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ABSTRACT

The key obstacle toward realizing integrated gallium nitride (GaN) electronics is its low hole mobility. Here, we explore the possibility of
improving the hole mobility of GaN via epitaxial matching to II–IV nitride materials that have recently become available, namely, ZnGeN2

and MgSiN2. We perform state-of-the-art calculations of the hole mobility of GaN using the ab initio Boltzmann transport equation. We
show that effective uniaxial compressive strain of GaN along the ½1�100� by lattice matching to ZnGeN2 and MgSiN2 results in the inversion
of the heavy hole band and split-off hole band, thereby lowering the effective hole mass in the compression direction. We find that lattice
matching to ZnGeN2 and MgSiN2 induces an increase in the room-temperature hole mobility by 50% and 260% as compared to unstrained
GaN, respectively. Examining the trends as a function of strain, we find that the variation in mobility is highly nonlinear; lattice matching to
a hypothetical solid solution of Zn0.75Ge0.75Mg0.25Si0.25N2 would already increase the hole mobility by 160%.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0092709

Wurtzite gallium nitride has become a fundamental semiconduc-
tor component in a variety of electronic and optical devices, including
radio frequency applications,1,2 power electronics,3 and light emitting
diodes (LEDs).4–6 Many remarkable properties of GaN can be traced
back to its electronic structure. As a wide-gap semiconductor with a
bandgap of 3.4 eV at room temperature,7,8 GaN can support higher
voltages without experiencing field-induced breakdown when com-
pared with Si. GaN can be alloyed with other nitride semiconductors
such as AlN9,10 and InN11,12 to tune the bandgap between 0.6 and
6.2 eV, allowing for the realization of an array of materials for opto-
electronic applications.

Electrons in GaN exhibit high room-temperature mobility, reach-
ing up to 1000 cm2/V s (Refs. 13–19) at low defect concentrations.
Conversely, hole carriers in GaN exhibit comparatively low mobility,
usually below 31 cm2/V s.20–25 The imbalance between electron and
hole mobility hinders the application of GaN to integrated electronics
based on complementary field-effect devices and severely limits the
uses of p-channel GaN in power electronics and radio frequency

switching.3,26 In order to meet these technological demands, materials
engineering approaches aimed at increasing the hole mobility of GaN
are needed.

A common approach to improving the carrier mobility of semi-
conductors is via strain engineering. In the case of GaN, several experi-
mental and theoretical/computational reports explored this possibility.
Using the k � p perturbation theory, Suzuki and Uenoyama found that
compressive uniaxial strain along the in-plane ½�1100� axis (see Fig. 1)
induces the inversion of the heavy hole and split-off hole bands.27 The
resulting valence-band maximum has a small effective mass along the
ky direction, leading to increased hole mobility. Using an effective-
mass-theory approach, Yeo et al. found that for growth in the (10�10)
crystal orientation, strain induced in a GaN quantum well sandwiched
between AlGaN layers would lead to a lighter effective mass along the
compression direction.28 In recent experiments, Gupta et al. realized
uniaxial compressive strain of GaN in the basal plane of the wurtzite
structure (perpendicular to the ½0001� axis, see Fig. 1) by using a fin
geometry, while allowing for strain release in the other directions.29
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This setup achieved a 25%–50% reduction in the sheet resistance of
p-type GaN along the compressive uniaxial strain direction. Using the
ab initio Boltzmann transport equation (aiBTE), Ponc�e et al. showed
that imposing tensile biaxial strain in the (0001) plane, resulting in 2%
compression along the c axis, raises the split-off band above the heavy-
and light-hole bands, thereby increasing the hole mobility along the
same direction by 250%.17,18

In this work, we explore an alternative strategy for improving the
hole mobility of GaN via strain engineering. A possible route to induc-
ing in-plane uniaxial strain perpendicular to the GaN crystal c
([0001]) axis is via epitaxial growth of GaN on II–IV nitride materials
with mismatched lattice parameters. Two candidate materials for this
purpose are ZnGeN2 and MgSiN2, which crystallize in an orthorhom-
bic lattice with space group Pna21. To discuss the relation between the
lattice parameters of ZnGeN2, MgSiN2, and GaN, we use a common
reference frame for the hexagonal and the orthorhombic lattices, as
shown in Fig. 1. The correspondence between hexagonal and ortho-
rhombic directions is provided in Table S1.

For ZnGeN2, a range of values has been reported for the room-
temperature (300K) lattice parameters along the ½100� and ½010� direc-
tions [see Fig. 1(b)]: a ¼ 6.38–6.45 Å and b ¼ 5.46–5.52 Å.30,31 We
consider the values a ¼ 6.425 Å and b ¼ 5.478 Å to be representative
as averages over the experimentally measured lattice parameters and
will proceed to use these to determine strain values. For MgSiN2, accu-
rate x-ray and neutron diffraction measurements at room temperature
indicate lattice constants a¼ 6.473 Å and b¼ 5.272 Å.32

The lattice parameters of GaN in the orthorhombic cell outlined
in Fig. 1(a) are a¼ 6.364 Å and b¼ 5.511 Å;31,33 therefore, the epitaxial
matching of GaN to ZnGeN2 and MgSiN2 will induce a tensile strain
ex along the a (x) direction and a compressive strain ey along the b (y)
direction. For calculations of strained GaN, we impose the strain using
the experimental room-temperature lattice parameters of GaN and the
II–IV nitrides (see details in the supplementary material). The result-
ing strain values are listed in Table I. Growth of ZnGeN2 on GaN has

recently been demonstrated via molecular beam epitaxy,31 paving the
way for the realization of devices based on strained GaN. Growth of
GaN on MgSiN2 or MgSiN2 on GaN has not yet been explored. The
effect of in-plane uniaxial strain on the mobility of GaN has been
investigated theoretically using a variety of effective-mass models,34–37

but these models predate recent developments in predictive ab initio
calculations of carrier mobilities;17,19,38 hence, a study using state-of-
the-art computational techniques is warranted.

We perform density functional theory (DFT) calculations, den-
sity functional perturbation theory (DFPT) calculations, and
Wannier–Fourier interpolation of the electronic structure, phonon
dispersions, and electron–phonon coupling matrix elements using the
Quantum ESPRESSO package,39 the Wannier90 code,40 and the EPW
code.41–44 We use the local density approximation (LDA)45,46 and
optimized norm-conserving Vanderbilt (ONCV) pseudopoten-
tials.47,48 In order to obtain accurate band structures and effective
masses, we employ the GW method as implemented in the Yambo
code,49–51 including spin–orbit coupling in the calculations. The calcu-
lation of carrier drift mobility is performed using the ab initio
Boltzmann transport equation52,53 (aiBTE) and ultra-dense grids of
wavevectors in the Brillouin zone,38,54–56 as implemented in the EPW
code. A detailed description of the computational setup is provided in
the supplementary material.

We perform structural optimization of the unit cell parameters
and internal coordinates of unstrained GaN. For strained GaN, we
determine the strain configuration in the xy plane using the experi-
mental lattice parameters of GaN, ZnGeN2, and MgSiN2, and we opti-
mize the c parameter as well as the internal coordinates, see Fig. 1.
Detailed information about the structural parameters and strain levels
considered is reported in Table S1 and Fig. S1. In the following, we dis-
cuss three systems: unstrained GaN, and GaN strained to match
ZnGeN2 (GaN@ZnGeN2) or MgSiN2 (GaN@MgSiN2) (Table I).

Figures 2(a)–2(d) show the valence-band structure of unstrained
and strained GaN near the band extremum. In panels (a) and (b), we
compare unstrained GaN with GaN@ZnGeN2, and in panels (c) and
(d), we compare unstrained GaN with GaN@MgSiN2. The reciprocal
space lines C� X, C� Y, and C� Z are aligned with the correspond-
ing Cartesian directions in real space, shown in Fig. 1. The strain indu-
ces an inversion of the heavy-hole band and of the split-off hole band
along the compression direction C� Y, leading to a reduced effective
mass in the same direction. The energy separation between the
inverted bands along this direction is 50meV for ZnGeN2 and

FIG. 1. (a) Crystal structure of GaN with Ga shown in dark blue and N in silver. The primitive unit cell of GaN is shown as the thick black diamond, and the orthorhombic unit
cell is shown in red. The lattice parameters a and b refer to the orthorhombic cell. The deformed gray diamond shows the strain directions (not in scale). We also show how
the Cartesian reference frame is aligned with respect to the standard crystallographic directions of the hexagonal lattice. (b) Crystal structure of ZnGeN2 and MgSiN2 with Zn
or Mg shown in light blue and Ge or Si in gray. The crystallographic directions of the orthorhombic lattice are aligned with the Cartesian axis.

TABLE I. Strains along the x and y directions resulting from lattice matching GaN to
ZnGeN2 and MgSiN2.

ex ey

GaN@ZnGeN2
30,31 0.96% �0.60%

GaN@MgSiN2
32 1.72% �4.33%

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 120, 202106 (2022); doi: 10.1063/5.0092709 120, 202106-2

Published under an exclusive license by AIP Publishing

https://www.scitation.org/doi/suppl/10.1063/5.0092709
https://www.scitation.org/doi/suppl/10.1063/5.0092709
https://scitation.org/journal/apl


320meV for MgSiN2. We note that this behavior is only observed for
the compression direction, while band inversion does not occur along
the directions of tensile strain (C� X andC� Z).

In Figs. 2(e)–2(g), we show maps of the energy of the highest
valence band of GaN, GaN@ZnGeN2, and GaN@MgSiN2 in the kx–ky
plane, respectively, for kz¼ 0. Panel (e) shows the expected sixfold
symmetry of the band of unstrained GaN. Panels (f) and (g) show that
strain reduces this symmetry, and the map adopts the symmetries of
the orthorhombic structure with the steepest dispersion and lightest
mass along the ky direction.

To quantify the change in effective masses, we calculate the cur-
vature of the GW bands along the kx, ky, and kz directions using finite
differences within 5meV of the valence-band maximum. The results
of these calculations are reported in Table II, and methodological
details are provided in the supplementary material. Unstrained GaN

exhibits an effective mass m� ¼ 0:48me along the C� X and C� Y
directions, and m� ¼ 1:98me along C� Z. These values are in agree-
ment with previous GW calculations.17 In the case of anisotropically
strained GaN, we find lighter effective masses along the direction of com-
pression, namely, m� ¼ 0:21me and m� ¼ 0:18me for GaN@ZnGeN2

and GaN@MgSiN2. The electron effective masses can be found in Table
S4 of the supplementary material.

We note that we find significant non-parabolicity in the valence
band frontier of GaN, as noted in previous theoretical calculations.57

In particular, a parabolic dispersion is found only within a 5meV
energy range from the valence band top in unstrained GaN. Below this
energy, a band swap occurs, and the heavy-hole band becomes the
highest valence band. The valence bands of strained GaN@ZnGeN2

also display non-parabolicity: the bands within 50meV of the maxi-
mum are split-off holes with low effective masses, while the bands
below 50meV are the heavy holes. A detailed analysis of the variation
of the effective mass with energy is reported in Fig. S2.

We also checked the effect of strain on the phonon dispersion rela-
tions of GaN. Figure S3 shows the change of the phonon band struc-
tures from unstrained GaN to GaN@ZnGeN2 and GaN@MgSiN2. As
expected, the only significant changes are observed for GaN@MgSiN2,
which carries the largest strain. In this case, we find an 11% reduction in
the group velocity of transverse acoustic phonons along the compres-
sion direction and a 2.5% increase in the longitudinal optical phonon
energy.

Our aiBTE calculations yield room-temperature hole mobilities
along the x and y directions lx ¼ ly ¼ 46 cm2/V s and the z direction

FIG. 2. (a) and (b) Valence-band structure of GaN (gray dashed lines) and GaN@ZnGeN2 (green solid lines) near the band extremum. (c) and (d) Valence-band structure of
GaN (gray dashed lines) and GaN@MgSiN2 (purple solid lines) near the band extremum. (e) Energy of the highest valence band of GaN vs kx and ky in a two-dimensional
plot with kz¼ 0. (f) The same setup as in (e), but for GaN@ZnGeN2. (g) The same setup as in (e), but for GaN@MgSiN2.

TABLE II. Directional hole effective masses of GaN, GaN@ZnGeN2, and
GaN@MgSiN2. We report the hole effective masses for the highest valence band in
each case. This mass corresponds to the heavy holes for GaN and to the split-off
holes for GaN@ZnGeN2 and GaN@MgSiN2. All masses are in units of the free elec-
tron mass.

Direction GaN GaN@ZnGeN2 GaN@MgSiN2

Holes x 0.48 1.57 1.62
y 0.48 0.21 0.18
z 1.98 2.08 2.30
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lz ¼ 42 cm2/V s for unstrained GaN in agreement with previous cal-
culations.17 Our results slightly exceed the mobility of 31 cm2/V s mea-
sured on p-type, ultra-low defect-density GaN samples.24 Upon
application of strain, the mobility increases to ly ¼ 67 cm2/V s for
GaN@ZnGeN2 (47% increase) and to ly ¼ 163 cm2/V s for
GaN@MgSiN2 (255% increase). Temperature-dependent mobilities
for all three cases are shown in Fig. 3.

Along the x and z directions, where the material experiences ten-
sile strain, the hole mobility is only slightly changed: in the case of
GaN@ZnGeN2, the mobility decreases by 12% along the x direction
and by 1% along the z direction; in the case of GaN@MgSiN2, the
mobility increases by 4% along x and decreases by 7% along z. The
temperature-dependent mobilities along the x and z directions are
shown in Figs. S4 and S5. We have also analyzed electron mobilities,
but due to the largely isotropic nature of the conduction band, the val-
ues for GaN@ZnGeN2 and GaN@MgSiN2 show only minor deviations
from the values in unstrained GaN (see the supplementary material).

The mobility is mostly dictated by the band dispersions, which
have been discussed above, and the carrier scattering rates. We analyze
the most representative electron–phonon scattering rates58 by consid-
ering holes located at 3kBT=2 ¼ 39 meV below the valence-band
maximum with T¼ 300K. To do so, we perform a spectral decompo-
sition of the angular-averaged scattering rate by phonon energy (see
Fig. S6). For unstrained and strained GaN, the trends are consistent:
we find that 80% of the scattering rate originates from acoustic pho-
non scattering, and in particular, piezoacoustic scattering. Scattering
by longitudinal-optical phonons accounts for 15% of the total scatter-
ing rate, and scattering by transverse-optical phonons accounts for the
remaining 5%. The scattering rates as a function of energy from the
valence band edge are reported in supplementary material Fig. S7, and
their values at 3kBT=2 are reported in Table III. We see that the scat-
tering rates are much less sensitive to strain than the effective masses;
therefore, the main source of mobility enhancement is the decrease in
the hole mass.

It is instructive to compare our mobility in the compressive y
direction from aiBTE calculations with the trends that one obtains

from a simple Drude model with values reported in Table III. While
the trends in the Drude mobilities are similar to the aiBTE results, the
Drude values are off by a factor of two. We attribute this to the fact
that the valence-band structures of GaN@ZnGeN2 and GaN@MgSiN2

display significant anisotropy and a complex, non-parabolic structure;
a first-principles treatment is, therefore, required to accurately describe
hole transport in strained GaN systems.

The strain values for GaN@ZnGeN2 are modest and should allow
for pseudomorphic growth of GaN layers of sufficient thicknesses for
device structures. The GaN@MgSiN2 values are probably too large to
allow for growth of device structures; we are including MgSiN2 to
establish trends, and in the eventuality that partially relaxed or alloyed
layers based on MgSiN2 could be used in structures with smaller mis-
match. Given that the mobility enhancement in GaN@ZnGeN2 is
modest, and the more appealing GaN@MgSiN2 may be difficult to
realize due to the high strain, we also considered the possibility of
modifying the lattice parameters of ZnGeN2 through alloying. In this
context, we assess the potential of hypothetical solid solutions of
Zn1�xGe1�xMgxSixN2. Figure 4(a) shows how the band structure of
GaN evolves under increasing strain from x¼ 0 to x¼ 1. As expected,
with increasing compressive strain, the heavy hole band is further low-
ered in energy, thereby increasing the energy separation between the
split-off holes and the heavy holes, as shown in Fig. 4(b). However,
while the energy separation between split-off holes and heavy holes is
linear in the strain, we find that the hole mobility varies nonlinearly
and tends to saturate near x¼ 0.25. At x¼ 0.25, the hole mobility in
the y direction is already as high as 121 cm2/V s, which is more than
160% higher than in unstrained GaN.

Finally, the effects of including the long-range quadruple
moment, omitted in this work, in interpolating the electron–phonon
matrix elements in GaN have been previously explored.19,55,56,59 It was
shown that the mobility of GaN increases from 45cm2/Vs to 55cm2/Vs
when including quadrupole corrections (22% increase). We demonstrate
that the scattering physics across strain states remains consistent, and the
increase in hole mobilities is driven by the change in band dispersions
under strain. The inclusion of the long-range quadruple would, thus, scale
the mobilities upwards, but we anticipate the trends with strain to
remain the same. We have additionally tested the influence of
including long-range quadruple moments in the interpolation on
the calculated hole mobility ly in unstrained GaN and found an
increase to 53 from 47 cm2/V s, in agreement with previous studies.

In summary, using state-of-the-art first-principles calculations
and the ab initio Boltzmann transport equation, we investigated the

FIG. 3. Hole mobility in the y direction as a function of temperature, calculated with
the full aiBTE, for unstrained GaN (gray), GaN@ZnGeN2 (teal), and GaN@MgSiN2
(magenta).

TABLE III. Effective masses m�y , scattering rates 1=s, and mobilities in the compres-
sive strain direction (y) for holes in GaN, GaN@ZnGeN2, and GaN@MgSiN2. The
scattering rates are evaluated at room temperature for holes with energy 3kBT=2
below the top of the valence band. The Drude mobility lh;y ¼ es=m�h;y is only an
approximation and is compared with the accurate aiBTE mobility resulting from full
Boltzmann transport calculations including all electron–phonon scattering processes.

GaN GaN@ZnGeN2 GaN@MgSiN2

m�y (me) 0.48 0.21 0.18
1=s (THz) 54.0 59.2 43.9
lh;y (cm

2/V s) Drude 68 141 223
aiBTE 46 67 163
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possibility of increasing the room-temperature hole mobility of GaN
through anisotropic in-plane strain via pseudomorphic epitaxial
growth on ZnGeN2 and MgSiN2. We found that GaN@ZnGeN2 can
lead to an increase in the hole mobility along the direction of compres-
sion from 46 cm2/V s in unstrained GaN to 76 cm2/V s, and
GaN@MgSiN2 can increase the mobility up to 163 cm2/V s. Due to the
nonlinear dependence of mobility on strain, a hypothetical solid solu-
tion of 25% MgSiN2 added to ZnGeN2 would already increase the hole
mobility to 121 cm2/V s. Beyond strain engineering p-channel GaN
devices, growth of effectively uniaxial compressed GaN on II–IV
nitrides could pose a promising route for engineering monolithic GaN
complementary metal–oxide–semiconductor (CMOS) devices. We
hope that the present study will motivate renewed experimental efforts
toward the realization of high-mobility p-type GaN.

See the supplementary material for full calculation details and
additional data.
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