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Electron-phonon coupling is at the core of various regimes of material-based science and technology. Taking
3(C-silicon carbide (3C-SiC) as an example, despite its very wide application in high-temperature and high-power
devices, the transport properties of 3C-SiC are not yet fully understood at the microscopic level because of
inadequate knowledge in electron-phonon coupling. In this paper, with electron-phonon coupling matrix ele-
ments calculated from first principles, the phonon limited carrier mobility of 3C-SiC is quantified by solving the
Boltzmann transport equation. The calculated mobilities for both holes and electrons are in reasonable agreement
with the experimental data. Unlike other polar semiconductors such as GaAs, where the polar-longitudinal-
optical (LO)-phonon interactions are the dominant scattering mechanism, the mobilities of electrons and holes
are dominated by the intravalley longitudinal acoustic phonon scattering at 300 K due to the low occupation
number of high-frequency polar LO phonons in 3C-SiC. The dominant scattering mechanism in 3C-SiC varies
with temperature. At high temperature (800 K), LO phonons govern the scattering instead. The maximum
mean-free paths of electrons and holes at room temperature are found to be 40 nm and 15 nm, respectively.
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I. INTRODUCTION

Silicon carbide (SiC) is one of the most promising
alternatives to silicon for high-temperature and/or high-power
devices because of its unique combination of wide band gap
[1,2], high breakdown voltage [1,2], and high thermal conduc-
tivity [3-5]. The performance of SiC-based devices has been
demonstrated in past decades [6—12]. From a fundamental
research point of view, SiC is interesting in its own right.
For example, SiC has numerous allotropes, among which the
cubic phase (3C) and hexagonal phases (4H and 6H) are the
most interesting. Note that the device applications of SiC rely
on its electrical transport properties. Concerning the electrical
transport properties, the 4H and 3C phases have been reported
to have substantially higher electron mobility than the 6H
phase [13]. In particular, 3C-SiC adopts a simple zinc-blende
crystal structure, which is isotropic, with several advantages
compared to other allotropes with respect to applications.

Despite the abundance data in literature, both experimen-
tal [14-17] and theoretical [18-26], the electrical transport
properties of 3C-SiC have not yet been fully understood at
the microscopic level. The experimental electron mobilities
vary greatly from sample to sample, intimately related to the
quality and growth conditions. For example, Nelson et al. [17]
reported a room temperature electron mobility of 890 cm?/V -
s in single crystalline 3C-SiC. Shinohara et al. [14] obtained
a value larger than 750 cm?/V -s in undoped 3C-SiC epi-
taxial film grown on carbonized silicon surfaces. Yamanaka
et al. [16] obtained a much smaller value ~500cm?/V -s
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for unintentionally doped n-type 3C-SiC layers epitaxially
grown on silicon, and the authors argued that longitudinal
acoustic (LA) phonons dominate the scattering mechanism at
room temperature and above. On the theory side, a value of
1300 cm?/V - s at 300 K has been reported which assumes
polar longitudinal optical (LO) phonon scattering being the
dominant scattering mechanism [26]. These early studies fo-
cused mainly on n-type 3C-SiC, however, the research on p-
type 3C-SiC is scarce. Thus, there is a knowledge gap regard-
ing p-type 3C-SiC, preventing us from obtaining a coherent
and complete picture of the electrical transport properties
of 3C-SiC.

As discussed above, electron-phonon coupling is at the
core of understanding the electrical transport properties of
3C-SiC at the microscopic level. To this end, first-principles
calculations of carrier transport properties are the tool of
choice to fill this gap of knowledge. However, first-principles
calculations of carrier transport properties are computation-
ally expensive as very dense meshes of Brillouin zone sam-
pling are required for both carriers and phonons. The lately de-
veloped interpolation methods for electron-phonon coupling
matrix elements [27-31] greatly reduced the time required
for calculating the electron-phonon coupling matrix elements.
The efficiency of these methods has been confirmed in both
nonpolar materials and polar materials [28,32—-38]. Therefore,
in this paper, we carry out first-principles calculations to
have a deeper understanding of the intrinsic electron and hole
transport mechanism of single crystalline 3C-SiC. In partic-
ular, the Wannier function interpolation method [27,29-31]
is employed to obtain the electron-phonon coupling matrix
elements, which are then used to calculate phonon-limited
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scattering rates and carrier mobilities by solving the Boltz-
mann transport equation (BTE).

II. METHODOLOGY

If there is an external electric field E, the electron dis-
tribution function f,x of the nk state, with band index n
and wave vector k, will deviate from its equilibrium Fermi-
Dirac distribution f,?k By solving BTE [39], we are able to
obtain the electron distribution function, f,x, which will be
affected by both the electric field E and the allowed scattering
processes, leading the system to a steady state, where the BTE
is expressed as [28]

_qE3fuc  9fux
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=0, (1)
scatt
where ¢ is elementary charge and 7 is the reduced Planck
constant. If the external electric field E is small enough, fx
could be expressed using Taylor expansion as fx = £ +
fik(1 — fuk)Pnk, with ¢, being a small perturbation which is
linear with respect to E. Therefore, it is convenient to express
¢nx as ,i—]; - F,x, with kg being the Boltzmann constant, T
being the temperature. F,x can be considered as the mean free
displacement [28,40]. If the scattering term (second term) of
Eq. (1) is limited to the electron-phonon coupling, Eq. (1) can
be linearized [28]:
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where qp represents the phonon mode with branch p and wave
vector q, v,k describes the group velocity of carrier defined

as vk = %”fﬁ", and 7 is the relaxation time which could
mk+q mk+q —qp mk+q
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and F;”kkﬂ ~97 are transition rates for phonon absorption and
emission processes, respectively [28], which can be obtained
from electron-phonon coupling strength calculated via first-
principles method as
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where g;": J(;g is the electron-phonon coupling matrix element,

Nfl)p is the Bose-Einstein distribution function for phonons
and the § function guarantees the conservation of energy and
momentum during the scattering process.

Equation (2) can be solved iteratively to find F,x, which is
also called the exact solution. This method has been applied to
studying phonon transport properties [40-42] for a few years,
but has not been introduced to the study of electron transport
properties until very recently [28,33,33-35,37,38]. For the
exact solution to F,, the k and q grids are required to be com-
mensurate [27,31]. Besides the exact solution, for comparison,
two more solutions are also implemented in our calcula-
tion, which are conventional relaxation time approximation

(conventional RTA) method and momentum relaxation time
approximation (momentum-RTA) method. Conventional RTA
neglects the sum term (second term) on the right-hand side of
Eq. (2). Momentum RTA also neglects this sum and further
takes account for the relative change of momentum in each
scattering process by multiplying the transition rates involved
in T, by an efficiency factor of [28]

Vik * Vmk+q
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At a finite temperature 7', with the calculated F,, the electri-
cal conductivity tensor can be expressed as

NVk T Zf"“

where N is the number of k meshes, V is the volume of
the unit cell, « and B are Cartesian directions. For example,
vy, 1s electron velocity along o direction. For high-symmetry
systems such as 3C-SiC studied in this paper with space group
F43m, the electrical conductivity tensor o is reduced to a
scalar o, from which mobility can be obtained as

o =
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where n. is carrier density For n-type, n. = NV an k>
while for p-type n. = NV >l — nk)

Density functional theory (DFT) is employed to calcu-
late the geometric structure and electronic band structure,
while density functional perturbation theory is used to ob-
tain phonon dispersion relation and initial electron-phonon
coupling matrix elements as implemented in QUANTUM
ESPRESSO package [43] with norm-conserving pseudopo-
tential under the local density approximation [44]. The plane-
wave cutoff energy is set to be 58 Ry, and 16 x 16 x 16
Monkhorst-Pack & meshes are used for structure relaxation,
both of which are well converged. The lattice structure of
3C-SiC is shown in Fig. 1(a) with the relaxed lattice constant
of 4.326 A, agreeing well with experimental value 4.360 A
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FIG. 1. (a) Geometric structure of 3C-SiC (conventional
unit cell) and (b) first Brillouin zone of 3C-SiC with the
high-symmetry points labeled. The fractional coordinates for
the high-symmetry points with respect to reciprocal lattice vectors
are X; = (0.5, 0, 0.5), X, = (0, 0.5, 0.5), X3 = (0.5, 0.5, 0), X4 =
(=05, 0, =0.5), X5 = (0, =0.5, —=0.5), Xc = (-0.5, —0.5, 0),

= (0.375, 0.375, 0.75), W = (0.5, 0.25, 0.75), and L = (0.5,
0.5, 0.5).
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FIG. 2. (a) Electronic band structure and (b) phonon dispersion
relation along high-symmetry points in the first Brillouin zone. Inset:
Zoom-in of the valence band, where the split-off gap is significantly
clearer. Experimental data for phonon dispersion are taken from
Refs. [48,49]. Different branches: Transverse acoustic (TA1 and
TA2), longitudinal acoustic (LA), transverse optical (TO1 and TO2),
and longitudinal optical (LO) are depicted in different colors.

[45]. To interpolate the electron-phonon coupling matrix ele-
ments, the EPW package [31] is employed to perform Wannier
function interpolation. The initial coarse grids are chosen as
6 x 6 x 6 for both k and q. The chemical potential is manu-
ally chosen to be 0.3 eV in the band gap away from the band
edges, to ensure that the calculated mobility is intrinsically
phonon-limited and corresponds to a low carrier concentration
limit, where the defect scattering can be ignored.

III. RESULTS AND DISCUSSION

It has been reported that the spin orbit coupling (SOC)
effect, which leads to the splitting of the degenerate valence
band, has a great influence on the hole mobility in differ-
ent materials [34,37,38]. Therefore, in our calculation, SOC
is included for the calculation of electronic band structure,
phonon dispersion relation, and electron-phonon coupling
matrix elements unless otherwise stated. The electronic band
structure along high-symmetry paths [Fig. 1(b)] is shown in
Fig. 2(a). 3C-SiC has an indirect band gap, with the valence
band maximum (VBM) located at I" point, and the conduction
band minimum (CBM) sitting at X point. The calculated band
gap is 1.34 eV, smaller than the experimental value of 2.42 eV
[46]. This is a result of DFT usually underestimating the
energy of band gaps. However, the band gap has no effect on
the calculated transport properties. With SOC, as can be seen
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FIG. 3. Convergence on the carrier mobilities at 300 K with
respect to k and q grids. Here, in light of the high-symmetrical cubic
structure of 3C-SiC, the number n on the horizontal axis represents
n x n x nk and q fine grids.

from the inset of Fig. 2(a), there is a small split-off energy gap
about 15 meV in the valence band, close to the experimental
value of 10 meV [47]. The calculated phonon dispersion
relation along with experimental data are shown in Fig. 2(b).
It is clear that the calculated phonon dispersion relation is in
excellent agreement with the experimental values from both
inelastic x-ray scattering [48] and Raman measurement [49].
It is worth noting here that the highest frequency of the LO
phonons is 121 meV, which is larger than those in some
common semiconductors such as silicon [34,38] and GaAs
[32-34].

The mobility calculation is very time and memory con-
suming, and it is always necessary to do a convergence test
on the k and q grids. As can be seen in Fig. 3, at room
temperature, the obtained mobilities of holes and electrons are
well converged with the relative difference around 2% when
the fine k and q meshes are both 120 x 120 x 120.

With the converged k and q meshes mentioned above, the
calculated carrier mobilities as a function of temperature are
depicted in Fig. 4. For both electrons and holes, the mobilities
obtained with exact solution to the BTE (labeled as ITER
in Fig. 4) agree very well with the experimental results in
a broad temperature range, from 200 K to 600 K. However,
the conventional-RTA method strongly underestimates the
mobilities by more than 31% and 17% variance for electrons
and holes, respectively.

Mobilities obtained without SOC are also plotted in Fig. 4
for comparison. Since SOC does not affect the conduction
bands in 3C-SiC, the electron mobilities calculated with and
without SOC are identical. On the other end, calculation
without SOC slightly overestimates the hole mobilities. For
example, at 300 K, the mobilities obtained with and without
SOC effect are 120.4 and 122.8 cm?/V - s, respectively. As
temperature increases from 200 K to 800 K, the variance
decreases from 2.0% to 1.0%. The thermal energy increasing
with temperature can smear out the split-off gap. Only when
the thermal energy is much smaller than the split-off gap,
SOC can have appreciable effect. The split-off gap of 15 meV
corresponds to a temperature of 174 K. Therefore the SOC
effect on the hole mobility in the temperature range (from
200 K to 800 K) studied in this paper is negligible and much
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FIG. 4. Mobilities of electron (a) and hole (b) as a function of
temperature. The experimental results for electrons are taken from
Refs. [14,17] and is from Ref. [53] for holes. It should be noted that
the mobilities obtained by full solution with and without SOC are
overlaid on each other in the figure.

smaller than that of silicon [34,38] and GaAs [34], because
of much smaller split-off energy gap of 3C-SiC (15 meV)
when compared with silicon (~44 meV) [34,50] and GaAs
(~330 meV) [34,51,52].

Figure 5 shows the scattering rates of electrons and holes
decomposed into each phonon mode of 3C-SiC at 300 K.
There are two sudden jumps, signifying the onset of emission
processes of certain phonon modes. Electrons and holes share
a common jump at 121 meV, corresponding to the emission
processes of the LO phonon at I" point. For electrons, the other
jump is located at 79 meV, related to the LA phonon at X
point. For holes, the other sits at 99 meV which is relevant to
the TO phonon at I' point.

As can be seen, LA phonons dominate the electron-phonon
scatterings for electrons with energy less than 121 meV,
which actually contribute 97% to its total mobility. In the
case of holes, LA phonons still govern the electron-phonon
interactions with hole energy less than 99 meV, from which
93% of the total mobility is reached. This indicates that the LA
phonon scattering is the governing scattering mechanism in
3C-SiC at 300 K, in consistent with experimental observation
[16,54]. This is, however, in contrast to other polar materials,
such as GaAs [33,34], PbTe [55], SnSe [35], and SnTe [36],
in which polar LO phonons dominate the scattering for a wide
energy range including band edges. Actually, LO-phonon
scattering increases suddenly by two orders of magnitude at
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FIG. 5. Total and decomposed scattering rates of (a) electrons
and (b) holes in 3C-SiC at 300 K.

121 meV due to the occurrence of phonon emission pro-
cesses. As a result, LO phonons dominate the scattering above
121 meV. To understand the orders of magnitude smaller
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FIG. 6. Calculated electron-phonon coupling matrix elements
|g;"lt:z| (in units of eV) of (a) initial CBM and (b) initial VBM elec-
tron with different phonon branches along high-symmetry directions
in the first Brillouin zone.
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FIG. 7. Contribution of intravalley and intervalley scattering to
LA scattering rates for electrons at room temperature.

scattering below 121 meV for the LO-phonon absorption
processes, we refer to Egs. (3) and (4). Since the electron/hole
occupation number can be neglected in the intrinsic limit,
the scattering rates from absorption and emission processes
are proportional to Ny, and 1+ N°_ . respectively, which
is due to the Boson nature of phonons. The LO phonon
corresponds to an energy of 121 meV, which is much larger
than the thermal energy at 300 K. Therefore, the LO phonon is
almost unexcited at room temperature, and (1 4 NIQ,LO ) /NR LO
is 105. This also indicates that the large LO phonon frequency
typically suggests small scattering. It should be noted that in
a very recent paper [37], the authors also mentioned that the
frequency of LO phonons are also very high in boron-based
semiconductors, leading to the suppression of the contribution
of LO phonons to the total scattering rates.

Transverse optical (TO) phonon scatterings for holes are
larger than those for electrons by more than one order of
magnitude. As a result, the signature of the corresponding

phonon emission processes is evident in the total scattering
rates for holes but not for electrons. To understand this, we
plot electron-phonon coupling matrix elements |g| of electrons
and holes at band extrema with each phonon branch along
high-symmetry paths in Figs. 6(a) and 6(b), respectively.
Clearly, |g| with TO modes at I" for holes is much larger than
that for electrons. |g| is actually very sensitive to the nature of
electronic orbitals. For instance, |g| is found to be weak for
coupling between acoustic phonons and nonbonding orbitals
[56]. We also note that |g| with LO modes at I" point for
electrons and holes are comparable.

Since the VBM occurs at I' point, there is no intervalley
scattering for holes. However, the CBM is at the X point, and
then intervalley scattering with phonon at X point is allowed
for electrons. Due to symmetry, there are six equivalent X
points, as shown in Fig. 1(b). X;, X5, and X3 are identical to
X4, X5, and Xg, respectively, up to a certain reciprocal lattice
vector. Two nonidentical X points can be connected with
another X point. For example, X, — X; = X3. The intervalley
scattering processes are facilitated by the large |g| with LA
modes at X point. In Fig. 7, we quantify the individual contri-
bution from intravalley and intervalley scatterings to the total
LA scattering rates for electrons. The intravalley scattering
actually dominates up to 79 meV, whereas the intervalley
scattering governs above 79 meV. As aforementioned, the
sudden jump of the intervalley scattering rates at 79 meV
corresponds to the onset of the emission processes of the
LA phonon at the X point. Those electrons below 79 meV
contribute 82% to the total mobility. Therefore, the mobilities
are dominated by the intravalley LA phonon scattering for
both electrons and holes at room temperature.

Figure 8 shows the total scattering rates and the contribu-
tions from LA and LO phonons for both electrons and holes
at different temperatures. The phonon occupation number
and, consequently, the scattering rates, increase with temper-
ature. Notably, the relative increase [n2(E)/n"'(E)] in the
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FIG. 8. Total scattering rates and contributions from LA and LO phonons for electrons at (a) 400 K, (b) 600 K and (c) 800 K; for holes at

(d) 400 K, (e) 600 K, and (f) 800 K.

045201-5



FANCHEN MENG, JINLONG MA, JIAN HE, AND WU LI

PHYSICAL REVIEW B 99, 045201 (2019)

40 - A Electron
AA = Hole

= 30 ﬁ“%l .
£ a4
= ] “M fA
£ 204 2 A»A: i
PR
23 1 = A
g 10
=

0

T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5

Energy (eV)

FIG. 9. Mean-free path of (a) electrons and (b) holes in 3C-SiC
at 300 K.

occupation number of LO phonons is larger than that of LA
phonons with increasing temperature. As a result, the LO
scattering becomes comparable to the LA scattering near the
band edges at 600 K and turns to be completely dominant at
800 K. This contrasts with the argument made in Ref. [16],
in which the authors claimed that both electron and hole
mobilities are limited by the acoustic phonon scattering above
room temperature.

The mode-specific analysis of mean free paths (MFPs) are
shown in Fig. 9. At room temperature, the largest MFPs of
electrons and holes are about 40 nm and 15 nm, respectively.
The largest MFPs of both carriers are found be of the energy
range from 0.07 eV to 0.1 eV. In this energy range, the

electrons contribute about 75%-94% to its total mobility,
while holes contribute 71%-93% to the total mobility.

IV. CONCLUSIONS

In summary, we performed entire first-principles calcu-
lations of the mobilities for both n- and p-type 3C-SiC
using BTE based on polar Wannier function interpolation
of electron-phonon coupling matrix elements. We found a
temperature-dependent scattering mechanism in 3C-SiC. At
room temperature, owing to unexcited LO modes, the LA
phonons dominate the scatterings of electrons and holes con-
tributing to the mobilities. Specifically, the intravalley LA
phonons dominate the scatterings of electrons up to 79 meV,
and the intervalley scattering becomes dominant between 79
and 121 meV. The intervalley scattering is not present for
holes. At 800 K, LO-phonon interaction becomes the govern-
ing scattering mechanism for both electrons and holes. Our
calculated mobilities are in good agreement with experimental
results. The SOC almost has no influence on the calculated
mobilities, especially for the electrons. The largest carrier
mean-free path is about 40 nm for the electrons and 15 nm
for the holes in 3C-SiC at room temperature.
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