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Hole Mobility Enhancement Mechanism of
Wurtzite GaN/AlN Heterojunction Quantum Well

Under Tensile and Compressive Stresses
Xiyue Li , Yaqun Liu , Jing Wang , Everett Wang , Member, IEEE, and Gary Zhang , Member, IEEE

Abstract— The hole mobility enhancement mechanism
of wurtzite (0001)-oriented gallium nitride (GaN)/AlN het-
erojunction quantum well (QW) under stress engineering
is investigated to overcome the low hole mobility, which
is considered to be the fundamental obstacle toward the
realization of GaN-based complementary electronics. The
hole mobility model is obtained by the six-band stress-
dependent k × p Hamiltonian and the Kubo–Greenwood for-
mula, taking the scattering rates of acoustic phonon, polar
optical phonon, and surface roughness into account. Using
these methods, the microscopic relationship between
stress and hole mobility can be predicted according
to the variation of 2-D valence subband dispersion.
We demonstrate that the biaxial tensile stress is not a
desirable way in the hole mobility enhancement because
a large compressive strain induced by the pseudomorphic
GaN/AlN heterointerface has to be overcome. We also find
that due to the efficient achievements in both effective
mass reduction and hole scattering suppression, the uni-
axial compressive stress along the current channel and the
uniaxial tensile stress perpendicular to the current channel
can increase the hole mobility significantly. Under the com-
bined effect of these two 8 GPa non-exclusive mechanisms,
a sevenfold mobility enhancement can be obtained, up to
the theoretical value of 190 cm2/Vs at room temperature.

Index Terms— Heterojunction quantum well (QW), hole
mobility, scattering suppression, six-band k· × p method,
subband energy dispersion, wurtzite gallium nitride
(GaN)/AlN.

I. INTRODUCTION

GALLIUM nitride (GaN) has attracted considerable
attention as a candidate material for both millimeter

wave and high-power switching applications because of its
large bandgap, high breakdown voltage, high electron mobility,
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and high thermal stability [1], [2], [3], [4], [5]. Despite
GaN high electron mobility transistors (HEMTs) having
been expected to be dominant in the next-generation power
switching and radio frequency amplification, the widespread
adoption of GaN for applications such as complementary and
high-power conversion devices remains insufficient due to
the imbalance between electron and hole mobility. Recently,
many groups have demonstrated p-type GaN film and
p-channel GaN-based field effect transistors using pulsed
sputtering deposition (PSD) [6], [7], metal organic vapor
phase epitaxy (MOVPE) [8], metal organic chemical vapor
deposition (MOCVD) [9], [10], and molecular beam epitaxy
(MBE) [11], [12]. The monolithic GaN-based complemen-
tary metal oxide semiconductor (CMOS) inverter circuits
were also successfully demonstrated by Chu et al. [13],
Nakajima et al. [14], and Zheng et al. [15]. However, the
GaN exhibits comparatively low hole mobility usually below
40 cm2/Vs at room temperature. In order to overcome these
urgent technical demands, material engineering approaches
aimed at increasing the hole mobility of GaN are needed.

The two key obstacles toward this goal are the large hole-
effective mass of wurtzite GaN and various types of scattering.
A common approach to improving the carrier mobility of
semiconductors is via strain engineering. Poncé et al. [16], [17]
found that the split-off (SO) band can be raised above the
heavy hole (HH) and light hole (LH) band by applying biaxial
tensile strain in (0001) plane, resulting in an obvious increase
in hole mobility of bulk GaN. Gupta et al. [18] also showed
that the uniaxial compressive strain is efficient in effective
mass reduction and mobility enhancement. On the scattering
side, Bader et al. [19] revealed that the available scattering
density of states (DOS) can be reduced by the uniaxial tensile
strain along the current flow. The six-band Hamilton [20]
and EPW (Electron-Phonon coupling using Wannier functions)
software [21] were also used to calculate the hole-phonon
scattering rates of GaN. Analytical models have also been
developed to describe the hole transport properties in a wide
doping and temperature range accurately [22], [23].

Since the energy band diagram can be modified by stress
engineering [24], [25], [26], it provides a practical and
simple method to evaluate the variation of holes concen-
tration and effective mass. Among the various structures
proposed as a platform for p-channel nitride electronics,

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-7434-8865
https://orcid.org/0000-0002-7770-5119
https://orcid.org/0000-0002-5083-5116
https://orcid.org/0000-0001-8405-0475
https://orcid.org/0000-0002-7689-4923


LI et al.: HOLE MOBILITY ENHANCEMENT MECHANISM OF WURTZITE GaN/AlN HETEROJUNCTION QW 4109

the polarization-induced 2-D hole gas (2DHG) at GaN/AlN
heterostructure has received recent attention because of the
very high 2DHG density, the high thermal conductively, and
the high breakdown electric field of GaN and AlN [27], [28].
In this work, the hole mobility enhancement mechanism
of wurtzite GaN/AlN quantum well (QW) is described.
We perform a comprehensive set of physical models to explain
the hole mobility response under tensile and compressive
stresses. The effect of various types of scattering, such as the
acoustic phonon scattering, the polar optical phonon scattering,
and the surface roughness scattering, is also considered.
We construct a six-band stress-dependent quantum k × p
method to elucidate the physics underlying the effect of stress
on valence energy dispersion. The transport model based
on Kubo–Greenwood formula is proposed to determine the
behavior of hole mobility confined in a triangular well.

This article is organized as follows. We discuss how the
tensile and compressive stresses alter the valence energy
dispersion and hole effective mass in Section II. The
temperature-dependence mobility behavior and the influence
of stress on mobility gain are presented in Section III. Finally,
we conclude our results in Section IV.

II. BULK AND QUANTIZED VALENCE SUBBAND
DISPERSION UNDER STRESS

The quantized valence subband structure model of the
wurtzite (0001)-oriented GaN/AlN heterojunction QW is
performed using the six-band stress-dependent k × p
Hamiltonian and the self-consistent Poisson–Schrödinger
equations. The finite-difference method is utilized to discretize
the Schrödinger equation on a mesh in the c-axis direction
with Nz nodes, turning into an eigenvalue problem of a 6 ×6
Nz complex band Hermitian matrix to propose the 2-D iso-
energy contours. The detailed description about the method is
provided in our previous work [29], [30].

Following [27], the structure of the GaN/AlN heterojunction
is described as a 13 nm GaN layer on top of a 400 nm AlN
substrate. The thickness of the 2DHG is assumed to be 2 nm.
The GaN epitaxial layer is fully, biaxially, and compressively
strained (by 2.4%) to the underlying AlN layer. Such a case
is regarded as “no external stress” in this article. This initial
strain has not been considered in our previous work [30] and
is therefore a critical improvement on the model.

Under the usual device operation, the carriers are spread in
regions of low energy around the 0 point. Fig. 1 shows the
50 meV 3-D iso-energy surfaces of the bulk HH band under
various types of stress. The transport plane, also the “in-plane,”
is set at the symmetry of the upper and lower halves, while
the “off-plane” means other crystal orientations. Two kinds of
stress are considered, including the biaxial stress and uniaxial
stress. The polarization difference (PGaN

sp − PAlN
sp + PGaN

pz )

constitutes the 2DHG. The spontaneous and piezoelectric
polarization constants are obtained in [31]. The energy patterns
under non-stress, biaxial tensile stress, and biaxial compressive
stress are completely isotropic. But the energies are moved
down under biaxial compression and moved up under biaxial
tension. Therefore, it can be estimated that the holes concentra-
tion repopulation from off-plane to in-plane is observed under

Fig. 1. Top and side views of bulk HH iso-energy surfaces at 0.5 eV
under. (a) Non-stress. (b) Biaxial compressive stress. (c) Biaxial tensile
stress. (d) Uniaxial compressive stress. (e) Uniaxial tensile stress.

Fig. 2. Two-dimensional iso-energy contours of the first subband
separated by 50 meV in (0001) transport plane under. (a) 8 GPa exter-
nal biaxial tensile stress. (b) Biaxial compressive stress. (c) Uniaxial
compressive stress. (d) Uniaxial tensile stress, respectively.

biaxial compressive stress, resulting in a stronger scattering
process and the mobility degradation. In contrast, the biaxial
tensile stress leads to the opposite conclusion. The holes
are redistributed from in-plane to off-plane, thus reducing
the scattering. However, since the hole mobility lies in a
combination of the hole effective mass and the density of
final states available for scattering, it is essential to extract the
microscopic relationship between the stress and effective mass.

The 2-D iso-energy contours of the first subband under
various types of stress can be seen in Fig. 2. The values
of the stress are all set to 8 GPa. This is not a special
value. It is only used to show the trend of energy distribution
variation under stress. A thick arrow is used to indicate the
current channel, since such direction is common in PMOS
technology [32]. The slightly change in effective mass can
be predicted because the shape of the first subband remains
isotropic under both external biaxial tensile stress and biaxial
compressive stress, as can be seen in Fig. 2(a) and (b).
By extracting the second derivative of E-k dispersion along
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TABLE I
HOLE EFFECTIVE MASS ALONG AND PERPENDICULAR TO THE

CHANNEL DIRECTION (UNIT OF m0 )

TABLE II
VALUES OF STRAIN TENSORS UNDER VARIOUS TYPES OF

EXTERNAL 8 GPA STRESS (THE “-” SIGN INDICATES THE

COMPRESSIVE STRAIN)

the channel direction, the effective mass change from 1.845
m0 (no external stress) to 1.858 m0 (biaxial tension) and
1.842 m0 (biaxial compression), respectively. Under these
circumstances, the mobility gain contributed from effective
mass is relatively weak. The mobility behavior then depends
on the superposition of a minor effective mass contribution
and the scattering contribution that is predominant.

Then, we examine the effect induced by in-plane uniaxial
compressive and tensile stresses along the current channel.
Since the shear stress, which is the difference between biaxial
stress and uniaxial stress, can break crystal symmetry and
induce carrier repopulation among different directions in the
reciprocal space, the innermost contours near 0 point are
ellipses rather than circles, as can be seen in Fig. 2(c) and (d).
This is the signature of the fact that the energy distribution
is not isotropic at all. The hole effective mass are shown in
Table I. Under external uniaxial compressive stress, the hole
effective mass along and perpendicular to the current direction
are 0.194 and 0.357 m0, respectively. In contrast, under
external uniaxial tensile stress, these values are 2.181 and
0.328 m0, respectively. The corresponding strain tensors with
various types of external stress are shown in Table II. The
values of the applied stresses are realistic, since besides the
original 2.4% biaxial compressive strain induced by lattice
mismatch, the reversible change of stress induced by thermal
expansion coefficient mismatch (from compressive to tensile
state and vice versa), can be achieved in a certain range of
temperature [33]. And the uniaxial compressive strain up to
4.8% can be also potentially achieved by selectively etching
trenches and regrowing the material layer with larger lattice
constant than GaN [34].

Under the external uniaxial stresses, some directions
will become dominant when their energies are lowered.
The direction with the lowest energy has the highest hole

Fig. 3. Comparisons of the first subband energy levels along and
perpendicular to current channel under various types of 8 GPa external
stress.

concentration at and around 0 point. Therefore, we expect that
the band shape of the 2-D iso-energy contours can determine
the mobility behavior. The energy levels of the first subband
near 0 point under various types of 8 GPa external stress
are presented in Fig. 3. The kinetic energy is used with the
inverse sign because the hole states are examined. The subband
energy increases with biaxial tensile stress and decreases with
biaxial compressive stress. This is consistent with the previous
results [35]. In the external uniaxial compression case, the
energy of the A-C direction becomes the lowest, resulting
in a hole’s repopulation from the B-D direction to the A-C
direction. On the other hand, in the external uniaxial tension
case, the holes are redistributed from the A-C direction to
the B-D direction, leading to mobility degradation since a
much larger effective mass is observed. So we can predict
that the hole mobility has the largest increase if the uniaxial
compressive stress along the channel is applied. We can also
propose another hypothesis that the uniaxial tensile stress
perpendicular to the channel is also beneficial for mobility
enhancement since in this case the band shape is similar
to Fig. 2(c), and the lowest energy also lies on the A and
C directions. The correctness of the assumptions will be
discussed by a mobility model in Section III.

III. HOLE MOBILITY ENHANCEMENT MECHANISM
UNDER VARIOUS TYPES OF STRESS

According to the discussion in Section II, the uniaxial
compressive stress along the channel and the uniaxial tensile
stress perpendicular to the channel are predicted to be the
better options for hole mobility enhancement. A mobility
model based on Kubo–Greenwood formula [30] is used to
confirm these hypotheses. The energies of the first pair of
subbands are used in the mobility calculation. The higher
subbands have little impact on the mobility behavior because
carriers stay mostly in the first pair of subbands. The variation
of hole mobility with temperature is strongly influenced by
acoustic phonon scattering, in addition to the polar optical
phonon scattering that dominates in most polar compound
semiconductors. Because the holes are highly sensitive to
irregularities, such as the correlation length and lateral
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Fig. 4. Calculated hole mobility of GaN/AlN heterojunction
QW versus temperature under 2.4% biaxial compressive strain as
in [27]. The comparisons with the experimental and theoretical data
from [16], [19], [27], and [40] are shown.

Fig. 5. Temperature dependence of hole mobility of GaN/AlN
heterojunction QW due to acoustic phonon scattering, polar optical
phonon scattering, and surface roughness scattering, respectively.

size of roughness at the GaN/AlN heterointerface, we also
consider the surface roughness scattering which affects the
hole transport properties below the room temperature and
is seldom ignorable. The anisotropy of the scattering rate
due to the subband dispersion can be captured by including
their momentum dependence in the model. Other scattering
mechanisms, such as dislocation and impurity, are irrelevant
to this study, since they either contribute very little at high
temperature [36] or can be ignored in the pseudomorphic
undoped GaN/AlN heterostructures.

The acoustic phonon and polar optical phonon coupling
constants, and the dielectric constants with high and low
frequencies extracted from [37], are shown in Table III. For
the application of heterojunction in field-effect transistors
operating at high power level at and above 300 K, the lateral
size of the surface roughness 1 need to be less than 1 nm
with a correlation length 3 larger than 5 nm [38]. Since
the initial 2.4% biaxial compressive strain has been added
in the GaN/AlN heterointerface, we update the scattering

TABLE III
PHONON AND SURFACE ROUGHNESS SCATTERING PARAMETERS

TABLE IV
ESTIMATED VALUES OF CORRELATION LENGTH (Λ) AND LATERAL SIZE

(∆) FOR SURFACE ROUGHNESS SCATTERING

parameters and the temperature dependence of hole mobility
in Figs. 4 and 5. Fig. 4 shows the calculated mobility under
the corresponding 11.5 GPa initial biaxial compressive stress
(2.4% strain). They are still in good agreement with the
experimental data. The hole mobility is 27 cm2/Vs, with the
2DHG density of 5.0 × 1013 cm−2 and effective electric field
of 0.98 MV/cm at 300 K. Fig. 5 presents the mobility from
various scattering mechanism. The tendencies are similar to
both the experimental data [22] and theoretical result [19].
The acoustic phonon scattering plays the most important role
in the hole mobility around room temperature. The limitation
from polar optical phonon scattering becomes more and more
significant with the increase of temperature, and turns into the
major scattering mechanism above 450 K.

Besides, the mobilities similar to the experimental data can
be also obtained by choosing a different set of lateral size and
correlation length values [39]. In Table IV, we list the values
of 3 and 1 for which the calculated mobility agrees well with
the experimental data at T = 300 K.

To further illustrate the enhancement mechanism under
various types of stress, we show the components of the
mobility gain versus external biaxial stress at 300 K in Fig. 6.
The 0, 11.5, and 23 GPa points correspond to 2.4% pure
biaxial compressive strain, no strain, and 2.4% pure biaxial
tensile strain, respectively. The effective mass gain, which is
computed assuming the scattering rate is constant, is defined
purely as the effect of the band structure (2-D iso-energy
contours) change and has been discussed in Section II. The
scattering suppression gain, which is associated with the hole
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Fig. 6. Mobility gain contribution from effective mass and scattering
suppression effect between 2.4% biaxial compressive strain and 2.4%
biaxial tensile strain at 300 K. The 0, 11.5, and 23 GPa external biaxial
stresses correspond to 2.4% pure biaxial compressive strain, no strain,
and 2.4% pure biaxial tensile strain, respectively.

Fig. 7. Relationship between the 2DHG density and external
biaxial stress, shows that 3.5 × 1013 cm−2 hole density is caused
by spontaneous polarization, the rest is caused by piezoelectric
polarization.

density, can be computed as the difference between the total
gain and effective mass gain. With the reasons of SO and LH
bands lifting [16] and the splitting increasing between HH
and LH bands [29], the effective mass reduction can be seen
under both pure biaxial tensile strain (above 11.5 GPa) and
pure biaxial compressive strain (below 11.5 GPa). However,
since such effective mass reduction is slight, the feasibility
of the mobility enhancement configuration depends on the
respective scattering suppression effect. Under the pure 2.4%
biaxial compressive strain, even the scattering suppression
gain shows a slight gain increase compared to no strain case
due to smaller effective mass [38]; this mechanism is still
strongly limited because the scattering is enhanced due to
the hole redistribution from off-plane to in-plane. The pure
biaxial tensile strain has the opposite result, making scattering
suppression gain become a dominant component. However,
although 2.4% pure biaxial tensile strain can increase the
mobility by 180%, a large compressive strain would have to

Fig. 8. Mobility gain contribution from effective mass and scattering
suppression effects under external uniaxial compressive stress along
the channel and uniaxial tensile stress perpendicular to the channel
at 300 K.

Fig. 9. Changes in the concentration of 2DHG under external uniaxial
compressive and tensile stresses.

be overcome before this increase can occur. Therefore, it is
not a desirable way by applying the external biaxial tensile
stress to the GaN/AlN QW in the mobility enhancement.
The relationship between the 2DHG and external biaxial
stress is presented in Fig. 7. The 2DHG density is roughly
equal to the polarization charge. It is also found that about
3.5 × 1013 cm−2 hole density is caused by spontaneous
polarization.

Fig. 8 presents the gain component at 300 K under the
external uniaxial compressive stress along the channel (solid
line) and the uniaxial tensile stress perpendicular to the
channel (dotted line). The mobility gain is mostly contributed
by an effective mass gain in both cases by moving the holes
into the low effective mass regions. The scattering suppression
gain of the latter one is larger than the former one because of
the less hole concentration under tensile stress. Although the
in-plane hole concentration increases under compressive stress,
the scattering suppression gain still contributes to the mobility
gain positively. The reason for that is the energy along the
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Fig. 10. Contributions from biaxial and shear components of an external
uniaxial compressive stress along the current channel at 300 K. The
shear component contributes majority of the gain for uniaxial stress and
the gains from shear and biaxial add non-linearly.

Fig. 11. Hole mobility for various types of uniaxial stress configuration
at 300 K. Uniaxial compression stress along the channel direction has
the largest mobility gain in all the stress configurations for the same
stress level.

A-C direction is much lower than others, and the scattering
rate for this 135◦ case is the smallest because of the
momentum factor 1 − cos θ in the scattering rate descrip-
tion [30], in such a way the scattering can be suppressed. The
changes in the concentration of 2DHG under external uniaxial
compressive and tensile stresses are shown in Fig. 9.

We also plot the mobility gain contribution from shear
only and biaxial only and their algebraic sum under external
uniaxial compressive stress in Fig. 10. Note that most of
the gain is from the shear component, and the dip can be
explained by the interrelation between the increasing holes
concentration and the scattering suppression effect along
A-C direction. There is almost no influence on mobility gain
from the biaxial component alone, revealing that the external
biaxial compressive stress is insufficient in the hole mobility
enhancement in another way. The interaction of the two
components is nonlinear because the total gain from uniaxial
compression is larger than the sum of the contributions

from each component. So the mobility gain from biaxial
compressive stress is much larger when the shear stress is
applied than that from biaxial stress alone.

The mobilities versus various types of external in-plane
uniaxial stress at 300 K are described in Fig. 11. The uniaxial
tensile stress along the channel cannot play an efficient role in
the mobility enhancement since the energy of high effective
mass regions is moved down. Under the 8 GPa external
uniaxial compressive stress along the channel, and the same
value of uniaxial tensile stress perpendicular to the channel,
the mobility increase from 27 to 143 cm2/Vs and 137 cm2/Vs,
respectively. In addition, these two enhancement mechanisms
are not mutually exclusive; a fin relaxation and a compressive
regrowth would complement each other via the Poisson effect
to reduce the total amount of stress which each mechanism
would have to apply [19]. Such mechanisms combined are
shown to increase mobility to 190 cm2/Vs by further reducing
the effective mass and suppressing the scattering.

IV. CONCLUSION
In this article, we have developed a set of comprehensive

physical models to describe the hole mobility enhancement
mechanism of (0001)-oriented GaN/AlN heterojunction QW
under tensile and compressive stresses. The model is based
on the bulk and quantized k × p method. Anisotropic phonon
scattering and surface roughness scattering are included
through the Kubo–Greenwood formula. The microscopic
relationships among stress, valence QW subband dispersion,
and effective mass can be extracted according to the variation
of 2-D iso-energy contours. The complex hole mobility
behavior under tensile and compressive stresses is explained
by the energy movement of the transport plane under stress, the
anisotropy scatterings, and the variation of 2DHG density. The
satisfactory qualitative (and in several cases also quantitative)
agreement is found between experimental data and our
theoretical results. The external biaxial tensile stress is shown
to move up the in-plane energy, pushing the holes away from
the transport plane, and leaving most of its mobility gain
from scattering suppression effect. But it is not a desirable
way in the mobility enhancement since a large compressive
strain induced by the pseudomorphic GaN/AlN heterostructure
has to be overcome. The external uniaxial compressive stress
along the channel and uniaxial tensile stress perpendicular to
channel are considered to be the efficient ways in the hole
mobility enhancement. Both configurations are found to move
the holes into the direction perpendicular to channel, greatly
reducing the effective mass. The ways in achieving scattering
suppression are different. The former one pushes the holes
into the in-plane regions with the suppressed scattering, while
the latter one repopulates the holes from in-plane to off-plane.
We hope that this work stimulate experimental research in
hole mobility of GaN-based heterojunction, and will accelerate
progress toward the wide bandgap p-channel FET and CMOS
technology.
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