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First-principles approaches have recently been developed to replace the phenomenological modeling approaches with
adjustable parameters for calculating carrier mobilities in semiconductors. However, in addition to the high computational
cost, it is still a challenge to obtain accurate mobility for carriers with a complex band structure, e.g., hole mobility in
common semiconductors. Here, we present a computationally efficient approach using isotropic and parabolic bands to
approximate the anisotropy valence bands for evaluating group velocities in the first-principles calculations. This treatment
greatly reduces the computational cost in two ways: relieves the requirement of an extremely dense 𝑘 mesh to obtain a
smooth change in group velocity, and reduces the 5-dimensional integral to 3-dimensional integral. Taking Si and SiC
as two examples, we find that this simplified approach reproduces the full first-principles calculation for mobility. If
we use experimental effective masses to evaluate the group velocity, we can obtain hole mobility in excellent agreement
with experimental data over a wide temperature range. These findings shed light on how to improve the first-principles
calculations towards predictive carrier mobility in high accuracy.

Keywords: electron–phonon interaction, phonon-limited hole mobility, Boltzmann transport equation

PACS: 72.10.–d, 72.10.Bg, 72.20.Fr DOI: 10.1088/1674-1056/ac0133

1. Introduction
Carrier mobility is one of the fundamental parameters of

semiconducting materials as it characterizes how fast a car-
rier can move across the device when pulled by an electric
field.[1,2] In general, carriers in a semiconductor can be scat-
tered by phonons, impurities, lattice defects such as disloca-
tions, neutral defects, surfaces and interfaces, and other car-
riers (e.g., scattering between electrons and holes). All these
scattering processes limit the carrier mobility by reducing the
mean scattering time τ , which is a phenomenological scatter-
ing time introduced to account for the scattering of the car-
riers by impurities, phonons, and so on. The scattering time
usually depends on the crystal wave vector 𝑘 since, in the ab-
sence of an external field, the carriers at thermal equilibrium
are distributed in bands according to the Fermi–Dirac distribu-
tion function f 0

i𝑘 = {exp[(Ei𝑘−EF)/kBT ]+1}−1, where Ei𝑘

is the carrier energy, EF Fermi energy, kB Boltzmann con-
stant, and T carrier temperature. The application of an ex-
ternal electric field 𝐹 modifies the distribution of carriers to
be described by a perturbed distribution function fi𝑘(𝑟) with
its variation following the semiclassical Boltzmann transport
equation (BTE), in which the carriers are treated as particles
regarding their mean free path should be much larger than the
de Broglie wavelength and the correlation between the carriers

is ignored.[3] The Boltzmann transport equation can be simpli-
fied by using the relaxation time approximation[3](

∂ fi𝑘

∂ t

)∣∣∣
scatt

≈
fi𝑘− f 0

i𝑘
τi𝑘

, (1)

which is based on the assumption that for small changes in fi𝑘

the net effect of the scattering processes is to cause carriers to
return to equilibrium in a characteristic time τi𝑘. From the lin-
earization of the BTE, we can now obtain the current density
due to carriers in band i,

𝑗i =− e
Ω

∫
𝑣i𝑘 fi𝑘

d𝑘
ΩBZ

, (2)

𝑗i =
e2

Ω

∫
τi𝑘𝑣i𝑘

(
∂ f 0

i𝑘
∂Ei𝑘

)
(𝑣i𝑘 ·𝐹 )

d𝑘
ΩBZ

, (3)

where Ω and ΩBZ are the volume of the crystalline unit
cell and the first Brillouin zone, respectively, and 𝑣i𝑘 =

h̄−1
∂Ei𝑘/∂𝑘 is the velocity of carriers with wave vector 𝑘.

From the microscopic form of Ohm’s law, the current density
is also related to the carrier mobility, 𝑗 = e(neµe + nhµh)𝐹 ,
where ne and nh are the total densities of electrons and holes,
and µe and µh are the averaged electron and hole mobilities,
respectively. We can then define the mobility tensor for carri-
ers in band i,

µi,αβ =− e
niΩ

∫ d𝑘
ΩBZ

(
∂ f 0

i𝑘
∂Ei𝑘

)
𝑣i𝑘,α𝑣i𝑘,β τi𝑘, (4)
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where ni is the steady-state concentration of free carriers in
band i. Finally, the overall electron mobility will be given by
the sum over all conduction bands (CBs) or valleys, weighted
by ni, that is,

µe,αβ =
1
ne

∑
i∈CB

niµi,αβ , (5)

and the overall hole mobility is

µh,αβ =
1
nh

∑
i∈VB

niµi,αβ , (6)

In order to calculate carrier mobility we have to obtain the
scattering time τi𝑘, which is defined as the inverse of the total
scattering rate at which carriers with a specific wave vector 𝑘
in band i scatter to any other state,

1
τi𝑘

= ∑
j𝑘′

S(i𝑘, j𝑘′)[1− f 0
j𝑘′ ]. (7)

Here S(i𝑘, j𝑘′) is the probability per unit time that a carrier
with wave vector 𝑘 in band i will be scattered into another
state 𝑘′ in band j and can be calculated using Fermi’s golden
rule

S(i𝑘, j𝑘′) =
2π

h̄

∣∣Hi j(𝑘,𝑘
′)
∣∣2δ (E j𝑘′ −Ei𝑘−∆E), (8)

where Hi j(𝑘,𝑘
′) = ⟨i𝑘|Hscatt| j𝑘′⟩, Hscatt is the Hamiltonian

for the scattering processes which conserve both energy and
wave vector, and ∆E is the corresponding change in en-
ergy of carrier. Carriers in a semiconductor are scattered by
their interaction with the phonons (both acoustic and optical
phonons), ionized impurities, neutral defects, surfaces and in-
terfaces, and other carriers (e.g., scattering between electrons
and holes).[4] It was realized that that in common semiconduc-
tors, carriers are predominantly scattered by phonons in a large
temperature range, apart from its other roles in the hot-electron
thermalization process.[3] Therefore, in this work, we focus on
phonon-limited carrier mobilities in semiconductors. We will
assume that a carrier with initial energy Ei𝑘 and wave vector
𝑘 in band i is scattered to another state with energy E j𝑘+𝑞 and
wave vector 𝑘+𝑞 in band j via emission or absorption of a
phonon with energy h̄ω𝑞ν and wave vector 𝑞 in phonon mode
ν , the phonon-limited τi𝑘 is then given by[5,6]

1
τi𝑘

=
2π

h̄ ∑
jv

∫ d𝑞
ΩBZ

∣∣Hi jν (𝑘,𝑞)
∣∣2

×
[(

1+n𝑞ν − f 0
j𝑘
)

δ (Ei𝑘−E j𝑘+𝑞 + h̄ω𝑞ν)

+
(
n𝑞ν + f 0

j𝑘
)

δ (Ei𝑘−E j𝑘+𝑞 − h̄ω𝑞ν)

]
, (9)

where f 0
i𝑘 and nν𝑞 are the Fermi–Dirac and Bose–Einstein dis-

tribution functions for carriers and phonons, respectively, and
the matrix elements Hi jν (𝑘,𝑞) are defined by[6]

Ĥe-ph = ∑
j𝑘′,i𝑘

⟨Ψj𝑘′
∣∣Ĥe-ph

∣∣Ψi𝑘⟩ĉ†
j𝑘′ ĉi𝑘

= N−1/2
p ∑

i jv
Hi jv(𝑘,𝑞)ĉ

†
j𝑘+𝑞 ĉi𝑘(â

†
−𝑞v + â𝑞v), (10)

where Ĥe-ph is the electron–phonon coupling Hamiltonian to
the first order in the atomic displacement, â†

−𝑞v and â𝑞v rep-
resent the creation and destruction operators of phonons with
energy h̄ω𝑞v, and ĉ†

j𝑘+𝑞 and ĉi𝑘 for the creation and destruc-
tion operators of carriers in states Ψj𝑘+𝑞 and Ψi𝑘, respectively.
The detailed information about the electron–phonon matrix el-
ement Hi jv(𝑘,𝑞) is given in Ref. [6].

If we learn the electron–phonon matrix elements, we are
ready to calculate the carrier mobility by inserting Eq. (9) into
Eq. (5). However, the electron–phonon matrix elements were
historically treated semi-empirically considering the fact that
the potential seen by carriers is disturbed by the displacement
of the atoms due to thermal vibrations. Such perturbation
causes exchange of energy and momentum between carrier
and phonons, which then impacts the carrier scattering time.
Specifically, carriers can interact with phonons via deforma-
tion potentials since the energy variation of the band edges is
related to the lattice strain caused by atomic displacement due
to acoustic phonons[7] and nonpolar optical phonons.[8] The
former is called acoustic (AC) deformation potential scatter-
ing with the interaction Hamiltonian[9,10]

HAC = ∑
i, j

1
2

(
∂u j

∂xi
𝒟 ji +𝒟 ji ∂u j

∂xi

)
, (11)

where 𝒟 ji is the deformation potential of valence band (for
holes) and of conduction band (for electrons) and ∂u j/∂xi is
the strain[11] induced by the the lattice displacement, which is
𝑢(𝑟) = ∑𝑞

√
h̄

2MNω𝑞
e𝑞[a𝑞 e i𝑞·𝑟+a†

𝑞 e−i𝑞·𝑟] if we consider an
elastic wave. The latter is nonpolar optical (NPO) deformation
potential scattering with the interaction Hamiltonian[10,12]

HNPO =
1
2 ∑

xx′
uxx′𝒟xx′

opt, (12)

where 𝒟xx′
opt is the optical deformation potential. In polar

semiconductors, carriers can also couple with optical phonons
via the induced longitudinal electrical field[13] as the macro-
scopic polarization field generated by the out-of-phase vibra-
tion [longitudinal-optical (LO) phonon with phonon energy
h̄ωLO] in electric dipoles tends to strongly couple with car-
riers, termed polar optical phonon (POP) scattering with the
interaction Hamiltonian given by[11]

HPOP = i
1
ε0

(
e2h̄

2V γωLO

)1/2

∑
𝑞

(
a𝑞 e i𝑞·𝑟 +a+𝑞 e−i𝑞·𝑟

)
. (13)

An analogy of POP scattering to longitudinal-acoustic (LA)
phonons is the piezoelectric (PZ) scattering[14] with interac-
tion Hamiltonian given by[11]

HPZ = ∑
𝑞

ee*PZ
ε*

√
h̄

2MNω𝑞

(
a𝑞 e i𝑞·𝑟 +a+𝑞 e−i𝑞·𝑟

)
. (14)
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Here e*PZ and ε* are the effective piezoelectric constant and ef-
fective dielectric constant, respectively, M is the total mass in
a unit cell, and N is the number of unit cells per unit volume.

The strength of carrier–phonon coupling of these four
types of scattering mechanisms is characterized by a variety
of deformation potentials responsible for strains induced by
lattice vibrations in acoustic and optical phonons.[15,16] How-
ever, some of these deformation potentials are usually difficult
to measure accurately and thus taken as adjustable parame-
ters. It may yield a fortuitous agreement between the experi-
mental values and simple model calculations as evidenced by
the fact that experimentally measured hole mobility data can
be fitted well both with and without polar-mode scattering for
semiconductors.[16,17]

Such uncertainties seem to be avoided by a recently devel-
oped first-principles approach[6,18,19] to evaluate the electron–
phonon matrix elements Hi jν(𝑘,𝑞). However, it costs mas-
sive computational resources because extremely fine grids of
𝑘 and 𝑞 are required to predict reliable mobilities. Specif-
ically, Ma et al.[20] found that the convergence of mobility
values to within 0.5% requires 300× 300× 300 𝑘 points and
150× 150× 150 𝑞 points for the prediction of hole mobility
in GaAs. Despite electron–phonon matrix elements on such
dense Brillouin-zone grids are obtained by means of the Wan-
nier interpolation scheme, which allows the determination of
the e–ph coupling matrix fully from first-principles calcula-
tions with a much sparse Brillouin-zone grid, say, 6×6×6 𝑘

and 6×6×6 𝑞 uniform meshes,[20] the 3-dimensional integra-
tion of Eq. (5) is still very expensive. This high-dimensional
integration can be reduced, if not avoided, by adopting a vari-
ety of approximations, see Ref. [21] for a recently brief review.
Particularly, in order to derive analytical formulas for carrier
mobility based on the phenomenological electron–phonon in-
teraction models, one usually considers the simple case of a
nondegenerate electron (or hole) gas in a parabolic band with
an isotropic effective mass m* in a cubic crystal.[4] The Fermi–
Dirac distribution function for a non-degenerate electron gas
can also be approximated by the Boltzmann distribution. The
introduced error in this approximation is less than 5% for the
high anisotropic valence bands,[15] which is much less than
the errors arising from uncertainty in band structures. For in-
stance, Poncé et al.,[5] showed that the predicted Si hole mo-
bility can also vary from 502 cm2/V·s to 820 cm2/V·s depend-
ing on the levels of band structure theories used, illustrating
that carrier mobility is very sensitive to the band structure.

In this work, taking hole mobility as an example, we
propose a simplified method for the evaluation of mobilities
(SMM) by combining first-principles density functional per-
turbation theory for the prediction of Hi jν(𝑘,𝑞) and an as-
sumption of a parabolic band with an isotropic effective mass
m* for each of three topmost valence bands. The latter leads

the 𝑘-dependent 𝑣i𝑘 to be a constant group velocity charac-
terized by m* in Eq. (5). This method overcomes the difficul-
ties caused by both the aforementioned full first-principles ap-
proach and the semi-empirical approach. We indeed find that
this SMM can still give a reasonable result for the phonon-
limited scattering the same as first-principles method. How-
ever, different from the full first-principles method, once we
have obtained the imaginary part of the carrier self-energy or
relaxation time via the full first-principle method, we can exact
the band-resolved and phonon-limited hole mobility via SMM.
Therefore, the method cannot only reduce computation re-
sources but also conduce to analyzing band-resolved phonon-
limited hole mobility with a clear physical image, which will
be further discussed in our future works.

2. Methodology
To simplify the evaluation of hole mobilities but keep-

ing the accurate description of electron–phonon interaction
the same as first-principles approach, the assumption of an
isotropic and parabolic band with an isotropic effective mass
is implemented to estimate the group velocity of holes.[4] In
this approximation, the multiplication of group velocities in α

and β directions, respectively, in Eq. (5) can be simplified to

vi𝑘,α vi𝑘,β u
2εi𝑘

m*
i
, (15)

where 1/m*
i = (1/m[100]

i + 1/m[110]
i + 1/m[111]

i )/3 is the av-
eraged effective mass for an anisotropic valence band i (i =
heavy-hole, light-hole, and spin–orbit split bands). Inserting
Eq. (15) into Eq. (7), the mobility of holes in the valence band
i can be rewritten as

µi =− 1
niΩ

2e
m*

i

∫
εi𝑘 ·

d𝑘
ΩBZ

·
∂ f 0

i𝑘
∂εi𝑘

· τi𝑘. (16)

The advantage using the approximation of an isotropic group
velocity to replace 𝑣i𝑘 is that we can reduce significantly the
density of the 𝑘-mesh to save a large fraction of computational
cost. Because the group velocity 𝑣i𝑘 is extremely sensitive to
the variation of 𝑘, a very dense 𝑘-mesh is usually required in
order to have a smooth change in 𝑣i𝑘.[6,18,19] Thus, the integra-
tion over 𝑘-space in Eq. (16) is extremely computational cost
because of the required dense 𝑘-mesh. Here, we only need a
moderate dense 𝑘-mesh for τi𝑘 (details see below).

The integration over 𝑘-space in the above equation
[Eq. (16)] can now be replaced by an integration over the en-
ergy ε using the density of states (DOS) ρ(ε),

1
Ω

∫ d𝑘
ΩBZ

=
1

ΩΩBZ

∫∫∫
dkx dky dkz

=
1

(2π)3

∫
ρ(ε)dε. (17)
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We then rewrite Eq. (16) as

µi =− 1
ni(2π)3

2e
m*

i

∫
∂ f 0

i (εi)

∂εi
τi(εi)ρ(εi)εi dεi. (18)

For a parabolic band in three dimensions, the DOS ρ(ε) is
given by (including spin degeneracy)[4]

ρ(ε) =
1

2π2

(2m*
i

h̄2

)3/2
ε

1/2
i . (19)

The above treatment allows us to keep the sum over band in-
dex j and phonon mode ν in Eq. (9) and we can further rewrite
Eq.(16) as

µi = ∑
j,ν

− 1
ni(2π)3

2e
m*

i

∫
∂ f 0

i (εi)

∂εi
ρ(εi)τi, j,ν(εi)εi dεi

=
e

m*
i
·∑

j,ν

⟨τi, j,ν εi⟩
⟨εi⟩

. (20)

Here, τi, j,ν is the scattering time from band i to band j in-
duced by phonon mode ν , which satisfies the Matthiessen’s
rule τi

−1 = ∑ j,ν (τi, j,ν)
−1; and ⟨τi, j,ν εi⟩ and ⟨εi⟩ stand for

⟨εiτi, j,ν⟩=
∫

∂ f 0
i

∂εi
ρ(εi)τi, j,ν εi dεi, (21)

⟨εi⟩=
∫

∂ f 0
i

∂εi
ρ(εi)εi dεi. (22)

This treatment enables us to assess the intraband and interband
scatterings for holes. Inserting Eq. (20) into Eq. (7), we finally
obtain the total hole mobility µh.

If having the valence band structure, electron–phonon
coupling matrix elements, and phonon dispersion for a spe-
cific semiconductor, we are ready to predict its hole mobil-
ity. We obtain these quantities following Giustino and his
co-workers[6,22] by carrying out first-principles calculations
within density-functional theory (DFT) as implemented in the
EPW code of the QUANTUM ESPRESSO[23] distribution, in
conjunction with a generalized Wannier–Fourier interpolation
technique.[24] To obtain the total energy and band structure for
Si and SiC, we perform calculations using a 2-atom primary
cell with a 12 × 12 × 12 Monkhorst–Pack 𝑘-point mesh for
integration over the Brillouin zone, and a 400-eV cutoff for
the plane-wave basis set. In order to include spin–orbit cou-
pling (SOC), we adopt the optimized norm-conserving Van-
derbilt (ONCV) fully relativistic pseudopotentials[25–27] gen-
erated by the ONCVPSP code. In the case of phonon-related
calculations, we initially choose a 6× 6× 6 coarse 𝑞 and 𝑘

meshes, which are interpolated to a dense grid with 4720 𝑘

points and 43288 𝑞 points[28] at the near region of Γ point
via the Wannier interpolation. The Fermi energy level is set
to 0.3 eV above the VBM to account for non-degenerate hole
gas. SOC is always included in our calculations for both elec-
tronic structure or phonon dispersion since it has a remarkable

impact on the prediction of the hole mobility as reported in
different materials.[5,20,29] For example, Ponce et al.[5] found
that the inclusion of SOC will increase hole mobility by 10%.

In our calculations, we take an experimental lattice con-
stant of 5.43 Å for Si the same as the full first-principles
calculations for mobility.[5] The DFT estimated fundamental
bandgap of Si is 0.4351 eV, which is significantly smaller than
the experimental value of 1.12 eV[30] due to the well known
DFT error in bandgap. This underestimation in bandgap will
artifically introduce scattering channels from valence bands to
conduction bands for holes at high temperature. Therefore,
we have to rigidly shift the whole conduction band up to give
a 1.12 eV bandgap in order to get a reasonable scattering chan-
nel of holes. For SiC, we take a zinc-blend structure (3C-
SiC) with a lattice constant of 5.645 Å.[31] The DFT estimated
bandgap of 3C-SiC is 1.384 eV smaller than the experimental
value of 2.417 eV. Because the DFT bandgap is large enough
to suppress the artificial interband scattering between conduc-
tion and valence bands, we will not shift the conduction band
in calculations of carrier mobility. It is also worth to note that
the current EPW code[22] will not correctly describe the LO–
TO splitting at q = 0 for all polar materials because it does not
include the non-analytic term. Therefore, the effect of phonon
at q = 0 is ignored in calculations considering its contribution
to carrier–phonon scattering can be significantly reduced by
increasing the number of 𝑞 points in the 𝑞-mesh.

3. Results
Here, we take Si and SiC as two examples to validate

our proposed simplified approach for the full first-principles
calculations of carrier mobility. Regarding Si and SiC are
highly anisotropy in the valence bands, our simplified ap-
proach based on the assumption of isotropic and parabolic
bands should give the worst results in these two semiconduc-
tors. Figure 1 shows our predicted Si hole mobility as a func-
tion of temperature in comparison with the best result obtained
from the full first-principles calculations.[5] After consider-
ing effects of Brilouin-zone sampling and iterative solution
of Boltzmann transport equation, DFT exchange and correla-
tion, spin–orbit coupling, many-body quasiparticle corrections
to the band structure, corrections to the DFT screening in the
electron–phonon coupling matrix elements, and lattice ther-
mal expansion, Ponce et al.[5] suggested that combination of
several methods (named PBE EXP SOC+SCR+IBTE) should
be the best computational setup for the prediction of carrier
mobility. We see from Fig. 1 that our predicted hole mobility
is in good agreement with that from the full first-principles ap-
proach above room temperature. Divergence becomes more
visible as temperature is going down. To make such com-
parison, we intentionally take the effective masses of Si va-
lence bands for calculating the group velocity from the corre-
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sponding first-principles calculation rather than from the ex-
tensively cited experimental data.[4,32] The electron–phonon
coupling matrix elements and band structure for energy- and
momentum-conversation rules in Eq. (9) are obtained in an ex-
act same way as in the full first-principle calculation. There-
fore, the only difference between these two compared methods
occurs in group velocities. The valence bands of semiconduc-
tors are complex because of the shapes of their constant en-
ergy surfaces referred to as warped spheres. The warping oc-
curs along the [100] and [111] directions because of the cubic
symmetry of the zinc-blende crystal. Hole transport is com-
monly believed to be substantially affected by the warping and
anisotropy of the valence bands. Here, we demonstrate that we
reproduce reasonably well the full first-principles hole mobil-
ity of Si by using 𝑘-independent group velocities with an as-
sumption of isotropic and parabolic valence bands although Si
has the highest degree of anisotropy among common semicon-
ductors as it has the largest ratio of C/B (Dresselhaus–Kip–
Kittel (DKK)[33] valence band parameters).

our results
our results-DKK

our results-measured
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Fig. 1. Hole mobilities of Si as a function of temperature, calculated
from our simplified approach with the effective mass from the first-
principle calculation (blue solid line),[5] and from the DKK band pa-
rameters (blue dashed line)[34] and from the experimental measure-
ment (blue dotted line),[4,32] compared with theoretical data from the
full first-principle calculation (green solid line),[5] and the experimental
data (open symbols). Experiments are from Ref. [35] (△), Ref. [36]
(O), Ref. [37] (♦), and Ref. [38] (○).

Polar scattering arising from optical phonons (POP) and
acoustic phonons (PZ) is absent in the nonpolar diamond
structure Si. In order to examine the effect of these two scatter-
ing mechanisms on the robust of our simplified approach, we
do a comparison for polar SiC as shown in Fig. 2. It exhibits
that our simplified approach gives a very good agreement in an

even wider temperature range from 200 K to 700 K, which has
available experimental[39–41] and full first-principles data.[42]
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Fig. 2. Hole mobilities of 3C-SiC as a function of temperature, cal-
culated from the the full first-principle Boltzmann formalism (blue
solid line), compared with theoretical data from conventional relaxation
time approximation[42] (green solid), and the experimental values from
Refs. [39–41].

From these two comparisons for both nonpolar and polar
semiconductors with the high degree of anisotropic valence
bands among semiconductors, we have demonstrated that our
simplified approach is reasonable and efficient alternative to
the full first-principles calculations. The accuracy of the sim-
plified approach should be even better in semiconductors with
less anisotropy in bands.

4. Discussion
Figure 1 shows that the Si hole mobility predicted by the

best tuned full first-principles calculations is still away from
the experimental measured values over the large temperature
range. Specifically, Ponce et al.[5] found that the Si hole
mobility at room temperature can vary from 658 cm2/V·s to
820 cm2/V·s predicted by the full first-principles calculations
considering the effects of exchange and correlation, spin–orbit
coupling, many-body quasiparticle corrections, corrections to
the DFT screening in the electron–phonon coupling matrix el-
ements, and lattice thermal expansion. The best computational
setup (considering the effect of many-body correlations on the
band extreme within the GW quasiparticle approximation and
correcting the DFT screening via the most accurate description
of the screening) predicted a hole mobility of 658 cm2/V·s,
which is at least 30% higher than the experimental data (450–
510 cm2/V·s[30,34]). This overestimation on the hole mobility
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was identified due to the overestimation of the band disper-
sion, which is characterized by a smaller effective mass, par-
ticularly for the heavy hole band along the [100] direction (see
Table 1). The experimental heavy hole mass along [100] di-
rection is 0.46me,[4] whereas the first-principle predictions are
usually smaller than 0.243me.[5,20] Ponce et al.[5] found that,
if they replace the valence band structure by a set of parabolic
bands fitting to the experimental effective masses in their best
first-principles calculations, they can further improve the hole
mobility to µh = 502 cm2/V·s which is much close to the ex-
perimental values.

Carrier mobility depends on the band structure in two
aspects, one is the density of final states in the scattering
process, which is the described by energy- and momentum-
conservation in Eq. (9), the other one is the group velocity as
given in Eq. (5). In full first-principles calculations, it is diffi-
cult to separate the influences of these two aspects to hole mo-
bility. Our simplified approach offers the chance to separate
them since we can only consider the group velocity from ex-
perimental effective masses and keep the calculation of Eq. (9)
using full first-principles (here, the band structure for energy-
and momentum-conservation is taken from GW). In doing so,
we adopt the experimental effective masses based on DKK
valence band parameters,[34] and obtain a Si hole mobility
µh = 505 cm2/V·s, which is very close to the experimental
values. Figure 1 further shows that our improved hole mobil-
ity is actually in great agreement with experimental data over
a wide range of temperatures from 100 K to 500 K. Since our
improved data is so close to Ponce et al. obtained value of
µh = 502 cm2/V·s, we can safely conclude that the change of
the density of states of the final states in Eq. (9) induced by the
overestimation of the band dispersion by the first-principles
calculations has a negligible effect on the hole mobility.

In recent years, extensive works[20,22,29,42] have reported
that very dense 𝑘 and 𝑞 meshes are required in order to cal-
culate accurately carrier mobility. The purpose is to have the
band structure via Wannier interpolation in an extremely fine
𝑘-mesh, from which we can obtain the carrier group velocity
smoothly. We have demonstrated that we can use a parabolic
band to obtain the velocity group and sparse 𝑘 and 𝑞 meshes
(with one-order of magnitude smaller in numbers of 𝑘 and 𝑞)
to reproduce well the full first-principles results. We can learn
that, in order to obtain an accurate carrier mobility, it is cru-
cial to have correct group velocities reflecting the real band
structure. It is not necessary to describe these group velocities
on a very dense 𝑘 mesh. On the other hand, it is well known
that the first principles make it difficult to obtain the exact ef-
fective mass and group velocity, even with very complex GW
many-body perturbation theory and modified Becke and John-
son (mBJ) method.[43] Kim[43] also argued that it is almost im-
possible to simultaneously obtain both band-gap and effective
mass close to the experimental value, no matter how to adjust
the ratio of functional. Therefore, it is impossible to obtain an
accurate hole mobility by the full first-principles calculations
unless one can correct the valence bands to have correct effec-
tive masses. The key to reduce the computational resources
is to obtain the exact electronic structure on coarse 𝑘 and 𝑞

meshes. At present, in addition to fitting band structures from
the measured effective masses, the atomistic semipseudopo-
tential method (SEPM)[44] is also a good choice. Hence, if
perfectly describing the effective mass of the hole band using
the two approaches combined with the scattering rate Eq. (9),
we can deduce that the approximate group velocity does not
cause non-negligible uncertainty and the hole mobility can be
evaluated accurately.

Table 1. Comparison between effective masses of silicon calculated using GW quasiparticle approximation with SOC[5] and experimental data
from Refs. [4,32,34], in units of the electron mass. Expt. 1 means the effective mass calculated from the DKK band parameters,[34] and Expt. 2
represents the directly measured effective mass.[4,32] m*

d and m*
c denote the density-of-states and conductivity effective masses, respectively.

Band GW SOC Expt. 1 Expt. 2

Heavy hole

[100] 0.2430 0.2747 0.4600

[110] 0.5120 0.5795 0.5300

[111] 0.6430 0.7381 0.5600

m*
d 0.4309 0.4898 0.5149

m*
c 0.3935 0.4464 0.5131

Light hole

[100] 0.2020 0.2041 0.1700

[110] 0.1400 0.1468 0.1600

[111] 0.1320 0.1392 0.1600

m*
d 0.1551 0.1609 0.1633

m*
c 0.1525 0.1587 0.1632

Split-off hole

[100] 0.2260 0.2342 0.2300

[110] 0.2250 0.2342 0.2300

[111] 0.2270 0.2342 0.2300

m*
d 0.2260 0.2342 0.2300

m*
c 0.2260 0.2342 0.2300

(A, B, |C|) (–4.53, –0.418, 5.16) (–4.27, –0.630, 4.93) (–4.03, –1.854, 2.15)
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5. Conclusion
In this article, we presented a simplified hole mobility

computational approach based on the EPW software in the
field of electron–phonon calculations. In comparison with
the full first-principle and experimental values, two physically
relevant examples showcasing the traits of the simplified ap-
proach were presented in detail.
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