
rately predicts the mobility 1 for given T and x: 1 o< (1+x)~ " T=2193_ This power law can be easily
utilized to evaluate the electron mobility for an arbitrary combination of composition and temperature.
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