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Surface hydrogenation on 2D GaN has received extensive attention since surface passivation broadens its
application in electronic devices. Strain is inevitably introduced in the process of 2D material synthesis, and its
effects on thermal transport need to be discussed. In this work, we performed a detailed study on the strain-
dependent thermal transport properties of hydrogenated monolayer GaN (H-GaN). With the increasing of strain,

the thermal conductivity of H-GaN rises first and then descends, showing a volcanic shape. Detailed analyses
show that the primary factor affecting the trend origins from the change of phonon lifetime. Fundamental
understanding of the lifetime trend is achieved by electronic structures. It is found that due to the competition
between the polarity and strength of Ga-N bond, atom vibration anharmonicity first drops and then enhances
with the increasing of strain. Moreover, mean free path shows that strain combined nanostructure engineering
could regulate the thermal transport properties effectively due to size effect.

1. Introduction

Gallium nitride (GaN), as a third generation semiconductor material
with wide band gap (3.4 eV) [1] and high thermal conductivity (227
Wm-! K-1) [2], has been widely used in optoelectronic applications
like light emitting diodes [3] and laser diodes [4,5]. With the trend
toward miniaturization of photoelectric devices, two dimensional (2D)
monolayer GaN has also attracted a lot of attention. However, the
indirect electronic band gap (2.184 eV) [6] greatly limits its application
in photoelectric devices. Fortunately, the unsaturated bond of pristine
monolayer GaN provides a way to modulate the electronic structure by
surface modification. The bandgap of hydrogenated GaN (H-GaN) tunes
from indirect to direct, and the binding energy is also reduced [7,8],
making buckling hydrogen adsorbed structure the most stable form
of 2D monolayer GaN [9-11]. Further studies have shown H-GaN'’s
tunable electronic and magnetic properties via strain and vacancy de-
fects, and the investigations on optical property also show its promising
application in nonlinear optics [11-13].

In practice, substrates are needed during the synthesis of 2D ma-
terials, to provide a platform for crystal growth. However, lattice
mismatches and differences in the coefficient of thermal expansion be-
tween substrate and target product lead to strain [14,15]. For example,
uniform lattice increment of 4.17% is found when 2D GaN single crystal
is synthesized on liquid metals [16], and twisted bilayer graphene holds
strain value as high as 15% when it is grown on the Ni surface by
chemical vapor deposition [17]. 2D semiconductors can endure strain
higher than 10%, which is much larger than bulk materials (0.5%—
1.5%) [18]. It has been proved that strain formed by lattice mismatch
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modifies the electronic structure [19] and optical properties [10,20].
Inspired by the interesting properties caused by intrinsic strain in 2D
materials, great efforts have been devoted to artificially and accurately
introduce the strain [21]. Many methods have been developed, such
as pre-stretched substrates [22], directly stretching [23], alloying and
doping [24,25]. Those method have been applied to 2D materials. For
example, uniaxial strain > 10% of graphene was obtained by directly
stretching [23], and 10% tensile strain could be introduced into 2D BP
using pre-stretched substrates [22].

An important factor affecting the performance of photoelectric de-
vices during its work is the thermal transport property. Low thermal
conductivity will cause heat accumulation and may damage the device.
Given the inevitability of strain, it is necessary to study its influence
on thermal transport. For the most common 2D planar hexagonal
structures, Qin et al. applied tensile strain in hexagonal planar struc-
ture [26], and the thermal conductivities of GaN and AIN increase first
and then decrease (up-then-down) with the increase of strain, which
is because of the unbonded lone-pair electrons. For monolayer 2D
materials with slight buckling (mainly IVA/VA materials), thermal con-
ductivities of AsP [27] and silicene [28] increase first and then decrease
under large strain, while antimonene [29] and germanene [30] increase
over the entire tensile strain range. In that structure, the increased
thermal conductivity under small strain results from the increase of out-
of-plane vibration (ZA) mode’s lifetime. More complex 2D structures
had further been studied [31-34], and the complex bonding properties
provide more diverse reasons for variations in thermal conductivity. For
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Fig. 1. (a) Structure of H-GaN, the dashed lines represent for the unit cell. (b) Structure
of H-GaN at strain of 10% from AIMD simulation at 300 K after 2 ps.

2D penta-graphene, penta-SiC,, and penta-SiN,, the thermal conduc-
tivity show a monotonous decrease, nonmonotonic up-then-down, and
jump at buckled-to-planar structure transition with increased tensile
strain, respectively [35]. Although the thermal conductivities of some
materials show similar trend, the underlying phonon properties are
different. It can be seen that the regulating effects of strain on 2D
materials greatly dependent on the material and the structure.

In this work, detailed thermal transport properties are studied from
a combination of first-principles calculations and the linearized phonon
Boltzmann equation. It is found that thermal conductivity of H-GaN
shows an up-then-down trend with strain increases from 0% to 10%.
Both the harmonic and anharmonic properties are discussed, and the
electronic structures are further analyzed to gain a deeper insight.

2. Computational details

First-principle calculations are performed within generalized gradi-
ent approximation (GGA) exchange—correlation functional of Perdew—
Burke-Ernzerhof (PBE) [36], as implemented in the VASP code [37,38].
And the projector-augmented-wave (PAW) potentials are used for Ga, N
and H, where the 3d electrons of Ga are classified as valence electrons.
The unit cell of H-GaN is built with a 20 A vacuum region to avoid
spurious interactions. Different levels of biaxial tensile strain (¢) are
imposed in increments of 2% by changing the lattice constant (I) from
the unstrained value ({)) as
e="1"10 1009 )]

ly

The structures are fully relaxed until the convergence criterion for force
and energy become less than 1076 eV A~ and 10 ~3 eV, respectively.
A Gamma-centered 15 x 15 x 1 k-mesh is used to sample the Brillouin
zone, and the energy cut-off for the plane wave basis is set to 600 eV
during structure optimization.

Thermal transport properties are obtained by solving the phonon
Boltzmann transport equation (BTE) using ShengBTE code [39]. In this
framework, The lattice thermal conductivity tensor can be written as

1
kP = pavere Z/(fg +f0)h2a)i,qv‘iqviqn’qdq 2
A

where @ and f, are phonon frequency and phonon distribution function,
and o is obtained by diagonalizing the dynamic matrix. A and q are
phonon branch and wave vector, respectively, and « and § are Cartesian
directions. v and 7 represent phonon group velocity and lifetime, which
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are usually decisive for thermal conductivity. Phonon lifetime can be
determined by Matthiessen’s rule via the following formula [40]

1 _ -1 -1 -1
T4 = Thanh T Thiso T T 3

where 7, is total phonon lifetime. 7, ,,, 7,5, and 7, p stand for phonon
lifetime due to intrinsic phonon-phonon scattering, isotope scattering
and phonon-boundary scattering, respectively. The scattering process
is mostly contributed by anharmonic phonon-phonon scattering in an
infinitely periodic system, and r;(lm , is determined by Xie et al. [28]

+

o 1 . 1 o
Thanh = N( TM/AH + 2 Z Fl/l’l”) 4)
ﬁ/ A’// A/ AI/
where N is the number of q points. I’ L, wand I'”,, represent absorp-

tion (A + A= A”) and emission (A— A’ + A"") process [41].

Interatomic force constants (IFCs) required by solution of the BTE
are obtained using the first-principles-driven lattice dynamics calcu-
lations. The phonon dispersion based on the second-order IFCs are
calculated using the PHONOPY package [42] with a 6 x 6 x 1 supercell.
To take the long-range electrostatic interactions into account, Born
effective charges and dielectric constants are calculated using density
functional perturbation theory (DFPT). Supercell of 5 x 5 x 1 (con-
taining 100 atoms) is adopted to calculate the third-order IFCs using
finite displacement method [43], and the Brillouin zone is sampled by
alx1x1grid. To get a convergent thermal conductivity, we consider
the interactions up to 6th nearest neighbors, while the g-meshes of
80 x 80 x 1 is used. For a 2D material involved in thermal transport,
all the heat flux has to pass through it, no matter how thick it is Wu
et al. [44]. Thus, to achieve a fair comparison among different strain
levels, the thickness of all 2D structures is defined to be 5.47 A in this
work, which is the buckling distance plus the sum of the van der Waals
radii of outer-most atoms of H-GaN in the free-standing state. Using
Voigt-Reuss-Hill model [45], Young’s modulus is obtained. To verify
the thermal stability of H-GaN under strain, the ab initio molecular
dynamics (AIMD) simulation is performed using 5x5x1 supercell under
the canonical (NVT) ensemble at 300 K for 2 ps, with time step of 1 fs.

3. Results and discussion
3.1. Structures and thermal conductivity

H-GaN has a graphene-like hexagonal structure as shown in
Fig. 1(a). The pristine 2D GaN exhibits a perfect planar structure due
to its dangling bonds [5]. Hydrogenation saturates the configuration,
and the planar sp? hybridization changes to tetrahedrally coordinated
sp3-like orbitals, resulting in a buckled structure and the degenerated
space symmetry (P3ml) of H-GaN. Phonon dispersion curves under
different strain levels are shown in Fig. 2(a) and (b). The absence
of imaginary modes in the Brillouin zone confirms the dynamically
stability of H-GaN under tensile strain. The thermodynamic stability
under strain of 10% is also verified by the stable structure during AIMD
simulation shown in Fig. 1(b). Small fluctuation of temperature and
energy shown in Fig. S2 further verifies its stability. From the phonon
spectrum, the light H atoms mainly contribute to the high frequency,
while acoustic modes are mainly contributed by Ga and N. The lack
of reflection symmetry selection rule elevates the frequency of the
Z0 mode above the acoustic branches in H-GaN compared to that in
pristine monolayer GaN [8]. The normalized thermal conductivity as
a function of frequency shown in Fig. 2 (a) indicates that the thermal
conductivity is mainly determined by the phonons under 7 THz. This is
due to the Bose-Einstein distribution obeyed by phonon population,
which allows phonons mainly occupy low frequency modes. With
tensile strain increases from 0% to 10%, it is clearly seen that optical
branches move downward with the increasing tensile strain, which
is the result of reduced material stiffness (as revealed by Young’s
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Fig. 2. Phonon dispersion curves of H-GaN at strain of 0%, 2%, 4% and (b) 6%, 8%, 10%. The right panel in (a) shows the phonon projected density of state, and the black dash
line represents the normalized thermal conductivity as a function of frequency. (c) Thermal conductivity of H-GaN at 300 K under different strain levels.
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Fig. 3. Young’s modulus of H-GaN under different strain levels.

modulus in Fig. 3). As for the acoustic branches, LA and TA are the in-
plane longitudinal and transverse modes, while ZA is the out-of-plane
bending mode in 2D materials. It can be seen from Fig. 2 that ZA curve
shows quadratic dispersion near the I' point in the case of zero strain,
which can be explained by the elastic theory of a thin plate [46]. With
the increasing of strain, ZA becomes linearized, while the slopes of LA
and TA decrease.

The thermal conductivity at 300 K as a function of strain is depicted
in Fig. 2(c). The calculated thermal conductivity of free-standing H-
GaN are 7.24 W m~! K-!. H-GaN shows an up-and-down behavior
with strain increasing from 0% to 10%. It increases to the maximum
of 94.58 W m~! K1 at the strain of 6% and then decrease greatly to
6.51 Wm™! K1 at 10%. The results show that thermal conductivity of
H-GaN exhibits good tunability. To find the underlying reasons for the
variation of thermal conductivity, Phonon harmonic and anharmonic
properties under strain are further discussed below.

3.2. Harmonic properties

Phonon mode group velocities under different strain levels are
calculated using second-order force constants and are plotted in Fig. 4.
We have ignored the optical phonons in Fig. 4 since that optical modes
have little effect on thermal conductivity, as discussed in Section 3.1. In
general, the group velocity of H-GaN shows a decreasing trend with the
increases of strain. Specifically, the maximum group velocity of TA and

LA mode is reduced from 4.5 km s~! to 3.5 km s~! and 6.7 km s~! to 5.4
km s~ at 10% tensile strain, respectively. These results are consistent
with the decreasing slope trends of TA and LA as shown in Fig. 2, which
are caused by the weakened interatomic interaction induced by tensile
strain. The weakened interatomic interaction could be revealed by the
decrease of Young’s modulus from 346 GPa to 184 GPa shown in Fig. 3.
Different from the in-plane acoustic modes, the group velocities of ZA
modes are close to zero near I" point at the strain-free state. As the in-
plane strain increases to 10%, the lattice becomes stiffer to out-of-plane
bending vibration [47,48], resulting in the linearized ZA branches and
increased phonon velocity (about 2.0 km s~! at the strain of 10%). As
can be seen from above, the mode group velocity is consistent with
the change of mechanical properties of H-GaN caused by the in-plane
strain. However, it is hard to give explanations for the up-then-down
trend with the increase of strain. To this end, we further calculate the
anharmonic properties.

3.3. Anharmonic properties

The phonon lifetime can be calculated using a three-phonon scat-
tering rate from third-order anharmonic IFCs. The mode-level phonon
lifetime is shown in Fig. 5, considering acoustic phonons are the dom-
inant heat carriers in the heat transport in H-GaN, we only show the
lifetime of for acoustic modes. As strain increases from 0% to 6%, all
acoustic modes’ lifetime increase, which coincides with the increased
thermal conductivity from 7.24 W m~! K~! to 94.58 W m~! K. And
the ZA mode’s lifetime with the largest increase reaches 3 to 4 orders
of magnitudes. However, as the strain increases further, the overall
phonon lifetime shows a decline trend, which agrees well with the low
thermal conductivity of H-GaN at the strain of 10%. As can be seen from
above, the up-then-down trend of phonon lifetime agree well with the
variation of thermal conductivity with strain.

Considering lattice vibration anharmonicity is the fundamental fac-
tor affecting phonon lifetime, and electronic structures determine the
physical properties of crystal. We will explore how the lattice anhar-
monicity is driven by the bonding properties of H-GaN.

3.4. Insight from electronic structures

Lone-pair-electrons usually have non-negligible effects on the ther-
mal transport properties [49-52], and it also exists and plays an im-
portant role in monolayer GaN [53]. In H-GaN, surface hydrogenation
eliminates this effect by saturating the configuration. Moreover, con-
sidering H atom mainly contributes to the high frequency phonons,
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Fig. 5. The phonon mode lifetime ((a) ZA (b) TA (c) LA) of H-GaN under strain.
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Fig. 6. (a) Band structure and projected density of state of H-GaN. (b) Charge transfer and bond length between Ga and N under different strain levels. (c) Deformation charge
density of H-GaN in 3D view at the strain of 0% and 10%, the isosurface is set to be 0.009 eA3. (d) ICOHP of Ga-N interaction in H-GaN under strain. The energy axis, shifted
such that the Fermi level lies at 0 eV. The inset shows the ELF.
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Table 1

The rMFP of H-GaN under different strain level.
Strain (%) 0 2 4 6 8 10
rMFP (nm) 11.0 63.4 232.7 813.9 552.5 46.5

which have very little effects on the thermal conductivity, we will
focus mainly on Ga-N pair. The ELF (electronic location function) is
shown in Fig. 6(d). ELF measures the extent of spatial localization
of the reference electron physically, where 0 means no electron, 0.5
corresponding to the electron gas, and 1 corresponding to perfect
localization. The localized electronic state between N and Ga atoms
clearly reveals the covalent Ga-N bond. From the projected density of
states shown in Fig. 6(a), bonding of H-GaN is not a simple sp> bonding
scheme by forming four separate subbands below VBM (valence band
maximum) like bulk GaN [54,55]. The main hybridization attributes
to N-p, Ga-p and Ga-s appears in the subband near VBM. Besides s
and p orbitals, the states nears the VBM are also contributed by Ga-
3d orbital (origin solid lines in Fig. 6(a)). That is, Ga-3d mediates
s-p hybridization. During this process, due to the mediation of Ga-3d
orbital, the contribution to Ga-N covalent bond from Ga-p orbital is
suppressed (purple solid lines), and the contribution from N-p orbital
is elevated (green dotted lines). Hence, Ga-N bond in H-GaN would be
strongly polarized.

The inhomogeneous distribution of charge density would induce
disturbing Coulomb interaction during atom’s thermal vibration, thus
leading to low phonon lifetime. With strain increasing from 0% to 10%,
the charge transfer between Ga and N atom decreases from 0.97 e~ to
0.91 e~ (Fig. 6(b)). The less charge transfer means the Ga-N bond is
less polarized. The decreased charge transfer can also be revealed from
the shrinking of isosurface of deformation charge density in Fig. 6(c).
As can be seen from above, the charge density distribution will be
more homogeneous with increasing tensile strain, and the additional
Coulomb forces during atom vibration will be suppressed, and the
phonon lifetime will increase accordingly.

However, the atom vibration anharmonicity is not only influenced
by the perturbation to bond by the electrostatic forces, but also by
the strength of bond itself. To show the change of Ga-N pair strength,
integrated crystal orbital Hamilton population (ICOHP) is calculated in
Fig. 6(d). By analyzing the bonding and antibonding states under Fermi
level, ICOHP quantifies the bonding strength between atom pairs [56].
A lower ICOHP value implies the stronger covalent bond. ICOHP of
H-GaN increases from —4.4 to —3.8 with strain increases from 0% to
10%, indicating the weakened Ga-N covalent bond. In addition, the
weakened bond strength is consistent with the increase of Ga-N bond
length as shown in Fig. 6(b). The weakened bond strength makes the
atom to vibrate at a larger amplitude, resulting in strong vibration
anharmonicity. And the increased anharmonicity will suppress the
phonon lifetime. Moreover, the weakened bond strength will lead to
lower Young’s modulus and group velocity as discussed before.

For phonon lifetime, it can be found that there are two competing
factors. One is the decrease of Ga-N bond polarization, and the other
is the weakening of covalent bond strength. When the tensile strain
is small, the polarization factor is dominant, while the influence of
increasing thermal vibration displacement cannot be ignored under
large strain. As a result of the competition between the two factors,
the phonon lifetime of H-GaN increases during the strain of 0% to 6%,
and decreases with strain increasing from 6% to 10%. Therefore, the
fundamental understanding of phonon lifetime variation is achieved
from the perspective of changes in electronic structure.

3.5. Strain-dependent size effect
When the length scale of system is lower than the mean free path

of phonons, the phonon-phonon scattering event is largely inhibited,
which is also called as “ballistic transport” [57]. And the thermal
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conductivity at nanoscale will depend on the length, that is, the size
effect. Size reduction is an effective strategy to regulate thermal con-
ductivity without changing the electrical properties. The normalized
cumulative lattice thermal conductivity under different strain level is
shown in Fig. 7. The phonon mean free path (MFP) characterizes how
phonons with different MFPs contribute to total thermal conductivity.
Thermal conductivity under strain of 6% gives the largest value in
the infinite case, as expected, a significant amount is contributed by
phonons with relatively larger MFP. To characterize the size effect more
quantitatively, we fit the data to a single parametric function [58]

k
ky(Lygpp) = 1”’—"; ()
Imrp
where k,,,,, I, and l,,rp represent for maximal lattice thermal con-

ductivity, representative MFP (rMFP) and MFP, respectively. The fitted
values of characteristic MFP of H-GaN are shown in Table 1. rMFP is
helpful for the study of the ballistic phonon transport in nanostructur-
ing. rMFP of H-GaN increases from 11.0 nm to 813.9 nm with strain
increasing from 0% to 6%, then decreases to 46.5 nm at the strain of
10%. The relatively small rMFP at strain of 0% indicates the difficulty
to modulate thermal transport properties by nanostructuring. As tensile
strain increases, the tunability of nanostructure size on H-GaN shows an
up-then-down trend. This indicates that strain combining nanostructure
engineering could regulate the thermal transport properties of H-GaN
well due to size effect.

4. Conclusions

In summary, by first-principle and phonon BTE calculations, we
have performed a detailed study on strain-dependent thermal transport
properties of hydrogenated 2D GaN. The thermal conductivity of H-
GaN rises first and then descends with the increase of strain. Our
study shows that the phonon lifetime governs the trend of thermal
conductivity. All three acoustic modes’ lifetime in H-GaN show up-then-
down behaviors, which lead to a same trend of thermal conductivity.
And the underlying mechanism for the response of modes’ lifetime to
strain can be well understood by atom vibration anharmonicity. Ga 3d
orbital mediates the hydrogenation between Ga-N pair, which leads
to highly polarized covalent bond. As the strain increases, there is a
competition between the effects of decrease of polarity and weakening
of bond strength, and the two factors together lead to a up-then-down
trend of phonon lifetime. By MFP analysis, it is found that tensile strain
also induces an up-then-down size effect. Our study provides a com-
prehensive understanding for the strain-dependent thermal transport
properties in hydrogenated 2D GaN and it will enrich the study of 2D
GaN and provide prospective guidance for the experiment.
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