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In the study of GaN/AlGaN heterostructure thermal transport, the interference of strain on carriers cannot

be ignored. Although existing research has mainly focused on the intrinsic electronic and phonon behavior

of the materials, there is a lack of studies on the transport characteristics of the electron–phonon coupling

in heterostructures under strain control. This research comprehensively applies first-principles calculations

and the Boltzmann transport equation simulation method to deeply analyze the thermal transport

mechanism of the GaN/AlGaN heterojunction considering in-plane strain, with particular attention to the

regulatory role of electron–phonon coupling on thermal transport. The study found that electron–phonon

coupling increases additional phonon scattering and reorganizes phonon frequencies. Strain significantly reg-

ulates the degree of electron–phonon coupling in the GaN/AlGaN heterojunction, which is an effective

strategy for controlling the thermoelectric properties of semiconductor materials, where compressive strain

enhances coupling while tensile strain weakens it. In addition, in-plane stress causes the redistribution of

interface charges, leading to the delocalization migration of electrons from Ga and Al regions to the N

atoms, reducing localization. Compressive strain drives the migration of electrons from AlGaN to GaN,

forming a more stable two-dimensional electron gas, while tensile strain inhibits this migration. Furthermore,

compressive strain promotes the increase of phonon frequencies and the reduction of the bandgap, while

tensile strain has the opposite effect. Strain optimizes the delocalization of phonon modes, enhancing the

role of low-frequency phonons in interface thermal transport. At the same time, in-plane stress, especially

compressive stress, suppresses ballistic phonon transport, affecting the non-equilibrium state of phonons.

This study not only enriches the understanding of electron–phonon coupling phenomena in GaN/AlGaN

heterojunctions but also provides a theoretical basis and guidance for the strain design and device applica-

tion of semiconductor materials.

1. Introduction

In the fields of semiconductor physics and nanoelectronics, the
electronic and phononic transport characteristics of hetero-
junctions are crucial for the realization of high-performance

electronic devices. Wide-bandgap semiconductor materials,
represented by GaN, are the rapidly developing third-
generation semiconductor materials that have emerged in
recent years. They possess superior properties such as a wide
bandgap, high breakdown field strength, high saturation elec-
tron velocity, and high thermal conductivity, which have found
extensive applications in high-power, high-frequency, and high-
temperature electronic devices.1,2 Due to the high conduction
band offset and spontaneous polarization between GaN and
AlGaN,3 a two-dimensional electron gas (2DEG) with high
mobility, density, and saturation velocity is formed at the
heterointerface.4 Furthermore, due to the difference in lattice
constants, tensile or compressive stress exists at the hetero-
junction, leading to a strain barrier and thus strain-induced or
piezoelectric polarization.5 Based on this, GaN/AlGaN high
electron mobility transistors (HEMTs)6–8 are widely used in
high-power high-frequency applications. However, with the
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rapid increase in the thermal flux density of electronic devices,
despite the many advantages of GaN/AlGaN-based devices, they
also face the challenge of heat dissipation.9 Currently, the size
of individual electronic components is rapidly approaching
the scale of the main mean free path of thermal carriers.10

Therefore, research on the nanoscale properties of thermal
carriers is very necessary.

In the field of crystal physics, the transport of charge and
heat primarily relies on free electrons and phonons, which are
two fundamental quasi-particles. In metals, electrons dominate
the thermal conductivity, while in semiconductors and insula-
tors, the role of phonons is more pronounced. Electron–pho-
non coupling (EPC)11 affects the mobility and scattering rate of
charge carriers, while simultaneously regulating the pathways
and efficiency of heat energy transfer, directly impacting device
performance. Advances in numerical simulation techniques
have deepened our understanding of the thermal transport
properties of electrons and phonons. The thermal transport at
heterointerfaces is influenced by differences in phonon trans-
mission efficiency, leading to a non-equilibrium distribution of
phonon modes near the interface.12 Moreover, the coupling
effect of interface phonons helps to promote inelastic transport
processes, causing the phonon modes in the interface region to
exhibit non-equilibrium characteristics.13 Further research based
on the phonon Boltzmann transport equation (BTE) has revealed
the characteristics of non-equilibrium phonon transport in nano-
scale hot spots, where specific types of electron–phonon interac-
tions and ballistic phonon transmission mechanisms jointly
determine the non-equilibrium distribution of phonons.12 Hu
et al.14 used an improved high-order harmonic inelastic scattering
model to characterize the scattering behavior of interface pho-
nons and found that inelastic scattering significantly enhances
the non-equilibrium degree of phonons at the interface. The
energy coupling between different carriers at the heterointerface
is a key heat transfer pathway. In order to calculate the phonon
nonequilibrium effects and ballistic transport near the interface,
Cao et al.15 used a modified lattice dynamics method to accurately
determine the phonon transmittance. The impact of electron–
phonon coupling (EPC) on thermal transport characteristics has
been extensively studied in the scattering channels of phonons.
The influence of EPC on thermal transport characteristics plays an
important role in the lattice thermal conductivity of certain
materials in thermal equilibrium, such as the lattice thermal
conductivity of silicon, which can be reduced by 45% when the
carrier concentration exceeds 1019 cm�3.11 Cao et al.16 calculated
EPC using first-principles methods and found that the coupling
effect can significantly reduce the lattice thermal conductivity.
In graphene, the anharmonic effect of bending acoustic phonons
significantly affects the thermal conductivity, and the interaction
between phonon–phonon and EPC leads to a weak temperature
dependence of the lattice thermal conductivity.17 The interaction
between phonon–phonon and electron–phonon scattering
results in a weak temperature dependence of the lattice thermal
conductivity.18 However, the thermal conductivity exhibits a
temperature-independent characteristic, which is attributed to
the unusually strong coupling between electrons and phonons.19

Although existing studies have extensively explored the electronic,
phononic, and their electron–phonon interactions in intrinsic
materials, there is less research on the transport characteristics
of electron–phonon coupling in heterostructures, limiting the
understanding of complex interface phenomena.

In the GaN/AlGaN heterojunction, strain is an indispensable
factor in material preparation and device application. On one
hand, due to the mismatch of lattice parameters and differ-
ences in thermal expansion coefficients, in-plane strain20

occurs between the GaN crystal and the substrate. On the other
hand, during the practical application of nanodevices, hetero-
junctions are often influenced by external loads.21,22 At the
same time, strain engineering,23 as an effective means of
material property regulation, can adjust the behavior of elec-
trons and phonons on a microscopic scale by changing the
lattice parameters of the material. In particular, in-plane strain
has attracted much attention due to its direct impact on the
state of electrons and phonons at the heterojunction interface,
such as the variation of the 2DEG mobility in GaN with strain.21

The strain effect not only significantly affects the electronic
properties of semiconductors,24 but also reconstructs the phonon
dispersion relationship, thereby affecting the material’s thermal
conductivity.25 By linearly controlling biaxial strain, the energy
band structure of the heterojunction can be restructured,26

thereby triggering a transition from semiconductor to metallic
state in the material.27 Applying uniaxial strain can control the
polarization direction, thereby regulating the density of bound
charges and free electrons at the interface, achieving significant
regulation of heat transport.5 However, how strain finely affects
the electron–phonon coupling mechanism, and how this impact
further regulates the carrier transport properties of the hetero-
junction, remains a question that needs in-depth study. However,
existing research is mostly focused on the material properties
under strain-free conditions, and systematic studies on the elec-
tron–phonon coupling effect under strain conditions are relatively
less. This article aims to fill this gap by combining density
functional theory (DFT) calculations and simulations based on
the Boltzmann transport equation (BTE) to deeply explore the
impact of in-plane strain on electron–phonon coupling in GaN/
AlGaN heterojunctions, and the regulation of electron–phonon
coupling on the electronic and phononic transport of the
heterojunction.

The aim of this paper is to investigate the effect of in-plane
mechanical strain on the electron and phonon transport prop-
erties of GaN/AlGaN heterojunctions and how strain modulates
the thermal transport properties by affecting the EPC mecha-
nism and hence the thermal transport properties. In this paper,
we explore the combination of DFT calculations with EPW
software simulations, where we analyze the electron–phonon
coupling constant and scattering rate and integrate these
parameters into the BTE equation. On the other hand, the
phonon and electron properties of GaN and AlGaN with strain
and GaN/AlGaN heterojunction are calculated using DFT to
obtain kinetic parameters such as group velocity and relaxation
time of carriers for the solution of BTE. The effect of strain on
electronic properties is analyzed in terms of energy band
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reforming and charge transfer. The thermal transport of GaN/
AlGaN interfacial structures with in-plane biaxial compressive/
tensile strains is simulated using the MHHIM model with BTE.
Mode decomposition is utilized to analyze the response of
interface phonon non-equilibrium and quasi-ballistic transport
to strain. This work extracts electro–phonon coupling informa-
tion at the atomic level to study the strain-modulated thermal
transport properties of heterogeneous interfaces, providing
new ideas and theoretical support for designing and managing
the electro-thermal properties of semiconductor devices.

2. Numerical simulation details and
calculation methods

The physical structure diagram of the GaN/AlGaN hetero-
junction-based HEMTis shown in Fig. 1(a). The thermal pro-
cesses within the device include heat generation near the gate
and heat conduction from AlGaN to GaN, with the thermal
diffusion resistance at the GaN–AlGaN interface primarily
governing the heat transfer within the HEMT. Additionally, at
the device level, the heterojunction is subject to in-plane
mechanical stress, that is, the influence of mechanical strain
and residual strain, and the GaN/AlGaN heterojunction has
tensile/compressive strain along the face direction. To study the
impact of in-plane mechanical strain in the HEMT on the
interface electron and phonon transport, in-plane biaxial strain
along the polarization axes a and b is induced in the hetero-
junction by scaling the lattice coefficients.28 The strain in the
material under stress is defined as e = (l � l0)/l0, where l and l0

are the lattice constants of the system with and without strain,
respectively. Fig. 1(b) and (c) show the initial three-dimensional
GaN and AlGaN both having a hexagonal wurtzite structure,
with lattice constants of 3.189 Å and 5.15 Å, and both having
4 atoms per unit cell. As shown in Fig. 1(d) and (e), the GaN/

AlGaN heterostructure is formed along the c-direction, with
8 atoms per unit cell. Furthermore, to avoid interlayer inter-
actions caused by normal periodic mirroring, a vacuum layer of
at least 20 Å was set in the z-direction for all structures. The
strength of uniaxial tensile (compressive) strain is set between
5% and 10%, with an increment of 5% for each step. For ease of
analysis in the following text, the compressive strain strength is
denoted as ec, and the tensile strain as et.

The Electron–Phonon Wannier (EPW) software16,29,30 is a
module of the Quantum ESPRESSO (QE) software package,
designed for studying electron–phonon coupling phenomena in
materials, with the aim of efficiently and accurately calculating
the electron–phonon interactions in materials. Based on the
Wannier function method, EPW computes the electron–phonon
coupling matrix elements, transforming complex Brillouin zone
integrals into simpler integrals in the Wannier function space,
thereby significantly reducing computational costs. This method
addresses the issue of high computational requirements for fine
sampling grids needed for convergence in calculations. Based on
first-principles density functional theory (DFT) calculations, EPW
can provide highly accurate computational results. Therefore, we
calculated the electron–phonon coupling constants and scattering
rates for the strained GaN/AlGaN heterojunction and incorporated
the electron–phonon scattering rates into the BTE to simulate and
understand the impact of strain on the material’s electronic
properties and thermal conductivity. We used the Quantum-
ESPRESSO software package for structural optimization, self-
consistent calculations, and the calculation of phonon dispersion
relations. In the calculations, we used norm-conserving pseudo-
potentials, with 500 iterations, a cutoff energy of 500 Ry, a k-point
mesh of 6 � 6 � 6, and a q-point mesh of 3 � 3 � 3. In the
EPW calculations, we adopted a Gaussian broadening of 0.05 eV,
with coarse k-point and q-point meshes of 18 � 18 � 18 and
12 � 12 � 12, respectively. By applying Matthiessen’s rule, the
phonon relaxation time produced by electron–phonon scattering

Fig. 1 (a) Schematic atomic structure of the HEMT physical model with heterogeneous interfaces, (b) initial GaN and (c) AlGaN cell, GaN/AlGaN
heterojunction: (d) top view perpendicular to the polarization axis c; (e) side view perpendicular to the polarization axis a.
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was added to the phonon relaxation time. Through these settings
and calculations, we were able to accurately study the electron–
phonon coupling phenomena in materials and understand their
impact on the material’s electronic properties and thermal
conductivity.

In this article, DFT calculations include the phonon and
electronic properties of strained GaN and AlGaN, as well as the
GaN/AlGaN heterojunction. The phonon information part uses
the VASP (Vienna Ab initio Simulation Package) software
package31 developed by the Hafner research group at the
University of Vienna. The interaction between electrons and
ions is described using the projector augmented-wave (PAW)32

method, and the exchange–correlation functional is described
using the Perdew–Burke–Ernzerhof (PBE) form33 in the general-
ized gradient approximation (GGA). The computational details
for calculating the phonon properties of strained GaN and
AlGaN are as follows: during structural relaxation, a Gamma
Centered mesh is used to set the density of Brillouin zone
sampling points, with a k-point mesh of 16 � 16 � 16. Based on
density functional perturbation theory (DFPT), a cutoff energy
of 520 eV is selected, and the convergence criteria for energy
and force are 10�8 eV and 10�6 eV Å�1, respectively. The finite
displacement method34 is used to perform first-principles
calculations on the supercell structures expanded by
Phonopy35 and Thirdorder36 programs, thereby obtaining the
second-order force constant and third-order force constant
matrices. The supercell size is 3 � 3 � 3, and the third-order
force constant calculations consider the interaction of the
nearest 3 atoms. For the GaN/AlGaN heterojunction, the simu-
lation calculations are all centered at the G point, with a k-point
mesh of 12 � 12 � 1, allowing the structure to fully relax until
the energy difference convergence criterion reaches 10�8 eV
and the force reaches 0.01 eV Å�1. The supercell size is 3� 3� 1,
and the third-order force constant calculations consider the
interaction of the nearest 3 atoms. The ShengBTE36 software
package solves the phonon Boltzmann transport equation based
on the complete iterative method, without any empirical para-
meters, and the computational results are well matched with
experimental measurements. Therefore, the ShengBTE software
is used for anharmonic lattice dynamics calculations, providing
the group velocity and relaxation time and other phonon
dynamics parameters required for solving the BTE.

This calculation does not consider energy variations along
the interface direction; therefore, symmetric boundary condi-
tions are set for the sides perpendicular to the interface, and
isothermal boundary conditions are set for the sides parallel to
the interface. To minimize computational errors as much as
possible, the left boundary temperature is set to 301 K, and the
right boundary is set to 300 K, with the distance L from the
boundary to the interface at 200 nm. The discrete coordinate
method is used to solve the BTE. Combined with the modified
Holstein high-order interaction model (MHHIM),14 the BTE is
used to solve the interfacial heat transport process. Although
the high-order harmonic interaction model (HHIM)37 considers
the three-phonon interface process on the basis of the diffuse
mismatch model (DMM),38 it only considers the process of two

low-frequency phonons combining to produce a high-frequency
phonon and does not consider the splitting process of a high-
frequency phonon into two low-frequency phonons. The
MHHIM model takes into account both of these interface
processes, thereby addressing the limitations of HHIM. This
method divides the phonons that do not participate in the two-
phonon process into two parts: phonons that may participate in
the merging process and phonons that may participate in the
splitting process. The phonon energy emitted from the interface
towards the GaN side is composed of energy reflected back
by the three-phonon process, energy transmitted by the two-
phonon process, and energy transmitted by the three-phonon
process. The proportion of phonons on the GaN side participat-
ing in the merging process is shown in eqn (1).14

bmerge;GaN oð Þ ¼ amerge;GaN oð Þ
amerge;GaN oð Þ þ asplit;GaN oð Þ (1)

where amerge,GaN denotes the transmission coefficient of the
merger process in the three-phonon process on the GaN side,
asplit,GaN denotes the transmission coefficient of the splitting
process. The modified transmission coefficients for the GaN-
side merger process are shown in eqn (2)14 below. The transmis-
sion coefficients of the other processes can be calculated in a
similar way and the total transmission coefficient can be
expressed in eqn (3).14 Other simulation details are found in
Section S1 of the ESI.†

a0merge;GaN oð Þ¼

�h2o
P
p

v2 2o;pð ÞD2 2o;pð Þð Þf 2oð Þ 1�a2 oð Þð Þbmerge;AlGaN 2oð Þ

2�ho
P
p

v1 o;pð ÞD1 o;pð Þð Þf oð Þ 1�a1 oð Þð Þbmerge;GaN oð Þþ

�h2o
P
p

v2 2o;pð ÞD2 2o;pð Þð Þf 2oð Þ 1�a2 2oð Þð Þbmerge;AlGaN 2oð Þ

0
BB@

1
CCA

(2)

aMHHIM
1 ¼bmerge;GaN �a0merge;GaNþbsplit;GaN �a0split;GaN (3)

3. Results and discussion
3.1 The impact of strain on the electron–phonon coupling in
GaN/AlGaN heterojunction

Electron–phonon (e–ph) coupling refers to the interaction
between electrons and lattice vibrations in a solid, which
fundamentally affects the thermoelectric properties of materials.
In the GaN/AlGaN heterojunction, electron–phonon coupling
not only affects the transfer and scattering rate of charge carriers
but also regulates the pathways and efficiency of heat energy
transfer. Fig. 2(a) illustrates the thermal conduction mechan-
isms of e–e scattering, ph–ph scattering, and e–ph coupling in
GaN/AlGaN, where ‘‘ph’’ denotes phonons and ‘‘e’’ denotes free
electrons. In the process of solving the BTE, there are various
approximation methods, and in this study, we adopt the most
basic and widely used Ziman resistivity formula, which relies on
the mean of the Eliashberg coupling function to approximate the
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description of e–ph interaction:

r ¼ 4pm
ne2kBT

�
ð1
0

do�hoa2FðoÞnðo;TÞ 1þ nðo;TÞ½ � (4)

a2FðoÞ ¼ 1

2

Xð
dq

O
oqvld o� oqv

� �
(5)

where the equations are all expressed in atomic units, m = �h =
kB = 1, n(o,T) is the Bose–Einstein distribution, F(o) is Gor’kov’s
anomalous Green’s function, and o is electron energy. l39,40 is
the e–ph coupling constant obtained from the momentum and
mode integrals of the e–ph coupling strength, v is the branch
index, q is the wave vector, O is the volume of the Brillouin zone,
S is the electron self-energy, and oqv is the frequency.

The e–ph coupling constant (l) is a measure of the strength
of the coupling, and a larger value of l indicates a stronger
interaction between electrons and phonons. In practical appli-
cations, semiconductor devices may experience varying degrees
of strain due to factors such as manufacturing processes
and operating conditions (such as temperature changes,
mechanical stress). Additionally, strain engineering is an

effective means of regulating the electronic and thermal trans-
port properties of semiconductor materials. Currently, methods
such as introducing predetermined strain40,41 and doping42 are
used to incorporate intrinsic strain into materials or structures.
For example, strain is introduced into two-dimensional materials
by stretching the substrate by 10% to compressing it by 30%.41

Therefore, we calculated l for the GaN/AlGaN heterojunction as
the in-plane biaxial strain e varies from �10% to 10%, with the
results shown in Fig. 2(b). In the GaN/AlGaN heterojunction,
the e–ph coupling transport process plays a crucial role and is
significantly affected by the strain state. Specifically, compres-
sive strain enhances the lattice stiffness and interatomic inter-
actions, leading to an increased degree of e–ph coupling, which
not only adds additional phonon scattering opportunities but
also causes a reorganization of phonon frequencies. This
frequency reorganization may increase the material’s thermal
conductivity because more phonons participate in the transfer
of heat energy. In contrast, tensile strain reduces lattice distor-
tion, lowers the frequency of phonon excitation, and thus
significantly decreases the degree of e–ph coupling, reducing
scattering events.

Fig. 2 (a) Schematic diagram of the thermal transport mechanism of GaN/AlGaN, (b) the electron–phonon coupling strength l of GaN/AlGaN under
different strain states, modulated by the strain effect of GaN/AlGaN (c) phonon–phonon scattering rate versus (d) the electron–phonon scattering rate
with phonon energy.
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Fig. 2(c) and (d) respectively show the e–ph scattering rate
and phonon–phonon (ph–ph) scattering rate of the GaN/AlGaN
heterojunction under four different strains compared to the
free (unstrained) state. Observations reveal the non-uniformity
of the e–ph scattering rate, manifesting as multi-valuedness,
attributed to the directionality of the scattering process. In
solids, the interaction between electrons and phonons depends
on their relative wave vectors, leading to different degrees of
scattering for electrons with different wave vectors even at the
same energy, resulting in diversity of scattering rates. Particu-
larly at the edge of the band gap, the group velocity of the
electronic states is reduced to the minimum, making it difficult
to achieve effective momentum matching with phonons, lead-
ing to a significant reduction in the scattering rate. However,
when the electron energy enters the conduction or valence
band, the increase in group velocity increases the probability
of interaction with phonons, thereby increasing the scattering
rate. The e–ph scattering rate of GaN/AlGaN with tensile strain
is lower than that in the free (unstrained) and compressive
strain states, while compressive strain enhances e–ph inter-
action. Moreover, the e–ph scattering rate is significantly
higher than the ph–ph scattering rate. The coupling strength
between electrons and phonons is large, and electrons can
effectively polarize the lattice as they move, thereby generating
additional phonons. The interaction of electrons with the
lattice during the transport process leads to a significant
exchange of momentum and energy, especially in charge trans-
port. Additionally, e–ph scattering is a fundamental mecha-
nism in electron transport and has a direct impact on the
macroscopic physical properties of materials, while ph–ph
scattering, although present, has a relatively smaller impact.

Therefore, e–ph scattering plays a more critical role in deter-
mining the material’s electrical conductivity and other electro-
nic transport properties. Compressive and tensile strains can
be used to modulate electron–phonon coupling and optimize
thermoelectric properties of semiconductor materials.

3.2 The impact of strain on the electron transport in GaN/
AlGaN heterojunction

The band structure of GaN and AlGaN is shown in Fig. S1(a)
and (b) (ESI†). The calculated valence band maximum (VBM)
and conduction band minimum (CBM) for both GaN and
AlGaN are located at the K point, indicating that they are direct
bandgap semiconductors. Fig. 2(c) shows the band structure of
the GaN/AlGaN heterojunction without strain, from which it
can be seen that the VBM and CBM are located at different
positions in the Brillouin zone, and the semiconductor proper-
ties of GaN and AlGaN are altered after the formation of the
heterojunction. The projected electronic band structure of the
strained GaN/AlGaN heterojunction is shown in Fig. 3, with
the orbital-projected electronic band on the left side of the
diagram and the density of states on the right side, with the
Fermi level set to 0. It is evident that in-plane biaxial strain not
only significantly affects the electronic band structure and the
distribution of the density of states in the heterojunction but
also changes the high-symmetry point path. As e varies from
�10% to 10%, the bandgap widths are 1.40 eV, 1.72 eV, 2.17 eV,
1.63 eV, and 1.24 eV, respectively. The bandgap width decreases
approximately linearly with the increase in the value of e,
meaning that compressive/tensile biaxial strain monotonically
increases/decreases the bandgap of the GaN/AlGaN heterojunc-
tion. It is worth noting that at ec = �10%, both the VBM and

Fig. 3 Projected electronic energy band structure of GaN/AlGaN heterojunction for (a) ec = �10%, (b) ec = �5%, (c) e = 0, (d) et = 5% vs. (e) et = 10%.
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CBM of the GaN/AlGaN heterojunction are located at the K
point, indicating a direct bandgap structure. However, for the
other structures, the CBM and VBM are located at different
positions in the Brillouin zone, and the material becomes an
indirect bandgap semiconductor. With the increase of tensile
strain, there is band degeneracy in the M–K path of the
Brillouin zone, meaning that multiple electronic states have
the same energy. Under compressive strain, the lowest conduc-
tion band of the heterojunction is restructured, forming multi-
ple peaks. In addition, changes occur in the distribution of the
density of states near the Fermi level before and after compres-
sion/tension. Under compressive stress, the density of states
curve shifts to the right, indicating that the band structure
shifts towards a higher energy direction, especially near 1 eV,
where the peak of the density of states increases, reflecting an
increase in the number of electronic states in this energy range.
Under tensile stress, although the overall waveform of the
density of states does not change much, the increase in the
peak indicates an increase in the number of electronic states
near the Fermi level.

The Fermi level is a key concept in semiconductor physics,
defining the boundary between filled and unfilled energy states
at absolute zero temperature.43 Above the Fermi level, even if
energy levels are filled with electrons, these electrons contri-
bute relatively little to the conductivity of the material. In
contrast, the unfilled energy levels below the Fermi level are
crucial for conductivity, as electrons can be excited to these
levels to participate in the conduction process. When the GaN/
AlGaN heterojunction is subjected to in-plane biaxial compres-
sive strain, it causes changes in the lattice constants, which in
turn affect the electronic band structure. As the compressive
strain increases, the VBM of the heterojunction moves upward.
Some energy levels of the valence band may be elevated above the
Fermi level, causing electrons above these levels to be partially
excited, forming local filling. This local filling changes the elec-
tronic distribution of the material, making the contribution of
unfilled energy levels below the Fermi level to conductivity more
significant. Therefore, the change in the density of states near the
Fermi level caused by strain has an important impact on the
electronic properties and device performance of the material. As
shown in Fig. 2(a), which illustrates the schematic of interface
carrier transfer, in the heterojunction, due to the differences in
lattice constants and electron affinities between AlGaN and GaN,
electrons and holes tend to separate in the two materials. It is
observed that since the CBM of GaN is lower than that of AlGaN,
electrons are more inclined to gather in the conduction band of
GaN, forming a two-dimensional electron gas (2DEG). The valence
band holes of GaN are more inclined to gather in AlGaN. This
indicates that GaN/AlGaN has a strong interlayer charge transfer.
Charge transfer can cause changes in the electric field distribution
at the interface, thereby inducing nonlinear changes in the lattice
vibration modes, enhancing the anharmonic scattering along the
in-plane direction, and thus affecting the transport properties of
electrons and phonons.

To further investigate the electron transport behavior of the
GaN/AlGaN heterojunction under in-plane stress, we calculated

the two-dimensional electron localization function (ELF) at the
initial state and under strain levels, as shown in Fig. 4(a).
The three-dimensional and two-dimensional combined cross-
sectional view of the ELF of the heterojunction in the initial
state, as depicted in Fig. S1(c) (ESI†), can clearly distinguish the
degree of localization of atoms. The ELF quantifies the prob-
ability of electron localization in space, with the isosurface
taken at the (1 0 0) crystal plane, with values ranging from 0 to
0.8, where red indicates highly localized electrons and blue
indicates less localized electrons. Observations show that the
areas near Ga and Al atoms are blue, with ELF values close to 0,
indicating that electrons are highly delocalized in these
regions. Electrons are mainly localized near N atoms, and the
ELF value at the GaN/AlGaN interface is relatively low, suggest-
ing that the interaction at the interface is primarily through
weak van der Waals forces rather than strong covalent bonds.27

Fig. S1(d) (ESI†) illustrates the change in ELF from Ga to N
atoms with strain intensity. Under strain conditions, the degree
of electron localization around Ga atoms is reduced, indicating
that strain has altered the electron distribution. Within the
trough range, both compressive and tensile strains decrease the
degree of electron localization as the strain intensity increases.

The work function is the minimum energy required for
electrons to escape from the surface of a material, and materi-
als with a higher work function have a stronger ability to bind
electrons. The work function is defined as: F = Evac � EF, where
Evac is the vacuum energy level and EF is the Fermi level. As
shown in Fig. 4(b), FAlGaN = 5.602 eV, while FGaN = 5.389 eV is
5.389 eV. Due to the higher work function of AlGaN, electrons
migrate from AlGaN to GaN to balance the Fermi level. This
electron transfer accumulates in the GaN layer, forming a two-
dimensional electron gas. In the GaN/AlGaN heterojunction,
the difference in ionic radii between Al and Ga, along with the
polar covalent bonding of nitrogen atoms, generates polariza-
tion charges at the heterojunction interface. The distribution of
these polarization charges forms a fixed charge layer at the
interface, with the AlGaN layer accumulating positive charges
and the GaN layer accumulating negative charges, resulting
in an internal electric field from GaN to AlGaN at the hetero-
junction interface, which causes the electron bands to be
restructured. The charge redistribution mechanism at the
heterointerface can be further explained by the planar-
averaged electrostatic potential (EP). To explore the details of
the interfacial interaction in the GaN/AlGaN heterostructure
under strain and to gain a deeper understanding of the changes
in electron transport under strain, Fig. 4(c) describes the EP of
the heterojunction along the z-direction. The work function of
the GaN/AlGaN heterojunction (FAlGaN/GaN) without stress is
at 4.875 eV. As the compressive strain intensity increases,
FGaN/AlGaN increases from 4.875 eV to 8.024 eV. The work
function increases with the degree of compressive strain, but
the FGaN/AlGaN under compressive strain is always higher than
the FAlGaN and FGaN without strain. Compressive strain leads to
a decrease in lattice constants, causing changes in the electron
band structure, increasing the difficulty for electrons to escape
from the material surface, and thus increasing the work
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function. Moreover, compared with tensile strain, the EP values
at both ends are different after applying compressive strain,
indicating an asymmetry in the electric potential on both sides
of the interface, reflecting the phenomenon of charge redis-
tribution at the interface. On the other hand, as tensile strain
increases from 5% to 10%, FGaN/AlGaN increases from 4.134 eV
to 4.963 eV, but it is lower than the FAlGaN and FGaN without
strain. Tensile strain causes an increase in lattice constants,
making it easier for electrons to escape from the material, thus
reducing the work function. However, as tensile strain further
increases, the work function slightly rises, possibly due to

tensile strain making the lattice structure more stable, leading
to a more stable electron distribution. Additionally, due to
differences in localized charge distribution, the GaN/AlGaN
with strain both exhibit a multi-potential well structure, with
both GaN and AlGaN layers containing two potential wells.

As mentioned above, the presence of strain has a significant
effect on the electronic properties of heterojunctions. There-
fore, we sub-probe the effect of strain on the GaN/AlGaN
heterojunction interface properties through the 3D charge
differential density. Fig. 4(d) clearly demonstrates the charge
redistribution at the interface under strain conditions. The

Fig. 4 (a) Cross-section of the ELF of GaN/AlGaN under strain, (b) GaN vs. AlGaN figure of merit, (c) plane-averaged electrostatic potentials of GaN/
AlGaN for different strain regimes, and (d) three-dimensional charge differential density map of the heterojunction.
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green region represents charge depletion, while the yellow region
represents charge accumulation. The charge transfer at the inter-
face between GaN and AlGaN changes significantly due to van der
Waals (vdW) interactions. A large amount of charge depletion is
observed at the interface, which indicates the transfer of electrons
from AlGaN to GaN and the formation of a two-dimensional
electron gas. The charge depletion phenomenon decreases with
the increase in the degree of strain. As the strain changes the
lattice structure and electronic energy band structure of the
material, it affects the charge distribution and migration. There-
fore, the formation of high mobility two-dimensional electron gas
by strain modulation tunes the energy band structure in order to
design high-performance electronic devices.

3.3 The impact of strain on the phonon transport in GaN/
AlGaN heterojunction

As shown in the schematic diagram of the GaN/AlGaN heat
transport mechanism in Fig. 2(a), the heterojunction not only
has electron–electron scattering but also includes ballistic,
diffusive, and scattering processes of phonons, as well as
electron–phonon coupling transport. Phonons are the quan-
tized representation of lattice vibrations; hence, this section
mainly discusses the phonon transport characteristics of GaN/
AlGaN with compressive/tenile strain. Fig. 5(a) visualizes the
phonon vibrations at the G point, where the direction of the
arrows indicates the direction of vibration, and the length of
the arrows reflects the amplitude of the vibrational mode. It can
be observed that strain changes the lattice vibrations of the
heterojunction. Fig. S2 (ESI†) and Fig. 6(c) plot the phonon

density of states (VDOS) and the phonon dispersion curves along
the high-symmetry path G - M for the GaN/AlGaN heterojunc-
tion, and Fig. 5(b) shows the phonon dispersion curves in the 0–
10 THz range. Each GaN/AlGaN unit cell contains 8 atoms,
resulting in a total of 24 dispersion curves with different modes
in the phonon spectrum, of which 9 are optical branches and 3
are acoustic branches. The acoustic branches can be divided into
longitudinal modes (in-plane longitudinal acoustic, LA), in-plane
transverse modes (in-plane transverse acoustic, TA), and out-of-
plane modes (out-plane transverse acoustic, ZA) according to the
direction of lattice vibration. The absence of imaginary frequen-
cies in the dispersion curves indicates that the physical model
is dynamically stable within the considered range of strain.
The phonon cutoff frequency of GaN/AlGaN increases with the
increase in compressive strain strength, with low-frequency pho-
nons blue-shifting and high-frequency phonon modes increasing;
whereas it decreases with the increase in tensile strain strength,
causing phonons to red-shift. Compressive strain increases the
wide bandgap characteristics of the heterojunction, while tensile
strain reduces the bandgap.

To further explore the potential mechanisms of strain-
controlled interfacial phonon transport, the phonon participa-
tion ratio (PPR)44 is mapped onto the GaN/AlGaN acoustic
phonon branches, with the definition of PPR shown in eqn (6):

PPR�1 ¼ N
X
i

X
a

e�ia; leia; l

 !2

(6)

where i sums over all atoms studied, a is the Cartesian direction
summed over x, y, z, eia is the vibrational eigenvector

Fig. 5 (a) Visualizing the phonon vibration modes at the 0-point heterojunction, the direction and magnitude of the arrows represent the direction and
intensity of lattice vibrations, respectively. (b) Phonon dispersion curves of GaN/AlGaN heterojunctions (with three phonon branches mapping the
phonon mode participation rate), (c) dependence of phonon density of states on the in-plane biaxial strain.
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component corresponding to the l order of the positive modes,
and N is the total number of atoms. The participation ratio
describes the proportion of atoms involved in a specific mode,
so it varies between O(1) for delocalized states and O(1/N) for
localized states. Observations show that under strain-free con-
ditions, phonons near the M point are significantly localized.
Applying compressive or tensile strain can modulate the loca-
lized phonons in the heterojunction, making them more easily
propagated, and significantly enhance the delocalized phonon
modes near the G point. Under compressive strain, the phonon
cutoff frequency of the heterojunction increases significantly,
while the phonon bandgap decreases. When compressive strain
is applied, it leads to an increase in bond strength, thereby
causing the vibrational frequency of the optical phonon modes
to increase, that is, the optical modes shift to higher frequencies.
Conversely, under tensile strain, both the phonon cutoff fre-
quency and the phonon bandgap exhibit behavior opposite to
that under compressive strain. When tensile strain is applied,
the interatomic distances in the heterojunction increase, leading
to a decrease in bond strength and a shift of the optical modes to
lower frequencies.

In the GaN/AlGaN heterojunction, the impact of strain signifi-
cantly alters the electron–phonon coupling effect. Observations of
changes in the acoustic branches show that, under stress-free
conditions, the TA and LA modes exhibit linear dispersion around
the highly symmetric G point, while the ZA mode displays
quadratic dispersion due to rotational symmetry. As the in-
plane biaxial compressive strain increases, the parabolic

dispersion of the ZA mode transforms into a quasi-linear pattern,
and the acoustic phonon branches harden along the G–M path.
Conversely, under tensile strain, the ZA mode in the Brillouin
zone exhibits a softening phenomenon. Further increase of biaxial
tensile strain leads to the optical phonons moving towards the
low-frequency region of the Brillouin zone, coupling with the
acoustic phonon branches. This coupling indicates that phonon
propagation in the lattice is disrupted, and phonon–phonon
scattering is significantly enhanced. The decrease in frequency
and the enhancement of intermodal coupling lead to more
frequent phonon–phonon scattering events. This strong scatter-
ing effect suppresses the thermal transport capability of phonons,
thereby reducing the contribution of electron–phonon coupling to
heat conduction. Compressive strain decreases the lattice spacing
and enhances the interatomic interaction forces, reducing the
chance of phonon scattering, increasing phonon lifetime and
group velocity, thus enhancing electron–phonon coupling. Addi-
tionally, compressive strain raises the frequency of optical pho-
nons, reducing scattering with low-frequency lattice vibrational
modes, and improving the transport efficiency of phonons. The
stronger interatomic interaction forces and higher phonon fre-
quencies reduce scattering at the interface, allowing phonons to
pass through the interface more effectively. In contrast, tensile
strain weakens the interatomic interaction forces and lowers the
frequency of optical phonons, thereby hindering interfacial pho-
non transport.

To delve into the interfacial heat transport mechanisms of
the GaN/AlGaN heterostructure under different strain states, we

Fig. 6 Strain intensities for (a) ec = �10%, (b) ec = �5%, (c) e = 0, (d) et = 5% vs. (e) et = 10%, and (e) phonon spectral heat fluxes of GaN/AlGaN at the
interface.
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plotted the phonon spectrum heat flow maps in the frequency
domain, as shown in Fig. 6(a)–(d), while Fig. 6(e) illustrates the
phonon spectrum heat flow at the interface. These data intui-
tively reflect the contribution of phonons of different frequen-
cies to interfacial heat transport. The analysis shows that low-
frequency phonons dominate the interfacial heat transport
process, and within the 2–5 THz frequency range, phonons
form a significant interfacial phonon channel. As compressive
strain increases, the lattice binding energy is enhanced,
enabling more high-frequency phonons to be excited and
participate in heat transport, leading to an increase in heat
flow density. In contrast, under tensile strain conditions, the
lattice binding energy is weakened, and the interaction between
phonons and scattering centers increases, limiting the excita-
tion and transport capacity of high-frequency phonons,

ultimately resulting in a reduction of heat flow density. These
results indicate that changes in the phonon spectrum heat
flow significantly affect the regulation of thermal conductivity;
the excitation of high-frequency phonons under compressive
strain enhances the interfacial thermal conductivity, while
tensile strain reduces it. These variations are closely related
to the interfacial charge transfer. In the AlGaN/GaN heterojunc-
tion, interfacial charge transfer not only affects the transport
characteristics of electrons but also alters the electric field
distribution at the interface. The presence of strain further
affects the intensity and distribution of this charge transfer.
Compressive strain reduces electron scattering at the interface
by enhancing lattice binding energy, improving thermal con-
ductivity. At the same time, the increased electron density
strengthens the coupling between interfacial phonons and

Fig. 7 (a) Strain dependence of ITC. Modal temperatures of GaN and AlGaN on both sides of the interface for stress intensities of (b) ec = �10%, (c) ec =
�5%, (d) e = 0, (e) et = 5% and (f) et = 10%, with the position of dashed line in the figure indicating the equilibrium temperature.
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electrons, enhancing heat transport. Furthermore, tensile strain
increases the inhomogeneous distribution of interfacial charge,
further increasing the complexity and limitations of heat flow.

To investigate the mechanism of in-plane biaxial strain
regulating phonon transport at the heterointerface, this section
combines the MHHIM model with BTE simulations to study the
thermal transport of the GaN/AlGaN interface structure, and
provides a detailed description of the strain’s regulatory effect on
the heterojunction phonons from the perspective of phonons.
The thickness (L) from the boundary to the interface is set to
200 nm in the simulation. Fig. 7(a) presents the interfacial
thermal conductivity (ITC) obtained from MHHIM simulations,
where the black, blue, and pink bars represent the total ITC, and
the proportions of elastic and inelastic scattering, respectively.
Under stress-free conditions, ITC = 1.74 W m�2 K�1. As the in-
plane biaxial compressive strain intensity increases, ITC shows a
positive correlation trend. When ec = �10%, ITC increases by
26.63%. In contrast, as the in-plane biaxial tensile strain inten-
sity increases, ITC shows a negative correlation trend. When et =
10%, ITC decreases by 48.17%. Furthermore, elastic scattering
dominates the transport at the heterojunction interface. Elastic
scattering is usually related to the mean free path of phonons,
which in turn directly affects the ITC. Under compressive strains,
the mean free path of phonons increases due to a decrease in the
lattice constant, leading to a decrease in the elastic scattering
events and hence an increase in the ITC. Whereas, under tensile
strain, the lattice constant increases, the mean free path of
phonons decreases and the elastic scattering events increase,
leading to a decrease in ITC.

By distinguishing phonon modes, the regulatory process of
strain on non-equilibrium phonons at the interface is described
in detail. In the BTE solution, the relaxation time approximation
is used to solve the equation, ensuring the validity of tempera-
ture as an expression of non-equilibrium states. Under steady-
state conditions, when heat is transferred from the hot end to
the cold end of the structure, phonons of different modes may
exhibit different temperature distributions at the same location,
known as modal temperature non-equilibrium.38 To better
describe the phonon non-equilibrium phenomenon near the
interface, Fig. 7(b)–(f) plot the mode temperature of the phonon
branches at the GaN and AlGaN interface as a function of in-
plane biaxial strain variation, with the dashed line in the graph
representing the equilibrium temperature. For ease of data
analysis, 12 different modes of phonons are named ZA, TA, LA,
LO1–LO3 (longitudinal optical, longitudinal optical modes), and
TO1–TO6 (transverse optical, transverse optical modes) accord-
ing to the frequency around the G point. Observations show that
there is a significant temperature difference between phonon
modes at the interface, indicating the presence of non-
equilibrium phonon transport. Near the interface, compared
with the acoustic phonon branches, the temperature of TO
and LO phonons drops rapidly. As the compressive strain
increases, both the interface temperature and the mode tem-
perature difference decrease. However, when et = 5%, compared
with the stress-free state, the interface temperature rises, but the
phonon mode temperature difference is greatly increased; when

tensile strain continues to increase, the interface temperature is
at its lowest. This phenomenon is partly attributed to the weaker
degree of phonon non-equilibrium caused by in-plane compres-
sive stress compared to in-plane tensile stress. Due to the
lattice structure changes and adjustments in phonon scattering
mechanisms caused by strain, the temperature difference
between high-temperature acoustic and optical phonons is
narrowed. Strain increases the scattering frequency of phonons,
and the energy of high-temperature acoustic phonons is more
frequently transferred to lower-temperature optical phonons
through scattering, thereby reducing the temperature of high-
temperature acoustic phonons. At the same time, the tempera-
ture of optical phonons rises because they receive more energy.
In addition, strain changes the phonon spectrum and heat
transfer paths, promoting the redistribution of energy between
acoustic and optical phonons, further narrowing their tempera-
ture difference. In this way, strain achieves temperature equili-
brium between different phonon modes.

As shown in Fig. 8(a), the imbalance in temperature leads to
an imbalance in heat flow. The colder phonon branches absorb
more energy from the lattice to increase their heat flow, while the
hotter phonons lose energy, resulting in a decrease in their heat
flow density. As the intensity of in-plane biaxial tensile strain
increases, the heat flow of the acoustic branches on the AlGaN
side is enhanced, while the heat flow of the optical branches is
significantly weakened. This imbalance in heat flow is caused by
energy transfer between phonons and the non-equilibrium state.
As the intensity of in-plane biaxial tensile strain increases, the heat
flow of AlGaN side acoustic phonons is enhanced, while the heat
flow of optical phonons is significantly weakened. This is because
tensile strain changes the lattice structure and phonon scattering
mechanisms, leading to reduced scattering of acoustic phonons,
increased lifetime, higher thermal conductivity, and thus
enhanced heat flow. Optical phonons, due to frequent inelastic
scattering, have a reduced lifetime and lower heat flow density. In
addition, tensile strain causes changes in the phonon spectrum
and adjustments in energy distribution, increasing the kinetic
energy of acoustic phonons and their heat-carrying capacity, while
the energy of optical phonons is lost to other phonon modes,
reducing the heat flow. Ultimately, the impact of tensile strain on
lattice dynamics makes acoustic phonons more adaptable to the
new lattice structure, while the conduction path of optical pho-
nons is obstructed, leading to a reduction in their heat flow.

Furthermore, the BTE was used to solve the impact of strain
on the quasi-steady-state transport properties of phonons, and
the ballistic part in the heat transport process was calculated.
The calculated ballistic phonon energy density of GaN/AlGaN
modes as a function of in-plane biaxial strain is shown in
Fig. 8(b). Observations show that there are fewer ballistic
phonons inside the material, and more near the boundaries
and interfaces. The ballistic phonons decrease sharply from the
boundaries or interfaces to the interior, where phonons
undergo scattering and lose their ballistic characteristics. Pho-
nons have a higher group velocity and longer relaxation time,
meaning they are not as prone to scattering in the material as
optical phonons. This indicates that when phonons have more
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energy, ballistic transport is stronger. Additionally, the energy
density of ballistic phonons in the acoustic branches is higher
than in the optical branches, with low-frequency phonons
dominating the interfacial phonon transport. Under the action
of in-plane biaxial stress, the ballistic phonon transport at the
interface is severely suppressed. This is because low-frequency
phonons have longer wavelengths and lower energy, and under
stress-free conditions, they can pass through the interface more
freely. However, when in-plane biaxial stress is applied, the
lattice structure changes, leading to an increase in phonon
scattering rates. The lattice distortion and irregularity caused
by stress disrupt the paths of phonons, reducing the possibility
of ballistic transport. Ultimately, this leads to the suppression
of ballistic transport of low-frequency phonons, and the overall
heat flow of phonons is significantly affected.

4. Conclusions

This study, through the integrated application of first-principles
calculations and simulations based on the Boltzmann transport
equation (BTE), deeply investigated the heat transport mechan-
isms of GaN/AlGaN heterojunctions under in-plane stress,

revealing the complexity of electron–electron scattering, phonon
ballistics, non-equilibrium processes, and electron–phonon cou-
pling transport. The research results indicate that strain is an
effective means of regulating the thermoelectric properties of
semiconductor materials.

Firstly, this study utilized EPW software and DFT calcula-
tions to analyze the impact of strain on the electron–phonon
coupling constant and scattering rate. The results show that
strain significantly modulates the degree of e–ph coupling, with
compressive strain enhancing the coupling and tensile strain
weakening the interaction.

Secondly, we delved into the influence of in-plane stress on the
electron transport behavior of the GaN/AlGaN heterojunction. By
calculating the ELF, we observed that strain significantly altered
the spatial distribution of electrons, with electrons being highly
delocalized near Ga and Al atoms and mainly localized near N
atoms. In-plane biaxial strain led to a decrease in ELF values,
indicating that strain reduced the degree of electron localization
around Ga atoms, and both compressive and tensile strains
decreased the degree of electron localization. Furthermore, the
higher work function of AlGaN compared to GaN causes electrons
to migrate from AlGaN to GaN, forming a two-dimensional
electron gas. Compressive strain increased the difficulty for

Fig. 8 Variation with in-plane biaxial strain of (a) phonon branch contribution to heat flow, (b) GaN/AlGaN modal ballistic phonon energy density.
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electrons to escape, raising the work function, while tensile strain
reduced it. Through the analysis of three-dimensional charge
difference density, we found that under strain conditions, there
was a reallocation of charge at the interface, with a large number
of electrons transferring from AlGaN to GaN, forming a two-
dimensional electron gas, and the phenomenon of charge deple-
tion decreased with increasing strain.

Lastly, through the MHHIM model and BTE simulations, we
detailed the response of interfacial phonon non-equilibrium
and quasi-ballistic transport to strain. The phonon density of
states and dispersion curves indicate that strain significantly
altered the lattice vibrational modes, with compressive strain
increasing the phonon cutoff frequency and narrowing the
phonon bandgap, while tensile strain had the opposite effect.
Moreover, strain enhanced the delocalized phonon modes near
the G point. Under compressive strain, the increase in bond
strength led to an increase in optical phonon frequencies, while
under tensile strain, the increase in atomic spacing weakened
the bond strength, reducing the optical phonon frequencies.
Analysis through the phonon spectrum heat flow map in
the frequency domain revealed that low-frequency phonons
dominate interfacial heat transport, with compressive strain
enhancing the interfacial thermal conductivity and tensile
strain reducing it. The degree of phonon non-equilibrium
caused by in-plane compressive stress is weaker than that
caused by in-plane tensile stress. Additionally, under the action
of in-plane biaxial stress, the ballistic phonon transport at the
interface is severely suppressed. In summary, this study not
only enriched the understanding of electron–phonon coupling
phenomena in GaN/AlGaN heterojunctions but also provided a
theoretical basis and guidance for the strain design and device
application of semiconductor materials.
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