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ABSTRACT

Gallium nitride (GaN), a wide bandgap semiconductor, has been broadly used in power electronic devices due to its high electron mobility
and high breakdown voltage. Its relatively high thermal conductivity makes GaN a favorable material for such applications, where heat
dissipation is a major concern for device efficiency and long-term stability. However, in GaN-based transistors, where the active region can
withstand extremely strong electric fields, the field effect on the thermal transport properties has drawn little attention so far. In this work,
we apply first-principles methods to investigate phonon properties of wurtzite GaN in the presence of a near-breakdown electric field applied
along different crystallographic directions. We find that the electric field changes thermal conductivity considerably via impacting the bond
stiffness, ionicity, anharmonicity, and the crystal symmetry, although it has little effect on phonon dispersions. The presence of an out-of-
plane electric field increases (decreases) the thermal conductivity parallel (perpendicular) to the electric field, which is attributed to different
changes in the Ga–N bond stiffness and ionicity and the scattering rates of phonons traveling along different directions. When an in-plane
electric field is applied, the sizable decrease in thermal conductivities along all directions is attributed to the crystal symmetry breaking that
enhances the phonon–phonon scattering. Our study provides insight into the effect of extreme external electric fields on phonon transport
properties in wide-gap semiconductors.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0047372

Excellent electronic properties of GaN, such as the wide bandgap
and, thus, the high breakdown electric field, as well as the high electron
mobility, make it a promising material for high-power and high-
frequency applications.1–3 Due to the extremely high power densities
present in GaN-based power electronic devices,4 efficient thermal
management is of great importance to maintain the device efficiency
and avoid device failure due to large local temperature rises. Extensive
experimental and theoretical studies have shown that bulk wurtzite
GaN possesses a high thermal conductivity,5–10 which is beneficial for
heat dissipation in power electronic applications. Recently, new strate-
gies to form high-quality bonds between GaN and high-thermal con-
ductivity substrates with low interfacial thermal resistances have also
been developed.11 However, these thermal transport studies so far
have focused on GaN without an external electric field. Given the
extreme electric field strength (up to a few MV/cm)4,12 present in the
active region in GaN-based devices, the impact of the external electric
field on the thermal conductivity of GaN is critical to evaluate the
thermal performance of operating devices.

The electric field effect on thermal conductivity is not well under-
stood in general. Computationally, recent advances in first-principles

methods based on density functional theory (DFT), density functional
perturbation theory13 (DFPT), and phonon Boltzmann transport
equation (BTE) have facilitated the calculation of thermal conductivi-
ties of a wide range of crystalline materials under zero electric field.14,15

However, there have been very few studies on the influence of an
external electric field on thermal transport properties. Most of these
studies examined two-dimensional (2D) materials in the presence of
an out-of-plane electric field. For these studies, slab supercells with a
sawtooth potential16 were used to incorporate finite electric fields. This
method is natural for simulating 2D materials but becomes computa-
tionally expensive for bulk three-dimensional materials due to the
large required supercell size. Qin et al.17 showed that the thermal con-
ductivity of silicene can be tuned within a wide range, up to two orders
of magnitude, with an out-of-plane external electric field that modu-
lates the interactions between atoms. Similar results were also obtained
in monolayer borophene by Yang et al.18 Experimental studies have
mostly focused on ferroelectric materials so far.19,20

The development of the modern theory of polarization,21–23

where an electronic enthalpy functional including an additional polari-
zation term is minimized with respect to polarized Bloch functions,
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has provided a practical first-principles method to calculate the
response of physical properties to a finite electric field in 3D bulk
materials since supercells are not required. In this Letter, we apply this
first-principles method to investigate phonon properties of wurtzite
GaN in the presence of a near-breakdown electric field applied along
different directions. The electric field is applied along both the in-
plane direction (the a-axis) and the out-of-plane direction (the c-axis),
as shown in Fig. 1(a). For both cases, we found considerable changes
in the thermal conductivity, up to 24% at 200K and 13% at 300K,
depending on the directions of the electric field and the thermal con-
ductivity [Figs. 1(c) and 1(d)]. Given the high heat current existing in
power electronic devices, this moderate change in thermal conductiv-
ity can lead to sizable temperature variation in the device. Through
detailed analysis of individual phonon modes, we attributed the
change in the thermal conductivity to the combined effect of two
major factors: the change in bond ionicity and stiffness and the crystal
symmetry breaking due to the applied electric field. The change in
bond stiffness and ionicity affects the phonon frequency and group
velocity, while the broken crystal symmetry leads to enhanced pho-
non–phonon scatterings. Our study suggests that the field effect on the
thermal conductivity in wide-gap semiconductors needs to be consid-
ered in designing thermal management strategies for high-power devi-
ces based on these materials.

DFT calculations were performed using the Quantum
ESPRESSO (QE) package24 with the scalar-relativistic Optimized
Norm-Conserving Vanderbilt (ONCV) pseudopotentials25 within the
local density approximation (LDA). The kinetic energy cutoff for
wavefunctions is set to 80Ry. A mesh grid of 10� 10� 5 in the first
Brillouin zone (BZ) is adopted, and the total electron energy conver-
gence threshold for self-consistency is 1� 10�10 Ry. The crystal lattice
is fully relaxed with a force threshold of 1� 10�4 eV=Å, with zero-
field lattice parameters a ¼ 3:16 Å; c ¼ 5:148 Å and the internal

parameter u¼ 0.375 (u is the ratio between the Ga–N bond length r
along the c-axis and the lattice parameter c), in excellent agreement
with experimental values.26 The second- and third-order interatomic
force constants (IFCs) were calculated using a finite displacement
approach27 with 3� 3� 2 supercells with or without the electric field.
The phonon dispersions based on the second-order IFCs were calcu-
lated using the PHONOPY package,28 and the non-analytical correc-
tion term due to the long-range Coulomb interactions was also
included. The interactions between atoms were taken into account up
to fifth-nearest neighbors in third-order IFC calculations. The pho-
non–phonon scattering rates and phonon-isotope scattering rates can
be computed based on the IFCs, as detailed in previous works.5,6 We
calculated the lattice thermal conductivity by solving the phonon
Boltzmann Transport Equation (BTE) iteratively as implemented in
ShengBTE.29 The q-mesh samplings for the BTE calculations were
15� 15� 15. The convergence of the lattice thermal conductivity
with respect to the q-mesh density and the interaction distance cutoff
was confirmed. The finite electric field was applied based on the mod-
ern theory of polarization21,22 as implemented in QE. Given the 3.4 eV
bandgap of the wurtzite GaN, the near-breakdown electric field of
5MV/cm is applied in the calculation. The crystal structure is fully
relaxed with the applied electric field. The change in the lattice param-
eters a and c with the electric field is described by the inverse piezo-

electric coefficients of GaN: d31 ¼ @ ln ðaÞ
@Ez
¼ �1:37� 10�4 cm/MV

and d33 ¼ @ ln ðcÞ
@Ez
¼ 2:83� 10�4 cm/MV.12 Therefore, the change in

the lattice parameters is below 0.1% with the applied electric field,
which agrees with our calculation. It is noted here that the electric field
is also applied during the calculations of second- and third-order IFCs,
and therefore, our calculations can capture the full response of phonon
properties to the applied electric field, including the effects of both the
change in atomic positions and the redistribution of the electronic
charge density.23

The comparison of phonon dispersions with and without the
applied electric field along the c-axis is shown in Fig. 1(b). A similar
plot with the electric field applied along the a-axis is given in Fig. S1
(see the supplementary material). In the presence of the electric field
along both the a-axis and the c-axis, the dispersions of low-frequency
acoustic phonons are not changed appreciably, while slight changes
arise for the high-frequency optical phonons. Our calculated shift of
the optical phonon frequencies at the C point with an out-of-plane
electric field agrees qualitatively with the Raman measurements by
Bagnall et al.,12 where the frequency of A1 (LO) mode increases and
that of E2 (high) and E2 (low) modes decreases, validating our calcula-
tions incorporating the electric field.

Although the electric field has little effect on the phonon disper-
sion, it has a much greater impact on the lattice thermal conductivity,
as shown in Figs. 1(c) and 1(d). The thermal conductivity of GaN as
a function of temperature in zero field is shown in Fig. S2 (see the
supplementary material). Both phonon–phonon scattering and
phonon-isotope scattering are considered when calculating the ther-
mal conductivity, since it is well known that the phonon-isotope
scattering plays a prominent role in GaN.5 Our calculated thermal
conductivity of isotopically pure GaN is 410W/mK at 300K, while
the calculated thermal conductivity of GaN with the natural abun-
dance of Ga isotopes is 250W/mK at 300K, agreeing well with other
first-principles calculations.5–7 When the electric field is applied

FIG. 1. (a) The crystal structure of wurtzite GaN. The applied electric field direc-
tions are labeled. (b) The comparison of phonon dispersions of wurtzite GaN with
and without an out-of-plane electric field. (c) and (d): The relative changes in the
calculated lattice thermal conductivity along different directions in the presence of
(c) out-of-plane and (d) in-plane electric fields.
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along the out-of-plane direction, a sizable increase in the thermal
conductivity parallel to the electric field is observed, with more than
12% increase at 200K and 8% at higher temperatures. In contrast,
the thermal conductivity perpendicular to the electric field decreases
by 7%. On the other hand, when the electric field is applied along the
in-plane direction, the in-plane crystal symmetry is broken, which
makes the a-axis and the b-axis no longer equivalent. Moreover, the
thermal conductivities along all three axes decrease in this case, with
the largest reduction reaching 24% at 200K for the thermal conduc-
tivity along the c-axis. The field effect on the thermal conductivity
with a lower electric field (1MV/cm) is provided in Fig. S3 (see the
supplementary material).

Since the lattice thermal conductivity can be decomposed into
contributions from individual phonon modes,27 we analyze the trans-
port and scattering properties of individual phonon modes to under-
stand the mechanisms underlying the observed field effect. We first
examine the case where an out-of-plane electric field is applied. Since
the field direction is aligned with the rotational axis (c-axis) of the
crystal lattice, the full crystal symmetry of GaN is preserved. The pho-
non–phonon scattering rates in this case are presented in Fig. 2(a),
showing no appreciable difference with or without the applied field.
The change in the spectral contribution to the thermal conductivity
(Fig. S4) also shows no clear trend for different frequency regimes. To
see the change in the scattering rates of phonons traveling along differ-
ent directions, we plot the change in the phonon scattering rate for
groups of phonons mainly contributing to out-of-plane and in-plane
thermal transport based on their group velocities, as shown in
Fig. 2(b). Although the average total phonon scattering rates appear
unchanged, we found that for phonons with a large out-of-plane group
velocity, their scattering rates tend to be reduced by the applied electric
field, while the phonons with a large in-plane group velocity tend to have
an increased scattering rate. This effect would contribute to the observed
thermal conductivity change. To quantify the effect, we also calculated
the average phonon scattering rates weighted by their cross-plane and in-

plane group velocities: Dc
c

� �
a
¼
P

allmodes
v2a

Dc
c

� �
P

allmodes
v2a

, where a refers to the

direction and Dc
c is the relative change of the scattering rate for a certain

phonon mode. We found Dc
c

� �
x
¼ �2% and Dc

c

� �
z
¼ 10:8%, contrib-

uting to the different changes in the lattice thermal conductivity along
the two directions.

Then, we focus on the bond length and the bond strength of
the Ga–N bonds, as they can influence the harmonic phonon prop-
erties, such as the mode-specific heat capacity and the group veloc-
ity. The data are summarized in Table I. We notice a slight decrease
in the bond length of the out-of-plane Ga–N bond by 0.9% and an
increase in the bond length of the in-plane Ga–N bond by 0.3%.
The change in the out-of-plane bond length is on the same order as
the experimental value.12 Using second-order polynomial fitting of
the total energy as a function of small perturbations (smaller than
0:05 Å) of the bond length, we obtain the stiffness of the in-plane
and out-of-plane Ga–N bonds. We find that the stiffness of the out-
of-plane Ga–N bond is increased by 6.4%, while the stiffness of the
in-plane Ga–N bond is decreased by 2.3%. Typically, the increase in
the bond stiffness leads to the enhancement of the phonon
frequency and the group velocity. Although the change in phonon
frequency is not clear in Fig. 1(b), where all phonon modes are dis-
played, the change is more evident for the phonon modes vibrating
along a certain bond direction. The phonon modes vibrating along
the out-of-plane direction are selected according to their eigenvec-
tors, and the corresponding phonon frequency and group velocity
compared with the zero-field values are shown in Fig. S5 (see the
supplementary material). Considering the negligible contribution
of high-frequency optical phonons to the thermal conductivity,
only phonons with frequencies below 10 THz are shown. It is found
that both the out-of-plane group velocities and the frequency of
this group of phonons are increased by 2% on average in the pres-
ence of the out-of-plane electric field, which are the main contribu-
tors to the increased out-of-plane thermal conductivity. In contrast,
the frequencies of the phonons with in-plane vibrations are
reduced. Although the in-plane group velocities of some of the pho-
nons with in-plane vibrations are slightly increased with the electric
field, their frequency lies in the range of 5–7 THz and they are
known to be strongly suppressed by phonon-isotope scatterings.6

FIG. 2. (a) The phonon–phonon scattering rate at 300 K at zero field (blue spots) and with an out-of-plane 5MV/cm electric field. (b) Relative change of phonon scattering rates
as a function of their in-plane and out-of-plane group velocities. Here, each dot represents a phonon mode, whose coordinates are determined by their cross-plane and in-
plane group velocities. The color of the dots represents the relative change in their scattering rates when an out-of-plane electric field is applied. Blue means the decreased
scattering rate, while red means an increased scattering rate.
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We also estimated that the change in the phonon heat capacity due
to the frequency change is within 0:5%, thus not affecting the
thermal conductivity appreciably.

Given that the relative change in the bond stiffness is much
greater than that in the bond length, we hypothesize that the change in
the bond stiffness in the presence of the electric field is not only a con-
sequence of the change in the bond length but also affected by the
redistribution of the charge density, i.e., the ionicity of the Ga–N
bonds. The electron localization function (ELF) is often used as a visu-
ally informative method to demonstrate the bond ionicity,30 whose
value is normalized between 0 and 1. A higher ELF value at a spatial
location indicates a stronger Pauli exclusion to a test electron placed in
the proximity, signaling a higher local charge density and bond satura-
tion. Therefore, higher ELF values concentrated in between two ions
indicate strong covalent bonding, while low ELF values between the
two ions are a signature of highly ionic bonds.30 The ELF at zero field
and its change in the presence of the out-of-plane electric field are
shown in Fig. 3. Figures 3(a) and 3(b) show ELF describing the out-of-

plane Ga–N bonds and its change due to the electric field, while
Figs. 3(c) and 3(d) provide the same information for the in-plane
Ga–N bonds. The Ga–N bonds show a strong ionic characteristic,
where very low electron density is found in the middle of the bond,
implying very few shared electrons, as shown in Figs. 3(a) and 3(c).
The applied external electric field modifies the distribution of electrons
and results in an increase in ELF in the middle of the out-of-plane
Ga–N bond and a decrease near the nuclei, as shown in Fig. 3(b),
implying that the charge density in the bonding region increases, and
thus, the ionicity of this out-of-plane Ga–N bond is decreased. In con-
trast, for the in-plane Ga–N bonds, the ionicity increases with the elec-
tric field, which is reflected in the increased charge density near the N
atom. It is understood that more ionic bonds usually possess lower
bond stiffness and, thus, lead to a lower lattice thermal conductivity,31

and thus, the impact of the applied electric field on the bond ionicity
in GaN also contributes to the change in the thermal conductivity.

So far, we have analyzed the change in the phonon scattering
rates, bond stiffness, and ionicity in the presence of the out-of-plane

FIG. 3. The electron localization function (ELF) at zero field and its change in the presence of the out-of-plane electric field. [(a) and (b)] A cross section along the (110) surface
showing the ELF around out-of-plane Ga–N bonds. [(c) and (d)] A cross section determined by the in-plane Ga–N bond direction and the [110] crystallographic direction, show-
ing the ELF around an in-plane Ga–N bond. The ELF values are coded in the color bars.

TABLE I. Relative changes of Ga–N bond properties with and without an out-of-plane near-breakdown electric field of 5 MV/cm.

In-plane Ga–N
bond length

In-plane Ga–N
bond stiffness

Out-of-plane Ga–N
bond length

Out-of-plane Ga–N
bond stiffness

Relative change 0.3% �2.3% �0.9% 6.4%
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electric field. We conclude that the out-of-plane electric field, under
which the crystal symmetry is preserved, increases the thermal con-
ductivity along the out-of-plane direction via reducing the scattering
rates of phonons traveling along the out-of-plane direction, enhancing
the strength of the Ga–N bonds along the same direction and reducing
its ionicity. In the meantime, the out-of-plane electric field decreases
the thermal conductivity perpendicular to the electric field through the
opposite effects.

When the electric field is applied along the in-plane direction, the
thermal conductivities along all directions show a significant reduc-
tion. Different from the out-of-plane electric field, under which the
crystal symmetry is preserved, the in-plane electric field breaks the
crystal symmetry. The space group of the wurtzite GaN crystal struc-
ture is P63mc, while after the full lattice relaxation with the in-plane
electric field of 5MV/cm, the space group of the crystal structure
becomes P1, indicating the complete absence of any rotation axes,
rotary-inversion axes, screw axes, or mirror planes. Due to the symme-
try breaking, selection rules for phonon–phonon scatterings imposed
by the crystal symmetry are lifted, contributing to more allowed
phonon–phonon scattering channels. A recent study found a 20%
reduction in the thermal conductivity of GaAs under a small
symmetry-breaking strain.32 Since the zone-center phonons possess
the same symmetry operations as the full point group of the crystal,
low-frequency acoustic phonons near the zone center are expected to
be affected more strongly. To verify this effect in GaN with the in-
plane electric field, we calculate the phonon-phonon scattering rates
with or without the field at 100K and 300K, which are shown in
Fig. 4. The scattering rates of low frequency acoustic phonons in the
presence of the in-plane electric field are enhanced compared to
the zero-field scattering rates, which contributes to the reduction in
the thermal conductivities along all three directions. This effect is
more prominent at lower temperatures (we are not reporting the ther-
mal conductivity at 100K due to the computational cost to obtain a
converged thermal conductivity at lower temperatures).

In summary, we demonstrated the impact of a near-breakdown
electric field on phonon transport properties of wurtzite GaN through
first-principles calculations. We find that the electric field changes the
thermal conductivity considerably by affecting the scattering rates of

phonons traveling along different directions, the bond stiffness and
ionicity, and the crystal symmetry, depending on the directions of the
applied electric field and the thermal conductivity. Our study points
out the importance of the field effect on the thermal conductivity of
wide-gap semiconductors and contributes to the future development
of electrical and thermal co-design strategies of next-generation power
electronic devices.33

See the supplementary material for additional data and figures, as
referred to in the main text.
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