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Thermal transport properties of novel
two-dimensional CSe†

Bing Lv,ab Xiaona Hu,c Xuefei Liu,ab Zhaofu Zhang, d Jia Song,e Zijiang Luof and
Zhibin Gao *g

Recently, as a novel member of the IV–VI group compounds, two-dimensional (2D) buckled monolayer

CSe has been discovered for use in high-performance light-emitting devices (Q. Zhang, Y. Feng, X. Chen,

W. Zhang, L. Wu and Y. Wang, Nanomaterials, 2019, 9, 598). However, to date, the heat transport properties of

this novel CSe is still lacking, which would hinder its potential application in electronic devices and

thermoelectric materials that can generate electricity from waste heat. Here we systematically study the heat

transport properties of monolayer CSe based on ab initio calculations and phonon Boltzmann transport theory.

We find that the lattice thermal conductivity klat of monolayer CSe is around 42 W m�1 K�1 at room

temperature, which is much lower than those of black phosphorene, buckled phosphorene, MoS2, and buckled

arsenene. Moreover, the longitudinal acoustic phonon mode contributes the most to the klat, which is much

larger than those of the out-of-plane phonon mode and transverse acoustic branches. The calculated size-

dependent klat shows that the sample size can significantly reduce the klat of monolayer CSe and can persist up

to 10 mm. These discoveries provide new insight into the size-dependent thermal transport in nanomaterials and

guide the design of CSe-based low-dimensional quantum devices, such as thermoelectric devices.

1 Introduction

The thermal energy is a crucial issue for electricity generation
owing to the needs of fundamental science and practical
applications since over 90% of our energy consumption and
utilization involves heat. Due to the quantum confinement
effect, the thermal transport in nanomaterials is quite different
from that in their bulk counterpart.2,3 Thermoelectric materials,
which can generate electricity from waste heat, could play a
pivotal role in mitigating the sustainability challenge. The
conversion efficiency of thermoelectric materials is measured
by their figure of merit ZT, written as ZT = S2sT/(ke + klat), in

which S, s, T, ke and klat are the Seebeck coefficient, electrical
conductivity, absolute temperature, electronic thermal conduc-
tivity and lattice thermal conductivity, respectively. Because of
the contradictory relationship between S and s, klat becomes a
relatively independent factor in ZT.4 Minimizing klat is very
important for thermoelectrics to efficiently convert unavoidable
waste heat to electricity, because the figure of merit ZT is
inversely proportional to klat.

4,5 Furthermore, in semiconductors
and insulators, most of the heat is carried by the phonons. In
contrast, the electronic contribution to thermal conductivity is
almost negligible.5–8 Therefore, seeking materials with small klat

is of great significance in the thermoelectric community to search
for an ideal material with high thermoelectric performance.4,9,10

Two-dimensional (2D) semiconducting blue phosphorus11,12

have attracted much attention owing to its superior electronic
applications. Materials with the same number of outermost
electrons usually exhibit similar physical and chemical proper-
ties. Therefore, isoelectronic counterparts of blue phosphorene
in the IV–VI group have shown much gravitation, such as
b-GeSe for Na-ion batteries,13 SiS, and SiSe as anode materials
for Na/K-ion batteries.14

In 2019, a novel monolayer CSe with high-performance
photovoltaic properties was predicted,1 which possesses a wide
indirect band gap sensitive to the in-plane strain. Recently,
the dynamic stability of monolayer a-CSe was confirmed
by calculating the phonon spectra using density functional
perturbation theory.18 Besides, the previous result showed that
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b-phosphorene possesses a smaller klat compared with
a-phosphorene.17 What’s more, b-SnSe also has the lowest
lattice thermal conductivity klat compared with a-, g-, d-, and
e-SnSe.19 Moreover, the structure of novel monolayer CSe is the
same as b-SnSe. These facts motivate us to speculate that the
thermal conductivity of monolayer CSe is also low. In addition,
is the thermal conductivity of monolayer CSe lower than that of
blue phosphorene? The answer deserves to be explored.
Besides, the thermal transport properties of monolayer CSe
are still lacking, which has potential applications for electricity
generation and in optoelectronic devices. In this study, the
phonon transport properties of monolayer CSe are system-
atically investigated based on first-principles calculations and
phonon Peierls–Boltzmann equation. These methods have
been successfully used in 2D and 3D materials.4,17,20–27 For
example, Gajaria et al. showed that the theoretical thermo-
electric properties of GaX (X = P, As, Sb) agree well with the
experimental results.25 Additionally, Kagdada et al. proved that
GeTe in the rhombohedral phase exhibits high thermoelectric
performance as well.26 Previous work has further proved
that strong anharmonicity would lead to a lower lattice
thermal conductivity in the GeTe monolayer by solving the
phonon Boltzmann transport equation (PBTE).27 We find that
monolayer CSe has a low klat of 42 W m�1 K�1 at room
temperature, which is much lower than that of buckled mono-
layer phosphorene (108.8 W m�1 K�1,17 106.6 W m�1 K�1 21 and
569.7 W K�1 23), monolayer arsenene (65.4 W m�1 K�1 17 and
183.0 W K�1 21), and slightly higher than those of monolayer
silicene (28.6 W m�1 K�1 20) and monolayer borophene
(14.34 W m�1 K�1 28). Moreover, the size effect in low-
dimensional materials plays a more important role than in bulk
materials.4 Our results show that the klat of monolayer CSe can
be further suppressed from 42 W m�1 K�1 to 29 W m�1 K�1

when the sample length L decreases from 10 mm to 100 nm
at 300 K.

2 Results and discussion

Fig. 1(a) and (b) show the equilibrium atomic structure of
monolayer CSe with buckling. This atomic configuration is
identical to that of blue phosphorus.11 The structure can be
achieved using the C–Se bond instead of the P–P bond in blue
phosphorus. Since blue phosphorus has been successfully
grown in experiments,12 monolayer CSe would have great
potential with the same experimental techniques and crystal
structure. For comparison, the optimized lattice parameters are
shown in Table 1. Our calculated lattice constants are a1 = a2 =
3.05 Å and the bond length is 2.05 Å, which are in good
agreement with the previous studies.1,11,17 Besides, the lattice
constant and bond length of CSe is smaller than those of blue
phosphorus, indicating a stronger atomic interaction. However,
the bond angle is slightly larger than that of blue phosphorus.
Furthermore, the bulking thickness is much smaller than that
of blue phosphorus, indicating lower energy of monolayer CSe.
In contrast to blue phosphorus monolayer, buckling distance d
and effective thickness h of CSe monolayer are reduced to
1.04 Å and 4.64 Å.

In order to verify the stability of monolayer CSe, we calculate
the phonon dispersion along high-symmetry points, as shown
in Fig. 1(c). It is free from imaginary frequency, indicating
the dynamical stability of monolayer CSe. Obviously, there is a
frequency gap between acoustic phonons and optical phonons
ranging from 235 cm�1 to 375 cm�1. This acoustic–optical
phonon (a–o) gap originates from the difference between
the mass of Se and C elements. Since the phonon–phonon
scattering must satisfy energy conservation, the A + A 2 O
(A and O stand the acoustic and optical phonons) scattering
channels can be significantly suppressed by this large a–o gap,
which will have an effect on the thermal transport properties
of monolayer CSe. Usually, a larger a–o frequency gap could
lead to a higher lattice thermal conductivity.29 The calculated

Fig. 1 (a) Top and (b) side view of the optimized structure of monolayer CSe in a 3 � 3 supercell. (c) Phonon dispersion curves along the high-symmetry
points. The phonon branches (ZA, TA, LA, ZO, TO and LO) are indicated in black, red, blue, magenta, orange and dark yellow, respectively. (d) The phonon
partial densities of states of monolayer CSe. The unit cell is marked by blue shading in (a). a- is the corresponding lattice vectors and d is the buckling
distance. The effective thickness h is defined as the summation of d and two van der Waals radii of the outermost surface atom of the structure.15,16
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phonon partial densities of states (DOS) of monolayer CSe are
shown in Fig. 1(d), there are some very small negative frequen-
cies due to frequency broadening and can be ignored. This
broadening is a setting of the Gaussian integral that is a
conventional algorithm in the first-principles calculations.
We find that the vibrations of selenium (Se) atoms mainly
contribute to the DOS of the three acoustic phonon modes of
longitudinal acoustic LA, transverse acoustic TA, and out-of-
plane flexible ZA modes, while the vibrations of carbon (C)
atoms almost dominate the DOS of the optical phonon
branches of transverse optical TO, longitudinal optical LO,
and out-of-plane flexural optical ZO phonon modes.

According to the k � p theory of phonon, the phonon
branches of monolayer CSe can be sorted according to the
continuity of their eigenvectors22,30,31

|Sek,s1
*(i)�ek+D,s2

(i)| = |ds1,s2
� o(D)|, (1)

in which ek,s* (i) is the displacement of the atomic index i in a
phonon vibrational mode (k,s). D is small variation of wave
vector. Fig. 2(a) and (b) present the vibrations of Se and C atoms
in the xy plane and z direction. This result is in a good
agreement with the image shown in Fig. 1(d). Furthermore,
there is a certain degree of hybridization between the vibrations
of Se (xy) atoms and C (xy) atoms. What’s more, the TO and
LO optical branches mainly are derived from the xy plane
vibrations of the C atoms, while the ZO optical phonon mode

originates from the z direction vibrations of the C atoms.
Similarly, the vibrations of Se atoms in the xy plane contribute
the most to the TA and LA acoustic phonon branches and the
vibrations along the z axis almost lead to the ZA acoustic
phonon branch.

According to the phonon Boltzmann transport theory, the
lattice thermal conductivity klat can be expressed as32

kab ¼
1

V

X

l

Clnlanlbtl; (2)

where V is the volume of the primitive cell. Cl, tl, and nla are the
specific heat, phonon relaxation time, and phonon group velocity
along with the cartesian direction a of each single phonon mode
l(n, q), respectively. For 2D materials, thickness is a necessary
parameter for the calculation of klat. The calculated klat should be
normalized by multiplying by Lz/h, as Lz and h are the length of the
primitive cell along the z direction and the effective thickness of
the 2D material, respectively. In this work, the effective h is 4.64 Å,
as shown in Table 1 for monolayer CSe.

The calculated klat of monolayer CSe is plotted in Fig. 3(a)
based on the iterative approach of the phonon Boltzmann
transport equation. For comparison, we also show the result of
the single mode relaxation time approximation (RTA) solution. It
is clearly found that the RTA method severely underestimates
the klat compared with the iterative approach.33 The room-
temperature klat is 42 W m�1 K�1, by the iterative approach,

Table 1 The optimized structural parameters of CSe and blue phosphorene monolayers. Other available values reported in literature are also given

Materials Lattice constants (Å) Bond length (Å) Bond angle (1) d (Å) h (Å)

b-CSe 3.05, 3.065a 2.05, 2.055a 96.28, 96.45a 1.04, 1.044a 4.64
Blue-P 3.27, 3.28a, 3.28b, 3.326c 2.26, 2.261a, 2.27c 92.91, 92.907a 1.23, 1.238b 5.13

a Ref. 1. b Ref. 17. c Ref. 11.

Fig. 2 (a) Orbital-resolved phonon spectra showing in-plane xy vibrations of Se and C atoms. (b) Orbital-resolved phonon spectra showing in-plane z
vibrations of Se and C atoms. The plane xy and z vibrations of Se atoms are indicated in blue. The plane xy and z vibrations of C atoms are indicated
in magenta.
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which is much larger than that of 9 W m�1 K�1 in the RTA
solution. When temperature increases, the phonon–phonon
scattering increases, and the Umklapp scattering gradually
dominates the phonon transport behavior.4,10 Therefore, the
klat decreases with temperature from 200 K to 800 K. We find
that the klat of monolayer CSe can be nicely fitted by a function
of klat p 1/T, T refers to the temperature, which indicates the
dominant role of the Umklapp scattering in determining the
heat transport properties of monolayer CSe. In 2D materials,
the klat of monolayer CSe is much lower than those of graphene
(3716.6 W m�1 K�1),21 nitrogene (763.4 W m�1 K�1),21 black
phosphorene (83.5 W m�1 K�1),34 buckled phosphorene
(108.8 W m�1 K�1),17 MoS2 (84 � 17 W m�1 K�1),35 buckled
arsenene (65.4 W m�1 K�1),17 and WSe2 (53 W m�1 K�1).36

The frequency dependent klat at room temperature is shown
in Fig. 3(b) with different sample sizes L. It is found that
low-frequency phonons contribute the most of the klat of
monolayer CSe, which is almost derived from the ZA, TA, and
LA acoustic phonons. Moreover, this trend of the contribution
becomes more and more weaker with the reduction of the
sample size. This phenomenon is caused due to the effect of
boundary scattering. When the sample length decreases, the
boundary scattering gradually becomes dominant compared
with the intrinsic phonon–phonon scattering. In this situation,
the klat for monolayer CSe contributed from optical phonon
modes is negligible compared with the acoustic phonons, as
shown in Fig. 3(b).

According to eqn (2), the klat is a crucial parameter and
proportional to the phonon velocity that is defined as~n = do/d-

q.
Due to the dominant role of acoustic phonons in monolayer
CSe, we plot the phonon group velocity of acoustic phonon
modes in Fig. 4(a). Specifically, the maximum group velocities
of ZA, TA, and LA acoustic phonons are 3.28 � 103 m s�1,
4.69 � 103 m s�1, and 7.22 � 103 m s�1, respectively. The group
velocity of LA acoustic phonons is around two times higher

than that of the ZA acoustic phonons. This will lead to a
large mode contribution of LA acoustic phonons compared
with other two acoustic phonons, which has been verified in
Fig. 4(d) for monolayer CSe materials.

Three-phonon scattering phase space (W) is a very important
factor to understand the heat transport properties of nano-
materials. It is a quantitative measurement of the total space
available for the three-phonon process allowed by the conserva-
tion of energy. A large W indicates that more space is available
for the three-phonon scattering processes.23 Therefore, it is a
good indicator of small phonon lifetime and klat. Fig. 4(b)
shows the scattering phase space W of the ZA, TA, and LA
acoustic phonon modes in monolayer CSe. The scattering
phase space gradually decreases with increasing phonon
frequency of all acoustic phonon modes and the ZA phonon
branch possesses a relatively larger W compared with TA and
LA acoustic modes. As we mentioned above, there is a large a–o
gap in monolayer CSe, which will suppress the number of
A + A 2 O scattering channels. Moreover, the W of ZA, TA
and LA acoustic branches slightly increase at high frequencies.
A big jump in the ZA mode is observed at around 140 cm�1,
indicating more involved scattering channels such as
ZA + ZA 2 ZA, ZA + TA 2 TA, and ZA + LA 2 LA.21,37

Based on eqn (2), except for the phonon group velocity and
scattering phase space, phonon relaxation time is another
crucial factor that determines the klat. It is not only determined
by the scattering strength, but also by the total number
of phonon–phonon scattering. The intrinsic anharmonic
phonon lifetime as a function of frequency at 300 K with mode
resolution is shown in Fig. 4(c). The ZA branch has a smaller
phonon lifetime owing to the large scattering phase space
shown in Fig. 4(b). However, LA acoustic phonon possesses a
large phonon lifetime due to the small scattering channels. Our
results are similar to those of reported works of buckled b-NAs
and monolayer b-NSb.23

Fig. 3 (a) Lattice thermal conductivity of monolayer CSe as a function of temperature. The black dashed curve represents the B1/T fitting to the
temperature dependent klat. T represents the temperature. (b) Frequency distribution of klat at 300 K for L = 0.01 mm, 1 mm and 10 mm. L represents the
sample size. The results of L = 0.01 mm, 1 mm and 10 mm are indicated in gradient colors with green and white, blue and white, red and white, respectively.
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The mode contribution (percentage) to the total klat at 300 K
is shown in Fig. 4(d). It is found that the ZA, TA and LA acoustic
branches play the dominant role in the lattice thermal con-
ductivity of monolayer CSe. Among these, the LA acoustic mode
contributes a larger percentage than the ZA, TA, and optical
phonon modes. This is similar to the physical picture observed
in other 2D transition metal dichalcogenides (TMDs).20,36 In
contrast, the remaining three optical phonon branches play a
minor role in the heat transport properties of monolayer CSe.
Specifically, at room temperature, the percentage contribution
of the ZA, TA, LA acoustic branches, and the sum of contribu-
tions of optical branches to the total klat are 31.9%, 29.5%, and
35.1% and 3.50%, respectively. Furthermore, these percentages
are almost unsensitive to temperature. It is found that the
contribution of the TA and LA acoustic branches remain almost
unchanged, while that of the ZA acoustic branch decreases
slowly. In 2D buckling materials, it breaks the reflection
symmetry, which will enhance the phonon–phonon scattering
phase space of the ZA acoustic branch.21

According to the Slack model, long-wave (acoustic) phonons
are the main carrier for heat transport.38 Generally, a small
Debye temperatures YD means a small klat.

39 The definition of
YD is expressed as YD = homax/kB, in which omax is the
maximum frequency of the acoustic phonon branches and kB

is the Boltzmann constant of 1.381 � 10�23 J K�1. The calculated
YZA, YTA and YLA are 30.21 K, 41.27 K and 53.13 K, respectively.
YLA is the largest and contributes the most to the klat of
monolayer CSe. This is well consistent with the phonon relaxa-
tion time shown in Fig. 4(c) and mode contribution in Fig. 4(d).

The intensity of each phonon–phonon scattering can be
reflected by the mode-dependent Grüneisen parameter g which
is defined as40

g ¼ �d lno
d lnV

; (3)

The calculated mode-dependent g of monolayer CSe is
shown in Fig. 5(a). g indicates the anharmonic strength and a
large g means a large phonon anharmonicity. It is clear that the

Fig. 4 (a) The phonon group velocity of ZA, TA and LA acoustic phonon branches at 300 K. (b) Three-phonon scattering phase space of ZA, TA and LA
acoustic phonon branches at 300 K. (c) The phonon lifetime of ZA, TA and LA acoustic phonon branches at 300 K. (d) The relative contribution
(percentage) with phonon mode resolution. The results of acoustic phonon branches (ZA, TA and LA) and optical phonon modes are indicated in red,
blue, magenta and black, respectively.
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ZA acoustic branch has the largest g and strongest anharmoni-
city in the low-frequency region. The large negative value of g is
mostly attributed to the out-of-plane ZA acoustic phonons
shown in Fig. 4(b) and (c). These factors finally lead to a low
klat of monolayer CSe compared to those of black phosphorene
(83.5 W m�1 K�1),34 buckled phosphorene (108.8 W m�1 K�1),17

MoS2 (84 � 17 W m�1 K�1),35 and buckled arsenene
(65.4 W m�1 K�1).17

As mentioned above, due to the quantum confinement
effect, sample size is more prominent than that of bulk
materials. Fig. 5(b) and (c) show the scattering rates of acoustic
phonon modes in different mechanisms. We here consider two
different sizes including L = 0.01 mm and 1 mm. It is found that
three-phonon anharmonic scattering rates are much larger
than the situations of the isotope effect and boundary effect.
Hence, the anharmonic scattering dominates the overall
scattering rates of monolayer CSe. In the low-frequency region,
the anharmonic phonon scattering rates decrease rapidly, while

boundary scattering rate increases gradually as a function of
phonon frequency. When the sample size reduces to 0.01 mm,
the boundary scattering rates increase, and follow the trend of
the three-phonon anharmonic scattering rates, as shown in
Fig. 5(c). However, for L = 1 mm, three-phonon anharmonic
scattering is the most important scattering mechanism in
a broad frequency. Therefore, the size effect on the lattice
thermal conductivity of monolayer CSe should be carefully
explored in size-limited nanomaterials. The frequency-dependent
phonon relaxation times with different sample sizes are shown
in Fig. 5(d). This result of phonon lifetimes consider the
phonon–phonon scattering, phonon–isotope scattering, and
phonon–boundary scattering. It is found that the phonon life-
times of acoustic phonon modes increase in the low-frequency
region due to the weakened three-phonon anharmonic scatter-
ing. At L = 0.01 mm, there is a larger anharmonic phonon
scattering and boundary scattering, which lead to small
phonon lifetimes. As sample size increases, the role of phonon

Fig. 5 (a) The Grüneisen parameters of acoustic phonon modes at 300 K. The Grüneisen parameters of acoustic phonon branches (ZA, TA and LA) are
indicated in red, blue and magenta, respectively. (b) Acoustic phonon modes scattering rate of different scattering mechanisms for L = 0.01 mm and 1 mm.
The phonon–isotope scattering rate is indicated in red. The anharmonic three phonon scattering rate is indicated in black. The phonon–boundary
scattering rate and total scattering rate of L = 0.01 mm and L = 1 mm are indicated in different colors. (c) Acoustic phonon modes scattering rate
of anharmonic and boundary scattering mechanisms for L = 0.01 mm and 1 mm. (d) Comparison of phonon lifetime from the acoustic phonon modes for
L = 0.01 mm and 1 mm. The phonon lifetime results of L = 0.01 mm and 1 mm are indicated in blue and magenta, respectively.
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boundary scattering gradually decreases. Therefore, the phonon
lifetime is considerably increased for L = 1 mm.

In practical application, the electronic devices must have a
length scale. The additional phonon–boundary scattering can
further affect klat significantly the heat transport on the nanoscale
and low temperatures. The boundary scattering has been well
described and verified in 2D materials.2,41 The phonon–boundary
scattering can be estimated by a empirical formula6,39,42

1

tb
¼
nnq
�� ��
L

; (4)

where L and nnq represent the sample size and the averaged
phonon group velocity, respectively. Fig. 6(a) shows the klat of
monolayer CSe as a function of length scale with different
temperatures. Due to the increased phonon–boundary scattering
effect, the klat decreases from 100 nm to 10 nm. Furthermore, klat

shows an exponential function klat p log L, which has been
experimentally verified in graphene and other 2D materials.43

As L decreases from 1 mm to 10 nm, klat decreases from
42 W m�1 K�1 to 9 W m�1 K�1 at 300 K, whereas the klat

decreases by 1.04 times when the L decreases from 10 mm to
1 mm. It is clearly found that boundary scattering limit is
achieved at L = 10 mm. Similar characteristics can also be seen
at 200 K and 500 K. For example, Specifically, klat decreases
rapidly at low temperatures since it is more significantly affected
by phonon–boundary scattering at low temperatures. Further-
more, the klat at different temperatures are almost the same for
small sample sizes, which implies a dominant role of phonon–
boundary scattering in determining the klat of monolayer CSe.

klat as a function of sample sizes of monolayer CSe is shown
in Fig. 6(b). For comparison, we also plot the klat of the infinite
size. The klat decreases with decreasing sample size owing
to the phonon–boundary scattering. It deceases very rapidly
with increasing temperature for L = 10 mm, 1 mm, 500 nm and
100 nm. This trend is also verified for the infinite sample size
ranging from 200 K to 800 K. For instance, klat decreases from

42 W m�1 K�1 to 29 W m�1 K�1 at 300 K when L decreases from
10 mm to 100 nm. Our result shows that the klat of monolayer
CSe can be further decreased by reducing the sample size
of nanostructures. Similar behavior is also observed in the
lattice thermal conductivity of monolayer penta-silicene and
penta-germanene reported by Gao et al.39 and monolayer MoS2

reported by Zhu et al.42

3 Conclusion

In summary, we have systematically calculated and explored the
heat transport properties of monolayer CSe by first-principles
calculations and phonon Boltzmann transport equation. The
calculated klat is around 42 W m�1 K�1 at room temperature,
which is much lower than that of black phosphorene, buckled
phosphorene, MoS2, and buckled arsenene. The acoustic
phonon modes instead of optical phonons contribute the most
to the klat of monolayer CSe. Furthermore, A + A 2 O scattering
channels can be significantly suppressed by the large a–o gap,
and the LA acoustic phonon branch has a large phonon group
velocity and phonon relaxation time. Therefore the LA acoustic
phonon branch contributes the most in all phonon modes of
monolayer CSe. We also study the phonon–boundary scattering
effect on the klat. The role of phonon–boundary scattering
becomes smaller in a system with a larger size. The size effects
of CSe monolayer can persist up to 10 mm at room temperature.
Our results also provide a new insight into the size-dependent
thermal transport in nanomaterials and guide the design of
CSe-based low-dimensional quantum devices, such as thermo-
electric devices.

Recently, four phonon scattering have attracted much atten-
tion in the heat transport field. One is the phase transition where
phonon dispersion at 0 K sometimes shows a negative frequency
and can be removed by the finite temperatures.44 Besides, high
thermal conductivity materials have also indicated the crucial
role of four phonon scattering.45,46 Furthermore, unified

Fig. 6 (a) The klat variation as function of sample size for T = 200 K, 300 K and 500 K. (b) The klat variation as function of temperature for L = 50 nm,
100 nm, 500 nm, 1 mm, 10 mm and N (L = N refers to the case without phonon–boundary scattering).
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first-principles theory can also deal with the four phonon
scattering.47 These developing methods and discoveries
deserve more further exploration in the near future.

4 Computational methods

The first-principles calculations are performed using density
functional theory as implemented in the VASP code.48,49

The projector augmented-wave (PAW) pseudopotentials50 are
adopted to describe the interaction between electrons and
ions. The exchange–correlation functional of Perdew–Burke–
Ernzerhof (PBE)51 is used. The van der Waals (vdW) correction
are described using the zero damping DFT-D3 method of
Grimme (zero-damping).52 During the structure relaxation, a
15 � 15 � 1 Monkhorst–Pack grid is used with an energy cutoff
of 500 eV and an energy convergence threshold of 10�4 eV. The
structures were allowed to relax until the forces on each atom
were less than 10�4 eV Å�1. A vacuum of 20 Å between
monolayer planes along the z-axis was used to avoid spurious
interactions between periodic images.

After structure relaxation, the lattice thermal conductivity is
obtained by solving the phonon Boltzmann transport equation
using the ShengBTE package,32 which requires the second-
order harmonic and third-order force constants (IFCs). The
harmonic IFCs were calculated in the Phonopy package30 with
a 7 � 7 � 1 supercell. Anharmonic IFCs were extracted in
ShengBTE using a 5 � 5 � 1 supercell. In order to get
the converged klat value, the interaction cutoff is the up to
tenth-nearest-neighbor atoms. Fig. S1 and S2 (ESI†) show
the convergence tests of klat with different q-grids and scale
broadening parameters at 300 K. In compliance with this
convergence trend, the q-grid of 250 � 250 � 1 and 200 �
200 � 1 are employed to RTA and iterative solution, respec-
tively. A scale broadening parameter of 1.0 for the Gaussian
smearing is used to obtain a converged klat. Taking into
account long-range electrostatic interactions, the Born effective
charges and the dielectric constants are calculated, which were
added to the dynamical matrix as a correction.
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