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Mg and Si as the typical dopants for p- and n-type gallium nitride (GaN), respectively, are
widely used in GaN-based photoelectric devices. The thermal transport properties play a
key role in the thermal stability and lifetime of photoelectric devices, which are of significant
urgency to be studied, especially for the Mg- and Si-doped GaN. In this paper, the thermal
conductivities of Mg- and Si-doped GaN were investigated based on first-principles
calculations and phonon Boltzmann transport equation. The thermal conductivities of
Mg-doped GaN are found to be 5.11 and 4.77W/mK for in-plane and cross-plane
directions, respectively. While for the Si-doped GaN, the thermal conductivity reaches
the smaller value, which are 0.41 and 0.51W/mK for in-plane and cross-plane directions,
respectively. The decrease in thermal conductivity of Mg-doped GaN is attributed to the
combined effect of low group velocities of optical phonon branches and small phonon
relaxation time. In contrast, the sharp decrease of the thermal conductivity of Si-doped
GaN is mainly attributed to the extremely small phonon relaxation time. Besides, the
contribution of acoustic and optical phonon modes to the thermal conductivity has
changed after GaN being doped with Mg and Si. Further analysis from the orbital
projected electronic density of states and the electron localization function indicates
that the strong polarization of Mg-N and Si-N bonds and the distortion of the local
structures together lead to the low thermal conductivity. Our results would provide
important information for the thermal management of GaN-based photoelectric devices.

Keywords: thermal conductivity, thermal contribution, phonon relaxation time, Mg-and Si-doped GaN, first-
principles

INTRODUCTION

Gallium nitride (GaN) has become one of the most potential basic materials for high power and high
frequency electronic devices due to its wide band gap, high electron mobility and stability (Chang
et al., 2008; Quah and Cheong, 2013). It is widely used in photoelectric and electronic fields and
growth of materials, from light-emitting devices to high-power transistors (Pearton et al., 2001; Lee
et al., 2008; Chung et al., 2010; Quah and Cheong, 2014; Quan et al., 2014; Li et al., 2016; Jiang et al.,
2019). The p-type and n-type doping of GaN is the key to the preparation of optoelectronic devices
(Wang et al., 2014; Krishna et al., 2019; Liu et al., 2021), because of providing the high carrier
concentration and mobility. Among them, magnesium (Mg) is the only dopant to realize p-type
conductivity (Lahourcade et al., 2009; Krishna et al., 2019), and silicon (Si) is the important dopant to
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realize n-type doping, which effectively enhances the luminous
efficiency (Liu et al., 2021). In the practical application of GaN-
based optoelectronic devices, the performance and lifetime of
the devices mainly lie with the heat dissipation efficiency in the
active region (Kamano et al., 2002; Liu et al., 2015). Thermal
conductivity, an important character of materials, has
attracted much attention due to its key role in determining
the lifetime of electronic devices (Gillet et al., 2009).
Experimentally, the thermal conductivity of GaN is
significantly suppressed after doping with Mg and Si
(Beechem et al., 2016; Paskov et al., 2017). For example,
Beechem et al measured the thermal conductivity of GaN is
180 W/mK at room temperature, while the thermal
conductivity of Mg-doped GaN reduces from 160 to 110 W/
mK with the doping concentration increases from 2.8 × 1018 to
3 × 1019 cm−3. Paskov et al reported the thermal conductivity
of GaN reduces from 245 to 210 W/mK with increasing the Si
doping concentration from 1.6 × 1016 to 7 ×1 018 cm−3 at room
temperature. Although the thermal conductivity of GaN doped
with Mg and Si has been widely studied in experiments, its
underlying physical mechanism is still ambiguous, which
would limit the applications of GaN-based photoelectric
devices and need to be further explored. Currently, the
first-principles calculation of thermal conductivity of doped
GaN is rare. The thermal conductivities of InGaN and AlGaN
alloys were studied using the virtual crystal model, while the
specific doping structures are ignored (Ma et al., 2016). Only
the thermal transport properties of GaN doped with In and C
have been studied based on the first-principles calculation with
doping structures (Li and Wang, 2021). In fact, substitutional
dopants introduce mass perturbations and extended bond
perturbations (Fava et al., 2021), due to the difference in
atomic masses of host and substituting atoms and the
distortion produced by the dopant. Therefore, to further
understand the thermal transport properties of GaN doped
with Mg and Si, in-depth exploration is imperative.

In this work, the thermal conductivities of Mg- and Si-doped
GaN are studied based on the first-principles method combined
with the phonon Boltzmann transport equation. It is found that
the thermal conductivities of Mg- and Si-doped GaN both
reach the ultra-low values, the thermal conductivity of Si-doped
GaN is even an order of magnitude lower than that of Mg-
doped GaN. The phonon transport properties of GaN doped
with Mg and Si are systematically analyzed based on the
contribution of phonon branches, phonon group velocity,
phonon relaxation time, phonon scattering phase space and
Grüneisen parameter. Further electronic structures analyses are
performed based on the projected electronic density of states
(pDOS) and electron localization function (ELF) to provide
deep insight into phonon transport in GaN doped with Mg
and Si.

METHODOLOGY

The thermal conductivity is obtained by solving the phonon
Boltzmann transport equation (BTE) based on second order

and third order interatomic force constants (IFCs) evaluated
from first-principles calculations. At temperature T, the
thermal conductivity can be expressed as (Li et al., 2014)

καβ � 1
kBT2ΩN∑

λ
f0(f0 + 1)(ћωλ)2vλFβ

λ , (1)

where kB, N and Ω are the Boltzmann constant, the number of q
meshes in Brillouin zone and the volume of the unit cell,
respectively. λ is the phonon mode composed of the branch
index p and wave vector q, f0, ωλ, ћ and νλ are the Bose-Einstein
distribution function, phonon angular frequency, Planck
constant and the phonon group velocity, respectively. α and β
denote the Cartesian directions. And Fβ

λ � τλ0 (νλ + Δλ) (Ward
et al., 2009; Ward and Broido, 2010), Δλ is a correction to
the deviation of relaxation-time approximation (RTA)
prediction, and τλ0 is the phonon relaxation time, which
can obtain from perturbation theory. The three phonon
collisions must conform to conservation of energy and crystal
momentum.
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→
. (2)
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→

is a reciprocal lattice vector. K
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→

≠ 0 for Umklapp (U) process. The τλ0 can be
calculated as
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2
Γ−λλ′ λ′′ +∑

λ′
Γλλ′⎞⎠, (3)

where Γ+λλ′λ′′ and Γ−λλ′ λ′′ are the absorption process and
emission process, respectively (Omini and Sparavigna, 1996;
Lindsay and Broido, 2008). Γλλ′denotes the scattering
possibility caused by the disorder of impurity (Tamura, 1983;
Kundu et al., 2011).

First-principles calculations were performed based on
density functional theory (DFT) using the Vienna ab-initio
simulation package (VASP) (Kresse and Furthmuller, 1996)
with the Perdew-Burke-Ernzerhof (PBE) (Perdew et al., 1997)
of generalized gradient approximation (GGA) for the
exchange-correlation functional. The kinetic energy cutoff
of plane wave basis was set to be 600 eV and the
Monkhorst-Pack (Monkhorst and Pack, 1976) k-mesh of
7 × 7 × 4 is used to sample the Brillouin zone (BZ), with
the energy convergence criteria set as 10–5 eV. All geometries
are full optimized until the maximal Hellmann-Feynman force
is less than 10–5 eV/Å. A 2 × 2 × 2 supercell containing 32
atoms was constructed for the calculation of IFCs, during
which a Monkhorst-Pack k-mesh of 7 × 7 × 4 is used to
sample the BZ.

The harmonic and anharmonic IFCs were obtained using
the real-space finite displacement difference method. Phonon
harmonic properties including phonon dispersion relations
and phonon density of states require the second order IFCs,
while phonon anharmonic properties require the third order
IFCs. The 2 × 2 × 2 supercells containing 32 atoms were used
to calculate the second order and third order IFCs. We take
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the second order IFCs by using the density functional
perturbation theory (DFPT) method as implemented in
VASP and the Phonopy package (Togo and Tanaka, 2015).
For the third order, we chose the cutoff interactions up to the
12th nearest neighbors and fifth nearest neighbors for GaN
and GaN doped with Mg and Si, respectively, which were

based on the carful convergence tests. With the second order
and third order IFCs, the thermal conductivity can be
obtained by solving the phonon Boltzmann transport
equation as implemented in the ShengBTE package (Li
et al., 2014) and the q-mesh of 9 × 9 × 9 was considered
based on the thermal conductivity convergence test.

FIGURE 1 | The crystal structure of wurtzite GaN (A), Mg-doped GaN (C), Si-doped GaN (E). The yellow, grey, green and light blue balls represent Ga, N, Mg and Si
atoms, respectively. The phonon dispersion curves along the high-symmetry directions with corresponding projected phonon density of states of GaN (B), Mg-doped
GaN (D), Si-doped GaN (F).
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RESULTS AND DISCUSSION

Structures and Phonon Dispersions
As shown in Figures 1A,C,E, the lattice structures of GaN, Mg-
and Si-doped GaN with the hexagonal system and belong to the
same P63mc space group. A 2 × 2 × 2 supercell of pristine GaN
containing 8 unit cells is used to construct the doped GaN, and a
Mg or Si atom is used to replace to a Ga atom in the center of the
supercell to form Mg-doped or Si-doped GaN, respectively. The
doping concentration is 6.25%. The optimized lattice constants of
the three compounds are shown in Table 1. It is clearly seen that
the lattice constants of GaN are consistent with the previous
calculated values, and slightly larger than the experimental values,
a � 3.190 Å and c � 5.189 Å (Schulz and Thiemann, 1977). The
variations of the lattice parameters a, c and volume after Mg
doping GaN are a bit larger than that of Si-doped GaN. Contrary
to the Mg-doped GaN, the volume of GaN doping with Si
becomes smaller, which may lie in the differences of the lattice
parameters a and c between these two materials. Our results are
consistent with others reports as listed in Table 1, which indicates
the accuracy of our optimized structures.

Lattice dynamic properties are investigated for indicating the
thermodynamic stability of the materials and evaluating the
lattice thermal conductivity. Based on the optimized
structures, all phonon dispersions along the Γ-K-M-Γ-A-H-L-
A path and corresponding projected phonon density of states
(PDOS) of GaN, Mg-doped GaN and Si-doped GaN were
calculated as shown in Figures 1B,D,F, which illustrate the
structural stability of these compounds. As shown in
Figure 1B, there exist 3 acoustic phonon branches and nine
optical phonon branches in GaN (Bungaro et al., 2000). In
addition, the optical phonon branches can be further divided
into six high-frequency optical phonon branches above the gap
and three low-frequency optical phonon branches below the gap.
Obviously, the number of phonon branches in Mg-doped GaN
and Si-doped GaN is much larger than that of GaN, which both
have 96 phonon branches as illustrated in Figures 1D,F. Such
phenomenon is consistent with previous reports of other doped
materials, such as Bi-doped SnS, BiCuOch (ch � S, Se and Te), B-
and N-doped graphene and N-Au co-doped graphene (Liu et al.,
2016; Guan et al., 2020; Mann et al., 2020; Zhang et al., 2020),
which can be put down to the 32-atom primitive cells of Mg-
doped GaN and Si-doped GaN resulting in 96 independent
vibration modes, including 3 acoustic modes and 93 optical
modes. Further, the phonon bandgaps of GaN, Mg-doped
GaN and Si-doped GaN can be obtained from their phonon
dispersions, which are 5.38, 5.08, 2.87 THz, respectively. In
general, the wide phonon bandgap can be attributed to the

large mass difference (Gu and Yang, 2014; Wang et al., 2021).
The atomic masses of Ga, Si, Mg and N are 69.72, 28.09, 24.31 and
14.01, respectively (Wieser and Berglund, 2009). In Si-doped
GaN, due to the existence of the Si atom, the mass difference is the
smallest, being 41.63. As for Mg-doped GaN, it has a slightly
larger mass difference (45.41), but it is still lower than GaN
(55.71). Further, the presence of several isolated phonon branches
around 11 THz in the phonon dispersion of Mg-doped GaN
results in the narrower bandgap, and the phonon bandgap of Si-
doped GaN is the narrowest compared to GaN and Ga15Mg1N16

due to two separate parts of phonon branches around 11 THz and
14 THz in the phonon dispersion. As PDOS shows in Figures
1D,F, the isolated phonon branches above the low-frequency part
are contributed by the Mg atom in Mg-doped GaN, and the
isolated phonon branches above the low-frequency part and
below the high-frequency part are mainly contributed by the
Si and N atoms in Si-doped GaN, respectively.

Thermal Conductivity and Thermal
Contribution
The thermal conductivities of GaN,Mg-doped GaN and Si-doped
GaN for in-plane and cross-plane directions in the temperature
range from 200 to 1000 K are provided in Figure 2. It is shown
that the thermal conductivities of Mg-doped GaN and Si-doped
GaN are much lower than that of GaN in the whole temperature,
especially the thermal conductivity of Si-doped GaN is even two
orders of magnitude lower than that of GaN. It is noted that the
thermal conductivity of GaN and Si-doped GaN along the in-
plane direction is smaller than that along the cross-plane
direction, and the anisotropy of thermal transport in wurtzite
structures can be put down to the anisotropy of group velocity
and has been well explained in literature reports (Ma et al., 2016;
Wu et al., 2016). Moreover, the anisotropy of thermal
conductivity in the three compounds decreases with the
increasing temperature as shown in Figure 2A. As
temperature increase from 200 to 1000 K, the anisotropy of
thermal conductivity of GaN reduces monotonically from 33
to 9W/mK, and for Mg- and Si-doped GaN, the anisotropy of
thermal conductivity reduces monotonically from 0.52 to 0.10W/
mK and 0.13 to 0.03 W/mK, respectively. This change in
anisotropy can be attributed to the enhancement of phonon-
phonon scattering of acoustic phonons which mainly contribute
to the anisotropy (Ma et al., 2016).

At 300 K, the thermal conductivity of GaN is calculated to be
275 and 303W/mK for in-plane and cross-plane directions,
respectively, which is in good agreement with the previous
studies (Lindsay et al., 2012; Yang et al., 2016; Qin et al.,

TABLE 1 | Optimized lattice constants of GaN, Mg-doped GaN and Si-doped GaN.

A (Å) B (Å) C (Å) V (Å) Reference

This work Others This work Others This work Others This work Others

GaN 3.219 3.219 3.219 3.219 5.242 5.244 376.4 378.5 Tang et al. (2020)
Mg-doped GaN 3.226 3.231 3.226 3.231 5.263 5.275 379.6 381.8 Du et al. (2011)
Si-doped GaN 3.217 3.213 3.217 3.213 5.251 5.253 376.0 375.6 Ji et al. (2014)
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2017a). For Mg-doped GaN, the calculated thermal conductivity
along the in-plane and cross-plane directions is 5.11 and 4.77 W/
mK, respectively, while the thermal conductivity of Si-doped GaN
reaches the minimum value, which is 0.41 and 0.51 W/mK for in-
plane and cross-plane directions, respectively. Although the
calculated results after GaN doping with Mg and Si are lower
than the experimental values (Beechem et al., 2016; Choi et al.,
2020), the decreasing trend of the thermal conductivity of GaN
can still be well captured after doping. This phenomenon is
consistent with the decrease in thermal conductivity calculated
by the first-principles of other materials after doping (Ma et al.,
2016; Mann et al., 2020). Thus, our results are useful to
understand that the dopants lead to the decrease of thermal
conductivity of GaN.

In order to study the underlying mechanism of phonon
transport in Mg-doped GaN and Si-doped GaN, we first
extracted the contribution from acoustic branches and optical
branches. The insets of Figures 2B–D illustrate the percentage
contribution of acoustic and optical phonon branches to thermal
conductivity along the in-plane and cross-plane directions for
GaN, Mg-doped GaN and Si-doped GaN at 300 K, respectively. It
is found that the optical phonon branches contribute the most to
the thermal conductivity along the in-plane and cross-plane

directions of Mg-doped GaN, being 68.8 and 74.6%,
respectively, which is contrary to that of GaN. For Si-doped
GaN, the thermal conductivity along the in-plane direction is
mainly contributed by the acoustic phonon branches, being
66.2%, while the percentage contribution of acoustic phonon
branches to thermal conductivity along cross-plane direction
drops to 46.6%. We can find that the contribution of optical
phonon branches to the thermal conductivity increases after GaN
doping with Mg and Si. This is expected as the phonon-phonon
scattering of acoustic phononmodes becomes stronger because of
the strong coupling of acoustic phonons with optical phonons,
and may partly explain the sharp decrease in thermal
conductivity. Moreover, the contribution of acoustic and
optical phonon branches to the thermal conductivity along the
in-plane and cross-plane directions changes with the temperature
increasing as shown in Figures 2B–D. In the case of GaN, the
contribution of acoustic phonon branches keeps decreasing as the
temperature increase until the optical phonon branches become
dominant. The reason can be explained by the thermal excitation
(Qin et al., 2017a), the low frequency acoustic phonon modes are
more easily thermally activated and saturated at lower temperature
than the relevant temperature, while as for the high-frequency
optical phonon modes, they are just beginning to be thermally

FIGURE 2 | (A) Temperature (200–1000 K) dependent thermal conductivity of GaN, Mg-doped GaN and Si-doped GaN for in-plane and cross-plane directions.
Temperature (200–1000 K) dependent contribution of acoustic and optical phonon branches to thermal conductivity along the in-plane and cross-plane directions for
GaN (B), Mg-doped GaN (C), Si-doped GaN (D). Insets of (B-D): at 300 K, percentage contribution of acoustic and optical phonon branches to thermal conductivity
along the in-plane and cross-plane directions for GaN, Mg-doped GaN and Si-doped GaN, respectively.
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activated near the relevant temperature, which mainly leads to the
increase of heat capacity. By contrast, for Mg-doped GaN, the
contribution among optical phonon branches and among acoustic
phonon branches are clearly distinguishable, which the optical
phonon mode always plays a key role in the thermal conductivity
along the in-plane and cross-plane directions. Note that the
contribution of optical phonon branches to the thermal
conductivity along the in-plane direction for Si-doped GaN is
lower than that of acoustic phonon branches in the whole
temperature, which is different from the GaN andMg-doped GaN.

In short, the magnitude of the decrease in thermal
conductivity of GaN doped with Mg and Si is different, and
the contribution of acoustic and optical branches to the thermal
conductivity is also different. The underlying mechanisms will be
explained through the following deep analysis.

Mode Level, Grüneisen Parameter and
Phase Space
To get insight into the low thermal conductivity of GaN doped
with Mg and Si, comparative mode level at 300 K analysis among
GaN, Mg-doped GaN and Si-doped GaN as plotted in Figure 3.
First, from the phonon group velocity illustrated in Figure 3A, we
can find that the group velocities of the low-frequency (below
3 THz) acoustic phonon branches with GaN, Mg-doped GaN and

Si-doped GaN are almost same, which agree with the same slope
of acoustic phonon branches in their phonon dispersions.
Moreover, the group velocities of high-frequency (above
3 THz) optical phonon branches with Mg-doped GaN and Si-
doped GaN are on the same scale, while both are smaller than that
of GaN. Because of the thermal conductivities of Mg-doped GaN
along the in-plane and cross-plane directions both are mainly
contributed by the optical phonon branches, the lower group
velocity of optical phonon branches partly contributes to
the decrease of thermal conductivity of Mg-doped GaN. As for
Si-doped GaN, the effect of the lower group velocity of optical
phonon branches on its ultra-low thermal conductivity is
negligible.

Further, the phonon relaxation time of the three compounds
as shown in Figure 3B. It is found that the phonon relaxation
time of Mg-doped GaN is an order of magnitude lower than that
of GaN, and even the phonon relaxation time of Si-doped GaN is
nearly three orders of magnitude lower than that of GaN. Based
on the equation for calculating the thermal conductivity, the huge
difference in phonon relaxation time directly explains the sharp
decrease of thermal conductivity of GaN doped with Mg and Si.
And the order of phonon relaxation time of GaN, Mg-doped
GaN and Si-doped GaN exactly corresponds to the order of
their thermal conductivity. In addition, the optical phonon
branches contribute the most to the thermal conductivity

FIGURE 3 | Phonon group velocity (A), phonon relaxation time (B), phonon scattering phase space (C) and Grüneisen parameter (D) as a function of frequency for
GaN (gray), Mg-doped GaN (red) and Si-doped GaN (blue), respectively.
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along the in-plane and cross-plane directions of Mg-doped GaN,
which can be attributed to the lifetime of the optical phonon
branches around 5 THz is much larger than that of the low-
frequency acoustic phonon branches as plotted in Figure 3B.

It is well known that the phonon relaxation time is inversely
proportional to the scattering rate. In order to further clarify why the
phonon relaxation time is reduced so dramatically, the phonon
scattering phase space and phonon anharmonicity of the three
compounds were compared and analyzed. The phonon scattering
phase space is dominated by the phonon dispersion, which
determines the scattering possibility (Lindsay and Broido, 2008;
Qin et al., 2017b). We split the phonon scattering process into
absorption and emission processes as shown in Figure 3C.
According to the energy and momentum conservation of phonon
scattering process, absorption process mainly occurs in the low-
frequency phononmodes and emission process mainly occurs in the
high-frequency phonon modes. From the overview of Figure 3C, it
is unexpected found that the absorption and emission process ofMg-
doped GaN and Si-doped GaN both are smaller than that of GaN,
which may lie in the competitive effects in the scattering phase space
result from the isolated optical phonon branches in their phonon
dispersions. The competitive effect can be explained by the following
analysis (Wang et al., 2021), on the one hand, the phonon-phonon
scattering will be stronger due to the isolated phonon branches
strengthen the coupling of the upper and lower phonon branches of
the phonon bandgap. On the other hand, the phonon-phonon
scattering will be weaker duo to the isolated phonon branches
weaken the coupling of the upper and lower phonon branches of
the phonon bandgap. Hence, the smaller scattering phase space of
Mg-doped GaN and Si-doped GaN attribute to the effect of the
isolated phonon branches around 10 THz in the phonon dispersions
ofMg-doped GaN and Si-doped GaN on strengthening the coupling
of the upper and lower phonon branches of the phonon bandgap is
weaker than the effect on weakening the coupling of the upper and
lower phonon branches of the phonon bandgap. However, such
result is opposite to the phonon relaxation time of GaN, Mg-doped

GaN and Si-doped GaN, which indicates phonon scattering phase
space has no effect on the reduction of phonon relaxation time of
GaN doped with Mg and Si. In addition, the phonon anharmonicity
is characterized by the Grüneisen parameter (Wu et al., 2016), which
determines the scattering strength. As shown in Figure 3D, the
magnitude of the Grüneisen parameter for Mg-doped GaN and Si-
doped GaN is obviously larger than that of GaN, indicating that
stronger phonon anharmonicity in Mg-doped GaN and Si-doped
GaN. The strong phonon anharmonicity can enhance the phonon-
phonon scattering rate and further lead to a small phonon relaxation
time. Therefore, the large Grüneisen parameter of Mg-doped GaN
and Si-doped GaN is the fundamental reason for the decrease of
their thermal conductivity. We noticed that the Grüneisen
parameter of Mg-doped GaN is slightly larger than that of Si-
doped GaN, which is consistent with the relative change of their
volume.

To get an intuitive understanding of phonon transport in GaN
doped with Mg and Si, we extracted the contribution of mode-level
to the thermal conductivity, as shown in Figure 4A. The
contribution of mode-level to the thermal conductivity of GaN
after doping with Mg and Si is significantly different over the whole
frequency rang. The mode level thermal conductivities of Mg- and
Si-doped GaN are much lower than that of GaN, where the mode
level thermal conductivity of Si-dopedGaN is lower than that ofMg-
doped GaN, which is consistent with the total thermal conductivity
as shown in Figure 2A. Finally, we calculated the cumulative thermal
conductivity in relative to the phonon mean free path (MFP). The
MFP expresses the characteristic length of phonon travel on average
before scattering (Fan et al., 2019). Figure 4B gives the MFP spectra
of GaN, Mg- and Si-doped GaN. It is shown that the phonon with
MFPs smaller 221.1, 8.9 and 2.4 nm contribute ∼50% of the thermal
conductivity of GaN, Mg- and Si-doped GaN. In other words, after
GaN being doped with Mg and Si, the phonons are more likely to be
scattered during thermal transport, resulting in lower phonon
lifetime, and further explaining the reason for the decrease in
thermal conductivity.

FIGURE 4 | (A) Comparison of mode level thermal conductivity between GaN, Mg- and Si-doped GaN at 300 K. (B) Comparison of the cumulative thermal
conductivity with respect to phonon mean free path of GaN, Mg- and Si-doped GaN at 300 K.
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In brief, the decrease in thermal conductivity of Mg-doped
GaN is due to both the low group velocities of optical phonon
branches and small phonon relaxation time, while the sharp
decrease of the thermal conductivity of Si-doped GaN is due to
the extremely small phonon relaxation time. Further study found
that the small phonon relaxation time of Mg-doped GaN and
Si-doped GaN can be attributed to the strong phonon
anharmonicity enhances the phonon-phonon scattering rate.

Electronic Structures
Considering that phonon transport is closely related to electronic
behavior in atomic structure, we further analyzed it from the
perspective of the electronic structures to understand the
underlying mechanism of the decrease in thermal conductivity. In
GaN, there exists the GaN4 tetrahedron formed by the bonding of the
p orbitals of Ga and N atoms in the form of sp3 hybridization (Mishra
et al., 2007), while the GaN4 tetrahedron will be broken down when
Ga atom is substituted with Mg or Si atom. To this end, we extracted
the orbital projected electronic density of states (pDOS) of the Mg, Si
and be replacedGa atoms and the electron localization function (ELF)
of GaN, Mg-doped GaN and Si-doped GaN. As shown in Figure 5A,
it is clearly seen that the contribution of the p orbitals of Mg and Si
atoms to the sp3 hybridization is obviously decreased. In another
words, the contribution to bonding from the p orbitals of Mg and Si
atoms is decreased, which leads to the polarization of Mg-N and Si-N
bonds is stronger than the Ga-N bond. This result is clearly shown by
comparing the ELF of the three compounds. The strong polarization

of the bandwill enhance the phonon-phonon scattering rate, resulting
in low thermal conductivity. (Castro Neto et al., 2009). Besides, the
length of Mg-N bond (2.017 Å) is slightly longer than that of Ga-N
bond (1.968), while the length of Si-N bond (1.811) is much shorter
than the Ga-N bond. Such phenomenon indicates the symmetry of
the structures ofMg-dopedGaN and Si-dopedGaN are broken due to
the distortion of the local structures, especially the structure of Si-
doped GaN is even more distorted. The distortion of the geometric
structure can affect the distribution of electrons in space, and it can be
directly observed through the electronic local function in Figure 5.
Obviously, after doping, the localized functions of electrons around
Mg atoms and Si atoms deviate, causing the electron cloud to be
unevenly distributed around it compared with GaN. This polarization
environment promotes phonon-phonon scattering, which ultimately
leads to ultra-low thermal conductivity. This difference indirectly
explains the phonon relaxation time of Si-doped GaN is smaller
than that ofMg-dopedGaN results from themore severe distortion of
the Si-doped GaN structure leads to the stronger phonon-phonon
scattering.

CONCLUSION

In summary, the thermal conductivities ofMg and Si doped GaN are
comparatively studied using first-principles calculations and phonon
Boltzmann transport equation. The thermal conductivity of Mg-
doped GaN is found to be 5.11 and 4.77W/mK for in-plane and

FIGURE 5 | (A) The orbital projected electronic density of states (pDOS) of replaced-Ga, Mg and Si atoms. Top views of the electron localization function (ELF) for
GaN (B), Mg-doped GaN (C) and Si-doped GaN (D).
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cross-plane directions, respectively, which is two orders of
magnitude lower than that of GaN (275 and 303W/mK), while
the thermal conductivity of Si-doped GaN reaches the minimum
value, which is 0.41 and 0.51W/mK for in-plane and cross-plane
directions, respectively. The decrease in thermal conductivity of GaN
doped with Mg is due to both the low group velocities of optical
phonon branches and small phonon relaxation time, by contrast, the
sharp decrease of the thermal conductivity of Si-dopedGaN is due to
the extremely small phonon relaxation time. In addition, for GaN
doped with Mg, the optical phonon mode plays a key role in the
thermal conductivity along the in-plane and cross-plane directions,
which is completely contrary to the fact that the thermal conductivity
along the in-plane and cross-plane directions of GaN is mainly
contributed by the acoustic phonon mode, while only the thermal
conductivity along the cross-plane of Si-doped GaN is mainly
contributed by the optical phonon mode. Further analysis from
the electronic structures indicate that the strong polarization of Mg-
N and Si-N bonds and the distortion of the local structures together
lead to the low thermal conductivity. The fundamental mechanism
revealed in our study would provide valuable insight for the thermal
management of GaN-based photoelectric devices.
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