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A thorough understanding of electrical and thermal transport properties of group-III nitride semiconductors is
essential for their electronic and thermoelectric applications. Despite extensive previous studies, these transport
properties were typically calculated without considering the nonequilibrium coupling effect between electrons
and phonons, which can be particularly strong in group-III nitride semiconductors due to the high electric fields
and high heat currents in devices based on them. In this work, we systematically examine the phonon drag
effect, namely the momentum exchange between nonequilibrium phonons and electrons, and its impact on charge
mobility and Seebeck coefficient in GaN and AIN by solving the fully coupled electron and phonon Boltzmann
transport equations with ab initio scattering parameters. We find that, even at room temperature, the phonon drag
effect can significantly enhance mobility and Seebeck coefficient in GaN and AIN, especially at higher carrier
concentrations. Furthermore, we show that the phonon drag contribution to mobility and Seebeck coefficient
scale differently with the carrier concentration and we highlight a surprisingly important contribution to the
mobility enhancement from the polar optical phonons. We attribute both findings to the distinct mechanisms
the phonon drag affects mobility and Seebeck coefficient. Our study advances the understanding of the strong
phonon drag effect on carrier transport in wide bandgap GaN and AIN and gives new insights into the nature of

coupled electron-phonon transport in polar semiconductors.
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I. INTRODUCTION

Recently, the development of group-III nitride semicon-
ductors, including GaN, AIN, and their alloys, has made a
significant impact on a broad range of applications such as
solar cells [1], light-emitting diodes [2-5], and photodetectors
[6,7]. Moreover, the high carrier mobility, which is as high as
1200 cm?/V s in GaN [8] and 400 cm?/V s in AIN [9] at room
temperature, together with high breakdown electric fields and
high thermal conductivities make these two materials excel-
lent candidates for high-power and high-frequency electronic
devices [10,11]. However, the self-heating effect due to the in-
volved high power density is one of the main limitations of the
performance of the III-nitride semiconductors [12,13]. Thanks
to their high Seebeck coefficient, it is promising to integrate
on-chip thermoelectric spot cooling [14] in the proximity of
a high-power transistor with the same IIl-nitride material,
which provides a solution for heat dissipation without adding
new materials. In addition, their intrinsically high Seebeck
coefficient, large band gap and high temperature stability of
their electrical properties make them good candidates for ther-
moelectric power generation devices at elevated temperatures
[15,16]. Therefore, a thorough theoretical understanding of
the coupled electrical, thermal and thermoelectric transport in
these materials is critical for the electrical-thermal codesign
of devices based on them [17].
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There have been extensive theoretical studies of electri-
cal, thermal and thermoelectric transport properties of the
group-III nitrides. Like other semiconductors, their intrinsic
electrical transport properties are limited by electron-phonon
interactions [18]. In addition to the short-ranged deformation
potential mechanism, the strong polar nature of the group-III
nitrides features significant polar optical phonon scattering,
mediated by the long-ranged Frohlich dipole interaction [19].
Furthermore, the wurtzite structure of the group-III nitrides
lacking the inversion symmetry also gives rise to impor-
tant piezoelectric scattering by the acoustic phonon modes
[20]. Early mobility calculations were based on Monte Carlo
simulation, which took polar optical phonon, piezoelectric,
deformation potential, and ionized impurity scatterings into
account [21,22]. Analytical models considering various elec-
tron scattering mechanisms based on the electron Boltzmann
transport equation (BTE) with the relaxation time approx-
imation (RTA) were also developed [16,23,24]. However,
these methods often relied on empirical and experimental
parameters and the physical insights into the transport de-
tails provided by these studies were usually limited. Recent
advancements in ab initio methods based on the density
functional theory (DFT) have made it possible to directly eval-
uate the electron-phonon scattering rates associated with each
scattering channel from first principles [25]. Jhalani et al. cal-
culated the electron-phonon scattering rates of electrons and
holes in GaN from first principles and simulated the cooling
process of hot electrons and holes [26]. In a follow-up work,
they also showed the importance of the dynamic quadrupolar
interaction on the piezoelectric electron-phonon scattering in
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GaN [27]. In parallel, Ponc€ et al. calculated the electron and
hole mobilities in GaN limited by electron-phonon interac-
tions from first principles and predicted that the hole mobility
can be improved by strain [28,29]. On the thermal transport
side, modeling thermal transport by solving the phonon BTE
with interatomic force constants evaluated from DFT and
density functional perturbation theory (DFPT) is now routine,
and has been applied to understand the thermal conductivity of
GaN [30,31] with good agreement with experiments. Utilizing
first-principles phonon calculations coupled with the mod-
ern theory of polarization, we recently showed that thermal
transport in GaN can be modulated by strong external electric
fields [32]. Despite the remarkable progress, one limitation of
existing first-principles calculations of electrical and thermal
transport in group IlI-nitrides is that the interactions between
the nonequilibrium populations of electrons and phonons are
ignored. Namely, phonons are assumed to be in thermal equi-
librium when the scattering rates of electrons are calculated
and vice versa. Due to the existence of high electric fields and
high heat currents in group-III nitride-based devices, which
tends to result in highly nonequilibrium electron and phonon
distributions, the effect of nonequilibrium phonons on elec-
tronic transport properties, known as the phonon drag [33,34],
is critical to evaluating the performance of these devices.
Phonon drag refers to the momentum exchange between
nonequilibrium phonons and electrons and is typically sup-
pressed at higher temperatures due to the more predominant
anharmonic phonon-phonon scattering than electron-phonon
scattering, which hinders the momentum flow between elec-
trons and phonons [34]. The phonon drag contribution to
the Seebeck coefficient was first recognized in germanium
[35,36], and then in silicon [37] and FeSb, [38—40]. In all
these cases, the phonon drag contribution is prominent only
at very low temperatures. The nonnegligible phonon drag
contribution to the Seebeck coefficient at room temperature
was first recognized in silicon by Mahan et al. [41], who com-
bined first-principles phonon calculations with an analytical
electron-phonon interaction model. Zhou et al. calculated the
Seebeck coefficient in silicon including the phonon drag by
first-principles calculations and found that the phonon drag
contributes to more than 30% of the total Seebeck coefficient
at room temperature [42]. Both of these calculations solved
the partially decoupled electron BTE with the assumption that
the nonequilibrium distribution of the electronic system does
not affect the phonon system. A similar approach was used by
Bonini ef al. to evaluate thermoelectric transport properties in
silicon and diamond [43,44]. Recently, Protik et al. developed
a coupled electron-phonon BTE solver framework [45,46],
where the mutual drag between electrons and phonons is fully
captured. Using this framework, they found that in n-doped
3C-SiC, the phonon drag contributes to more than 50% of the
total Seebeck coefficient even at room temperature [47]. Using
the same method, Li er al. found that in p-doped diamond,
the Seebeck coefficient is enhanced by more than a factor
of 2 at 300 K when the phonon drag is included [48]. In a
related work, they identified an unusually large phonon drag
contribution to the Seebeck coefficient one order of magnitude
higher than the normal diffusive Seebeck coefficient in heavily
doped p-type cubic boron arsenide [49]. Experimentally, a
recent study in AlGaN/GaN two-dimensional electron gas

showed that the phonon drag contributes to 32% of the See-
beck coefficient at room temperature [50]. In addition to the
Seebeck coefficient, the increase of carrier mobility at 300 K
due to the phonon drag effect was also predicted in 3C-SiC
[47] and GaAs [45].

In this work, we utilized the computational framework
developed by Protik er al. [46] to investigate the influence
of the phonon drag effect on electrical transport properties in
both n-type and p-type GaN and AIN. We focused our analysis
on n-type transport with electron concentrations ranging from
10 cm =3 to 10" cm 3. We found that, at room temperature,
the phonon drag effect has little contribution to the electron
mobility in GaN and AIN at low doping levels, while its
contribution becomes more evident with the increasing car-
rier concentration. Besides, a significant enhancement of the
Seebeck coefficient due to phonon drag was found in both
GaN and AIN throughout the carrier concentration range that
we investigated. The microscopic mechanisms of the phonon
drag contribution to the mobility and the Seebeck coefficient
were also analyzed. Our work provides a detailed fundamen-
tal understanding of the phonon drag effect and its impact
on electrical transport properties in wide bandgap group-III
nitrides.

II. COMPUTATIONAL METHODS

A. Density functional theory calculations

First principles electronic structure calculations were car-
ried out using the Quantum ESPRESSO (QE) package [51]
with the scalar-relativistic optimized norm-conserving Van-
derbilt (ONCV) pseudopotentials [52] within the local density
approximation (LDA) [53]. The kinetic energy cutoff for wave
functions was set to 80 Ry. A mesh grid of 12 x 12 x 12 in the
first Brillouin zone (BZ) was adopted and the total electron en-
ergy convergence threshold for self-consistency was setto 1 x
10~ '9Ry. The crystal lattice was fully relaxed with a force
threshold of 10~*eV/A, with lattice parameters a = 3.16 A,
¢=5.148A in GaN and a = 3.12 A, ¢ = 5.0 A in AIN, both
of which were in excellent agreement with the experimen-
tal values [54]. The phonon dispersion was calculated using
DFPT [55] with a threshold of 10~'3 Ry for self-consistency
on a 6 x 6 x 6 g-point grid. The nonanalytical correction
term due to the long-range Coulomb interactions (the Frolich
interaction) was also included. The third-order anharmonic
interatomic force constants were computed using a 3 x 3 x 3
supercell using the finite displacement method [56], taking up
to the fifth nearest neighbors into consideration. The electron-
phonon coupling were calculated using the EPW code [57],
where the electron-phonon matrix elements were first calcu-
lated on a coarse 12 x 12 x 12 k-point grid and 6 x 6 x 6
g-point grid and then transformed to the real-space Wannier
representation.

B. Phonon drag and coupled electron-phonon BTEs

To capture the phonon drag contribution to electrical
transport properties, coupled electron-phonon BTEs with
electron-phonon matrix elements calculated from first princi-
ples need to be solved. The steady-state electron and phonon
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BTEs can be written as [58]
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where v, (K) and v, (q) are velocity vectors for electrons and phonons with wave vectors k and q and band index « and
A, respectively, f and n are the distribution functions for electrons and phonons, and F is the external force, which is the
electrostatic field in this work. The collision terms on the right side of the equations represent different mechanisms, including
electron-phonon and electron-impurity scatterings for electrons and phonon-phonon, phonon-electron and phonon-impurity
scatterings for phonons. Within a linearized BTE formalism, which only takes into account the first-order deviation of the
electron and phonon distribution functions from their equilibrium values, the collision term due to electron-phonon interactions

can be rewritten as [46]
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where the coefficients F and G only depend on the equilibrium distribution functions of electrons f° and phonons 7°,
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is the electron-phonon interaction matrix element. The
nonequilibrium phonon distributions, described by Ang,
which appear in the electron BTE, are responsible for the
phonon drag effect. When phonons are driven far away
from thermal equilibrium, this term is no longer negligible
and can greatly modify the electron distribution and, thus,
the electronic transport properties. To capture the phonon
drag effect in GaN and AIN, we utilized the Elphbolt
package developed by Protik et al. [46] to solve the fully
coupled electron-phonon BTEs with electron and phonon
dispersions and electron-phonon coupling matrix elements
all evaluated from first principles. Specifically, we used
Elphbolt to transform the quantities from the real-space
Wannier representation to the Bloch representation in the

150 x 150 x 150 k-point grid. The convergence of our results
with respect to the sampling mesh densities was carefully
checked and confirmed. As an example, we present the
convergence test with respect to the g-point grid density in
Appendix A. These matrix elements were used as input to the
coupled electron-phonon BTEs, where the nonequilibrium
distribution functions of electrons and phonons can be solved
and used to evaluate the electrical transport properties [58]. As
a comparison, we also conducted a calculation of the phonon
drag effect in GaN and AIN using the partially decoupled
electron and phonon BTE approach, where the phonon
nonequilibrium distribution was calculated at the RTA level
while the electronic BTE was solved iteratively with the drag
term [46]. The result and the related discussion is provided
in Appendix B. In addition to electron-phonon scatterings,
the Brooks-Herring model was employed to calculate
the electron-charged-impurity scattering rates, where the
impurity potential has a screened Coulomb form [59].
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FIG. 1. The electronic band structure of wurtzite (a) GaN and (b) AIN. The Wannier interpolated band structures (red dashed lines) are in

perfect agreement with first-principles calculations (black solid lines).

The solution of the distribution function of electrons in the
linear response regime can be written as [58]
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where ¢y, is the electron energy, kg is the Boltzmann constant,
and Jx, and Iy, are the electron response coefficients of the
electron state ko to the applied electric field E and tempera-
ture gradient VT, respectively. The electrical conductivity o
and the Seebeck coefficient S can then be calculated as
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where V is the volume of the unit cell and N is the number of
electronic wave vectors in the BZ.

III. RESULTS AND DISCUSSIONS

A. Phonon drag effect on carrier mobility

The electronic band structures of wurtzite GaN and AIN
were calculated using ONCV pseudopotentials within LDA,
as shown in Fig. 1. It is well established that LDA tends
to underestimate the bandgap. Due to the large bandgaps
in GaN and AIN, which suppresses thermal excitations and
bipolar transport, accurate bandgap values are not essential
in the current study. To further demonstrate the feasibility
of using LDA throughout the calculation, we calculated the
electron effective mass in GaN and AIN in the vicinity of
the conduction-band minimum (CBM), which is transport
relevant, and compared the results with the Heyd, Scuseria,
and Ernzerhof (HSE) [60,61] screened hybrid functional cal-
culations [62] and quasiparticle GoW, calculations [63] in
the literature, which were known to provide more accurate
bandgap values. The results are listed in Table I. Our calcu-
lation shows that the effective mass of GaN is 0.182 in the
unit of free electron mass parallel to the c-axis and 0.202

perpendicular to the c-axis. In AIN, the effective mass is 0.304
along the c-axis and 0.321 perpendicular to the c-axis, which
are close to the literature values. Although LDA underesti-
mates the band gap, the similarity of electron effective mass
among LDA, GyW, and HSE justifies our usage of LDA in the
calculation of electronic transport properties. The Wannier-
interpolated electronic band structures are shown in Fig. 1,
which are in excellent agreement with the first-principles
DFT calculation, providing a solid foundation for accurate
electron-phonon matrix elements calculations.

First, we focus on the enhancement of carrier mobility
in GaN and AIN due to the phonon drag effect. When the
phonon drag effect is not considered, the electron-phonon
interaction is a purely momentum-dissipation process for
electrons that limits the electron mobility. Microscopically,
however, the electron-phonon interaction process conserves
the total momentum and electrons transfer their momentum
to phonons, creating a nonequilibrium phonon distribution.
While a fraction of the excess momentum that phonons re-
ceive from electrons will be dissipated through anharmonic
phonon-phonon interactions and phonon-impurity scatterings,
the rest can be pumped back into electrons through electron-
phonon interactions, which can act to boost the carrier
mobility. This effect has been observed in previous phonon
drag studies in GaAs [45] and 3C-SiC [47]. Here, we evalu-
ated this effect on the carrier mobility in GaN and AIN, which
is of paramount importance for device applications. The
room-temperature electron mobility of n-type GaN and n-type
AIN were calculated with the electron concentrations ranging
from 10" cm ™3 to 10'” cm™3. In Figs. 2(a) and 2(b), we show
the electron mobility as a function of electron concentration

TABLE I. Electron effective mass of GaN and AIN parallel and
perpendicular to the c-direction in the unit of free electron mass.

Direction GoW, [63] HSE [62] LDA (this work)
GaN ml 0.19 0.19 0.182
mt 0.21 0.22 0.202
AIN mﬂ 0.32 0.31 0.304
mt 0.33 0.32 0.321
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FIG. 2. The calculated electron mobility with (black solid line) and without (red solid line) the phonon drag effect as a function of carrier
concentration at room temperature in (a) GaN and (b) AIN, and as a function of temperature at n = 10'® cm =3 in (c) GaN and (d) AIN. The
experimental and theoretical values are also shown for comparison. Experimental mobility values of GaN are taken from Refs. [64-68]. The
experimental values of AIN are taken from Refs. [9,69]. The theoretical BTE result is taken from Ref. [16], which does not consider the phonon
drag effect. The first-principles calculation of GaN including the quadrupolar term is taken from Ref. [27].

at room temperature with and without the phonon drag contri-
bution. The experimental values [9,64-69] and the theoretical
BTE result without the phonon drag contribution [16] are also
plotted here for comparison. It is noted that the experimental
values of the electron mobility in GaN at n = 10 cm™> are
around 1000 cm? /V's [65], while our calculation predicts
600 cm?/V s. This discrepancy is due to the fact that our cur-
rent electron-phonon interaction calculations only included
the dipolelike Frolich long-range coupling [19], where the
higher-order quadrupolar term was excluded. Jhalani er al.
has shown that considering only the dipole interaction over-
estimates the electron interactions with acoustic phonons in
polar, and particularly, piezoelectric materials like GaN and
AIN, and the inclusion of the quadrupole term can correct
this overestimation and provide more accurate coupling ma-
trix elements between electrons and acoustic phonons [27].
Their result is also labeled in Fig. 2(a) for comparison. Al-
though our calculations underestimated the electron mobility
of GaN at lower carrier concentrations, the results at higher
carrier concentrations were in better agreement with the ex-
periments, since the quadrupole term primarily impacts the

interactions between electrons and acoustic phonons with
small wave vectors, which represents a smaller fraction of the
total electron-phonon scatterings at higher concentrations. It
is shown here that, without taking the phonon drag effect into
consideration, the calculated mobility (labeled “decoupled” in
Fig. 2) would be lower than the experimental values, which
are usually further limited by the sample quality and other
nonidealities, implying that the phonon drag is crucial for
accurate calculation of the mobility at higher electron con-
centrations. Although the experimental values of mobility in
AIN are scarce in the literature given the difficulty in making
highly n-doped AIN samples, our results are in reasonable
agreement with the reference values that can be found. The
temperature-dependent phonon drag effect on carrier mobility
was also investigated. The calculated mobility between 100 K
and 500 K at a carrier concentration of n = 10 cm=3, at
which the phonon drag effect significantly influences mobility
at room temperature, is shown in Figs. 2(c) and 2(d). At lower
temperatures, the relative contribution to the mobility gain due
to phonon drag is much larger than that at higher temperatures.
This temperature-related feature is due to more predominant
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momenta at higher temperatures.

The percentage of the phonon drag contribution to the
electron mobility in GaN and AIN is shown in Fig. 3. For
both GaN and AIN, the phonon drag contribution is negligi-
ble at n = 10'3 cm™>. However, the phonon drag contribution
becomes more prominent with an increasing carrier con-
centration. At n = 10 cm~3, 32.4% of the total electron
mobility is due to the phonon drag in GaN, and 46.4% in
AIN. This carrier concentration dependence can be explained
by the relative strength between phonon-phonon scatter-
ings and phonon-electron scatterings. The phonon scattering
rates of GaN and AIN within RTA at n = 10"°cm™ and
n=10cm™3 are shown in Fig. 4, where the black dots
denote the phonon-phonon scattering rates and the green
dots denote the phonon-electron scattering rates. Although
the phonon drag effect is not included at the RTA level,
the phonon scattering rates within RTA can provide useful
information for our analysis. It is seen that at low car-
rier concentrations, the phonon-electron scattering is much
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FIG. 4. Calculated phonon-phonon and phonon-electron scattering rates of (a) GaN at n = 10'® cm 3, (b) GaN atn = 10" cm 3, (c) AIN at
n=10""cm™3, and (d) AIN at n = 10" cm™3. The strong phonon-electron scattering of the low-frequency acoustic phonons and longitudinal
optical phonons at higher concentrations facilitates the momentum circulation between electrons and phonons.
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FIG. 5. Phonon-branch-resolved contribution to the
drag-enhanced electron mobility in GaN and AIN. Black lines
denote the results in GaN and red lines denote the results in AIN.
Solid lines represent the acoustic modes contribution and the dashed
lines represent the LO mode contribution. The contributions from
other optical phonon modes are negligible and not plotted here.

weaker than the phonon-phonon scattering, while at high
carrier concentrations, the phonon-electron scattering be-
comes stronger than the phonon-phonon scattering for the the
low-frequency acoustic phonons and the polar longitudinal
optical (LO) phonons, since the number of available electronic
states that phonons can couple with increases [70,71]. This
strong phonon-electron scattering facilitates the momentum
circulation between electrons and phonons. The momentum
previously transferred to phonons from electrons can be
pumped back more effectively at higher carrier concentra-
tions, making electrons less dissipative compared with the
case without the phonon drag effect. This suggests that, as
the carrier concentration increases, although the overall carrier
mobility decreases due to the increased electron-phonon scat-
tering, the relative enhancement from the phonon drag effect
increases due to more effective electron-phonon momentum
circulation.

The details of the phonon drag influence on mobility can be
further illustrated by analyzing the percentage contribution of
each phonon branch to the enhanced mobility due to the drag
effect, as shown in Fig. 5. The acoustic modes’ contribution
is depicted by the solid lines, while the LO phonon mode
contribution is represented by the dashed lines. The contri-
butions from other optical modes are negligibly small and,
thus, are not shown here. The strong interaction between LO
phonons and electrons in both GaN and AIN results in a signif-
icant contribution to the drag-induced mobility enhancement,
making the LO phonons’ impact on mobility nonnegligible.
Specifically, at a carrier concentration of n = 10 cm—3, the
contribution of LO phonons to the mobility gain is almost
equal to that of the acoustic phonons. As discussed previously,
the exclusion of quadrupolar correction in our calculation
tends to overestimate the electron interaction with acoustic
phonons [27], leading to inaccuracies in the mobility calcula-
tion. However, since the LO phonon scattering with electrons
is largely controlled by the Frohlich dipolar interaction rather
than the quadrupolar term [27], this significant drag effect

from LO phonons is accurately captured in our calculation,
signaling the important role of polar LO phonons in the
phonon drag effect in strongly polar semiconductors. This
observation is also a manifestation of the fact that the impact
of the phonon drag on the carrier mobility mainly depends on
the electron-phonon scattering rate. This is in contrast to the
phonon drag contribution to the Seebeck coefficient, which
also depends on the phonon mean free paths. This distinction
will be discussed in more detail in the next section.

B. Phonon drag effect on Seebeck coefficient

The most prominent manifestation of the phonon drag ef-
fect is its impact on the Seebeck coefficient. Here, the Seebeck
coefficient of n-doped GaN and AIN at room temperature
was calculated with and without considering the phonon drag
contribution. The absolute value of the Seebeck coefficient
as a function of carrier concentration is shown in Figs. 6(a)
and 6(b). The experimental values [67,72-74] and previous
theoretical calculation results [16,75] are also shown for com-
parison. Our results from solving the decoupled electron and
phonon BTEs, shown as the gray line, are in agreement
with previous theoretical calculations using analytical models
without considering the phonon drag effect. It is noted that due
to the exclusion of the quadrupolar corrections [27], our cal-
culated phonon drag contribution can be overestimated at low
carrier concentrations because of the overestimated electron-
phonon matrix elements involving low-frequency acoustic
phonons. At higher carrier concentrations, where a broader
spectrum of phonons contribute to electron-phonon interac-
tions and the overestimated part accounts for less of the total
electron-phonon scatterings, our results are in good agreement
with the experimental results. Since the calculated Seebeck
coefficient without considering the phonon drag is much lower
than the experiments, in which samples are also affected by
high threading dislocation densities and other impurities, the
phonon drag effect is indispensable for accurately predicting
the Seebeck coefficient in GaN and AIN. We also found that,
different from the electron mobility, to which the phonon drag
contribution is negligible at low carrier concentrations, the
influence of the phonon drag on the Seebeck coefficient is
prominent throughout the entire carrier concentration range
that we investigated. It should also be mentioned that, at
high carrier concentrations, in addition to electron-impurity
scattering, phonon-impurity scattering also needs to be con-
sidered. The typical method for n-type doping in GaN and
AIN is adding silicon, which acts as a shallow donor [76,77],
meaning that the carrier concentration is quite close to the
concentration of silicon atoms at room temperature. At n =
10'° cm~3, our calculation found that the inclusion of the sili-
con atoms with the same concentration only leads to less than
1% difference compared with the result without including
the phonon-impurity scattering. The temperature-dependent
phonon drag effect on the Seebeck coefficient is shown in
Figs. 6(c) and 6(d). Similar to the electron mobility, at lower
temperatures, the Seebeck coefficient gain due to phonon drag
is much greater than that at higher temperatures, which is
consistent with previous theories and observations in other
materials.
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FIG. 6. The calculated Seebeck coefficient with and without considering the phonon drag effect as a function of carrier concentration at
room temperature in (a) GaN and (b) AIN, and as a function of temperature at n = 10'® cm™ in (c) GaN and (d) AIN. The experimental values
of the Seebeck coefficient in GaN are taken from Refs. [67,73] and the theoretical calculation results are from Refs. [16,75]. The experimental
values of the Seebeck coefficient in AIN is taken from Ref. [74] and the theoretical BTE calculation result is from Ref. [16]. The calculation

results cited here did not take the phonon drag effect into consideration.

To gain more insight into the phonon drag contribution to
the Seebeck coefficient, the percentage phonon drag contri-
bution is plotted as a function of the carrier concentration,
as shown in Fig. 7. It is found that at relatively low car-
rier concentrations, the phonon drag contribution changes
very little with the carrier concentration, whereas at higher
concentrations, the drag contribution decreases rapidly with
an increasing carrier concentration. This trend is also ob-
served and discussed in silicon [42] and SiC [47], where
the phonon drag contribution to the Seebeck coefficient is
expected to be constant at low carrier concentrations. Ac-
cording to Herring’s theory [34], the drag contribution to the
Seebeck coefficient is proportional to the momentum gain
per electron from nonequilibrium phonons. At low carrier
concentrations, it is the number of available electronic states
to participate in electron-phonon interactions that limits the
momentum transfer from phonons to electrons. In such a case,
the momentum gain per electron does not change significantly
with the carrier concentration. In contrast, at higher carrier
concentrations, the number of electronic states that are able

to couple with phonons is no longer a limiting factor. In-
stead, with the increased phonon-electron scattering rate, the
shortened phonon relaxation time becomes the limiting factor,
since phonons with shorter lifetimes imply more likelihood
to be scattered before the momentum can be transferred to
the electron system. As a result, the total electron momentum
gain saturates, and because of the increased carrier concen-
tration, the momentum gain per electron decreases, leading
to the rapid reduction of the phonon drag contribution at
higher concentrations. The above interpretation is based on
the Seebeck picture, in which phonon drag facilitates more
electrons traveling along the temperature gradient by transfer-
ring momentum from nonequilibrium phonons to electrons. In
parallel, the equivalent Peltier picture, in which an isothermal
electric field induces a heat flow, can provide a more straight-
forward interpretation regarding the phonon and the electron
contribution to the Seebeck coefficient. Since phonons can-
not directly couple to the electric field, the nonzero Seebeck
contribution from phonons is completely a result of the drag
effect. Given the Kelvin relation [78], an extra contribution to
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entire range of carrier concentrations.

the Peltier coefficient implies the same extra contribution to
the Seebeck coefficient. In the Peltier picture, the electric field
generates a nonequilibrium distribution of electrons, which
transfer momentum to phonons through electron-phonon in-
teractions so that phonons can also contribute to the total
Seebeck coefficient. At low carrier concentrations, the phonon
contribution is almost independent on the carrier concen-
tration, since the phonon lifetimes remain the same due to
the dominant phonon-phonon scatterings. At higher carrier
concentrations, phonon lifetimes decrease due to stronger
phonon-electron scatterings and more momentum is returned
back to electrons, leading to the decrease of the phonon contri-
bution to the Seebeck coefficient. Although the phonon drag
percentage contribution decreases with an increasing carrier
concentration, as shown in Fig. 7, the overall contribution
is still significant throughout the carrier concentration range,
stemming from the weak anharmonic phonon-phonon scat-
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tering and, thus, a low dissipation rate of excess phonon
momentum in GaN and AIN.

To further understand the roles played by different phonon
modes in the phonon drag effect, we also calculated the ac-
cumulated contribution to the phonon drag enhancement of
the Seebeck coefficient and the carrier mobility with respect
to the phonon mean free path (MFP), as shown in Fig. 8.
This calculation was conducted by excluding the contribution
from phonons with MFPs beyond a given threshold, which
is labeled in the horizontal axis in Fig. 8. The mobility
accumulation curves at lower carrier concentrations are not
shown here, since the mobility gain due to phonon drag is
quite small at lower carrier concentrations. It is found that
at the same carrier concentration and the same phonon MFP
threshold, the percentage contribution of the phonon drag
effect to the mobility enhancement is greater than that to
the Seebeck coefficient enhancement, indicating that phonons
with shorter MFPs contribute more to the carrier mobility
than to the Seebeck coefficient. This distinction arises again
from the different mechanisms of the phonon drag influence
on mobility and Seebeck coefficient. The increase in mobility
due to phonon drag originates from the extra momentum that
electrons acquire through interactions with nonequilibrium
phonons. With stronger electron-phonon interactions, more
momentum is transferred back to electrons and, thus, more
mobility gain can be achieved. In other words, the mobility
gain due to phonon drag is only determined by the electron-
phonon interaction strength, and the lifetime of drag-active
phonons is not a contributing factor. In contrast, a large
phonon drag contribution to the Seebeck coefficient requires
not only strong electron-phonon interactions but also weak
phonon momentum dissipation due to phonon-phonon and
phonon-electron scatterings, as discussed in the Peltier picture
above. For instance, as can be seen in Fig. 8, atn = 10'° cm 3,
phonons with MFP shorter than 0.5 um, whose lifetime is
shorter than 1000 ps as shown in Figs. 9(a) and 9(c), contribute
to more than 60% and 40% of the total mobility gain in GaN
and AIN, whereas these short-lived phonons only contribute
to 24% and 22% of the total Seebeck gain in GaN and AIN,

c 1.0
2 |(b)
>
e
—
€08}
[
o
g /

0.6 /
@©
= e
[0 / — -3
% , ——n=1E16 cm™ S 4
g 04r ——n=1E17 em?® S,
3 ——n=1E18 cm™ S,
202} ——n=1E19 cm®S,,
% -+ -n=1E18 cm® My,
S -+ -n=1E19 cm™M,
< 0.0 ! <2

0.1 1 10 100
Phonon Mean Free Path (um)

1000

FIG. 8. The calculated accumulated percentage contribution of the phonon drag effect to the Seebeck coefficient (solid lines) and the
mobility (dashed lines) as a function of the phonon mean free paths in (a) GaN and (b) AIN. Phonons with shorter mean free paths tend to
contribute more to the mobility enhancement than to the Seebeck coefficient.
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respectively. We also found that the accumulated phonon
drag contribution to the Seebeck coefficient and the mobility

shifts toward the shorter phonon MFP region as the carrier
concentration increases. This MFP-related feature is due to
momentum and energy conservation in electron-phonon inter-
actions. At low carrier concentrations, only the phonons with
small wave vectors can couple with electronic states close to
the band edges while satisfying the energy conservation con-
dition. Typically, phonons with smaller wave vectors possess
longer MFPs. With the increase of the carrier concentration,
electrons occupy more of the reciprocal space and the energy
and momentum conservation requirements in electron-phonon
interactions become easier to satisfy, making phonons with

shorter MFP active contributors to the phonon drag, as shown

in Figs. 9(b) and 9(d).

C. Phonon drag effect in p-type GaN and AIN

For the completeness of the study, we also calculated the
phonon drag contribution in p-type GaN and AIN in both
low and high doping regimes, despite the fact that effective
p-type doping remains challenging experimentally in both
materials [79]. The results are summarized in Table II. The
heavy effective mass of the valence band results in a greater
number of electronic states available for scattering, which
makes the calculation computationally intensive and time-
consuming. In our calculation, a 30 x 30 x 30 g-point grid
and a 90 x 90 x 90 k-point grid were used to transform the
electron-phonon scattering matrix elements from the real-

space Wannier representation to the Bloch representation in
the reciprocal space. The convergence of our calculation with
respect to the sampling mesh density was checked. It should

TABLE II. Hole mobility and the Seebeck coefficient of p-type GaN and AIN.

Carrier concentration (cm ™)

Drag contribution to mobility (%)

Drag contribution to Seebeck coefficient (%)

GaN 10
1019
AIN 10
10]9

90.1
82.7
94.0
80.1
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also be noted that the spin-orbital coupling (SOC) was not
included in our calculation, making the valence band splitting
absent in both materials [29]. Although this exclusion of the
SOC can lead to quantitative inaccuracy in the calculated
values of the mobility and the Seebeck coefficient, the order
of the impact of the phonon drag effect should still provide
an effective illustration of the role played by nonequilibrium
phonons. Similar to the results in n-type materials, the contri-
bution of the phonon drag effect to mobility is negligible at
the low carrier concentration, while it has a great impact on
the Seebeck coefficient. However, at the high carrier concen-
tration, the phonon drag effect leads to a noticeable increase
in the mobility and also has a significant contribution to the
Seebeck coefficient enhancement.

IV. CONCLUSION

In summary, we have studied the phonon drag effect on
electrical transport properties in wide bandgap GaN and AIN
by solving the fully coupled electron-phonon BTEs. The elec-
tron mobility and the Seebeck coefficient were calculated as
a function of carrier concentration ranging from 10'> cm™3
to 10" cm™3. We found that, even at room temperature, the
phonon drag effect is prominent in both the mobility and
the Seebeck coefficient. Significant enhancements of both the
carrier mobility and the Seebeck coefficient were observed
especially at high carrier concentrations. The strong electron-
phonon coupling strength can enhance momentum transfer
between electrons and phonons, and the weak anharmonic
phonon-phonon scattering is beneficial for the significant en-
hancement of the Seebeck coefficient. Our findings highlight
the importance of including the phonon drag effect in accu-
rately predicting the electrical transport properties not only
in wide bandgap group-III nitrides but also in strongly polar
semiconductors in general.
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APPENDIX A: BRILLOUIN ZONE SAMPLING DENSITY
CONVERGENCE

To test the convergence of the g-grid sampling density,
we calculated the phonon drag effect using a g-grid density
of 10 x 10 x 10, 15 x 15 x 15,25 x 25 x 25,30 x 30 x 30,
40 x 40 x 40, and 50 x 50 x 50, while keeping the dense
k-grid of at least 150 x 150 x 150. The convergence test re-
sult in GaN is shown in Fig. 10. To clearly demonstrate the
influence of the q-grid density, the calculations were done at a
carrier concentration of n = 10'® cm—3, at which the phonon
drag effect has significant influences on both the mobility
and the Seebeck coefficient at room temperature. We found
that, as the g-grid sampling density increases, the calculated
relative contribution from the phonon drag effect to both the
mobility and the Seebeck coefficient increases, likely due to
the inclusion of longer-wavelength acoustic phonons near the
zone center that have strong drag contributions, and tend to
converge at 50 x 50 x 50 g-gird density. Further increasing
the g-grid density requires significantly higher computational
cost and, therefore, was not attempted in this work.

APPENDIX B: COMPARISON BETWEEN FULLY
COUPLED AND PARTIALLY DECOUPLED BTES

We also compared the results calculated by solving the
fully coupled BTEs and partially decoupled BTEs. It should
be noted that the partially decoupled BTEs approach referred
here is slightly different from those used in Refs. [41-44]. In
the latter cases, the drag term was neglected in the phonon
BTE and the phonon distribution function was calculated at
the RTA level, which can then be used to solve the drag
contribution in the electron BTE. In this scheme, the phonon
response to an external electric field is exactly zero and the
phonon drag cannot contribute to the enhancement of the
charge mobility. The partially decoupled scheme used in this
work differs in that the drag term in the phonon BTE is not
neglected, but rather directly computed based on the electron
distribution function at the RTA level, and then the electron
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FIG. 11. Percentage phonon drag contribution to (a) the charge mobility and (b) the Seebeck coefficient in GaN and AIN. Solid lines show
the phonon drag effect calculated by solving the fully coupled BTEs and dashed lines show the results using the partially decoupled approach.

BTE is solved iteratively including the drag term. In this case,
the phonon drag contribution to the charge mobility can be
captured. The comparison between the fully coupled BTE
results and the partially decoupled BTE results is shown in
Fig. 11, in which the percentage phonon drag contribution to
the mobility and the Seebeck coefficient are shown. The solid
lines denote the contribution calculated from the fully coupled
BTEs and the dashed lines denote the results from solving
the partially decoupled BTEs. The key assumption behind the
partially decoupled BTEs is that the deviation of electron and
phonon distribution functions from their equilibrium value
is small; namely, the electron and phonon nonequilibrium
is weak. If this is the case, the electron-phonon coupling

term in the BTEs can be expanded to the linear order of
the deviation from equilibrium distributions and the electron
and phonon BTEs can be partially decoupled. Based on this
understanding, we expect that partially decoupled BTEs to
be accurate when the relative magnitude of the phonon drag
effect is small. As can be seen from Fig. 11, the partially
decoupled BTEs cannot capture the full phonon drag contri-
bution, and the difference between the fully coupled results
and the partially decoupled results becomes more evident at
higher carrier concentrations, as expected, since the electron-
phonon nonequilibrium and the phonon drag effect become
more prominent when the carrier concentration is high, which
enables more electron-phonon scattering channels.
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