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Abstract
Recently, two-dimensional (2D) monolayers C3B and C3N attract growing research interest due to
the excellent physical properties. In this work, the thermal conductivities (k) of the monolayer
C3BxN1−x alloy and the special C3B0.5N0.5 superlattice (C3B0.5N0.5-SL) alloy are systematically
evaluated by using molecular dynamic simulation. First, the k of monolayer C3BxN1−x alloy
presents a U-shaped profile with the increasing random doping ratio (x), in which the lowest k
exists in x=0.5. Second, we further calculate the thermal conductivity of C3B0.5N0.5-SL. The
result shows an initial decreasing and then rising trend, and the coherent length is 5.11 nm which
occupies the minimum thermal conductivity. Furthermore, to uncover the phonon thermal transport
mechanism, we calculate the spatiotemporal thermal transport, phonon density of states, phonon
group velocity, participation ratio and the phonon wave packet simulations in monolayer alloy
system. We note that on account of the random doping atoms, the enhancive phonon-impurity
scattering and phonon localization reduce the thermal conductivity in monolayer C3BxN1−x alloy.
In C3B0.5N0.5-SL, when the period length is smaller than the coherent length, coherent phonon
modes emerge because of the phonon interference, in which the superlattice can be regarded as a
‘newly generated material’. However, when the period length is larger than the coherent length, the
decreasing number of the interface in superlattice lessens phonon-interface scattering and cause the
increasing thermal conductivity. This work contributes the fundamental knowledge for thermal
management in 2D monolayer C3BxN1−x alloy based nanoelectronics.

Keywords: monolayer C3BxN1−x alloy, thermal conductivity, molecular dynamic simulation,
phonon wave packet simulation

(Some figures may appear in colour only in the online journal)

1. Introduction

Due to the extraordinary properties in thermal [1], electrical [2],
mechanical [3] and magnetic [4], two-dimensional (2D) materials
have got great attention [5] in both academia and industries.
Graphene [6] is one of the most well-known 2D carbon material

with honeycomb structure accompanying with the high thermal
conductivity (k) [7] and the electrical performance [8]. However,
the absence of band gap feature in graphene restricts the direct
application in nanoelectronics [9], such as field effect transistors
(FETs), solar cells, light emitting diode. Therefore, it is impera-
tive to explore new 2D materials which possess the adjustable
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band gap. 2D carbon-boride (C3B) [10] and carbon-nitride (C3N)
[11] are also monolayers with honeycomb lattices, which could
be considered as important chemical derivative of graphene
doped by boron (B) and nitrogen (N) atoms, respectively.
Monolayers C3B and C3N possess the indirect band gap about
0.5 eV [12] and 0.39 eV [11], which can be used in FETs [13, 14]
and single electron transistors [15]. The monolayer C3N based
back-gated FETs show an electrical performance of average on/
off current ratio, average electrical mobility and hole mobility as
5.5×1010, 1.2 cm2V−1 s−1 and 1.5 cm2V−1 s−1 [11], respec-
tively. Moreover, the addition of B and N atoms into graphene is
an efficient method to tune the electrical properties [16, 17]. Wu
et al [16] using chemical vapor deposition method doped B and
N atoms into monolayer graphene to modify the electrical per-
formances of graphene intrinsically. The doping ratios of B and N
atoms were modulated from 0.7% to 4.3% and from 0.9% to
4.8%, the corresponding mobilities of the B and N doped gra-
phene-based back-gate FETs were 450–650 cm2V−1 s−1 and
350–550 cm2V−1 s−1, respectively. Furthermore, by co-doping
the B and N atoms in graphene, the electron mobility and hole
mobility in doped graphene can attain 8.8×103 cm2 V−1 s−1

and 12.9×103 cm2 V−1 s−1, respectively [17].
In practical applications, the heat accumulation can

degrade the nanoelectronic device performance and cause
unexpected structural failures. To obtain a good electrical
performance and long lifetime, the thermal properties play a
crucial role in thermal management within the nanoelectronic
device [18]. It has been reported that the thermal conductivity
values of monolayer graphene generally were within the
scope of ∼2000–4000Wm−1 K−1 at room temperature [19].
The modification of the sp2 lattice in pure graphene by sub-
stituting C atoms with B and N atoms made the lower thermal
conductivities in monolayers C3B and C3N, which were
489Wm−1 K−1 [20] and 820Wm−1 K−1 [21]. The B and N
atoms act as the phonon-impurity scattering core, which can
minish the phonon thermal transport capacity in monolayers
C3B and C3N in comparison with the pure graphene. Simi-
larly, the synthesis of random B and N atoms in monolayer
graphene is considered to be an efficient approach to regulate
the thermal conductivity. Mortazavi et al [22] doped 0.75%
concentration of B atoms into monolayer graphene, the
thermal conductivity reduced more than 60% and vanished
the chirality effect. The k of N doped graphene was investi-
gated as a function of the doping ratio by using molecular
dynamics (MD) simulation. When the doping ratio increased
from 0.5% to 7%, the reduction ratios of thermal conductivity
in doped graphene were from 62% to 19% [23]. Furthermore,
Wang et al [24] evaluated the thermal conductivity in doped
graphene by embedding the boron nitride (h-BN) with a
doping ratio of 0%–100%. They found that when the doping
concentration was 50% with a h-BN size of 2 nm, the k of
composite structure could be reduced by 65%. However, to
our best knowledge, the investigation of the thermal con-
ductivity in monolayer C3BxN1−x alloy is still blank. There-
fore, the exploration on this subject is urgent.

In this study, we use the MD method to evaluate the
thermal properties of monolayer C3BxN1−x alloy. At first, we
calculate k of monolayer C3BxN1−x alloy as a function of

random doping ratio (x). Afterwards, we evaluate the spa-
tiotemporal thermal transport, phonon group velocity, parti-
cipation ratio (PR) and phonon wave packet simulations in
monolayer C3BxN1−x alloy to analyze the phonon behaviors.
Furthermore, we fix x at 0.5 to investigate the thermal con-
ductivity of the superlattice (C3B0.5N0.5-SL), which can be
considered as the special alloy. Then the variation of k with
the increase of period length is presented. The phonon density
of states (PDOS), phonon group velocity, PR and phonon
wave packet simulation are also calculated to uncover the
underlying phonon transport mechanism in C3B0.5N0.5-SL.

2. Simulation details

In this study, all MD simulations are performed using the
Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) package [25]. The optimized Tersoff potentials
by Lindsay and Broido [26] for C–C atomic interactions and
by Kinarci [27] for C–N and C–B atomic interactions in
monolayer C3BxN1−x alloy have been selected, which can
predict thermal properties and the phonon dispersion curves
in some 2D structures [28–31]. Here we adopt this potential to
model the C–C, C–B and C–N interactions within the
monolayer C3BxN1−x alloy. Atomic configurations of the
monolayer C3B and C3N are shown in figure 1, which possess
two different directions (armchair and zigzag directions). In
our simulation, the armchair and zigzag directions are along
the x and y directions, respectively. Owing to the negligible
effects of chirality on C3B and C3N [20], we only calculate
the thermal conduction along the armchair direction.

For MD simulations, periodic boundary conditions are
used in all three directions. The large vacuum layer of 10 nm
along z direction is set to avoid the atomic interaction with the
system image. The timestep for all MD simulations is 0.5 fs.
We first place the system in the isothermal-isobaric ensemble
(NPT) at 0 bar for 500 ps and then in the canonical ensemble
(NVT) for 500 ps to relax the system structure until the
equilibrium. The above relaxation processes are controlled at
300 K. The system is then switched to the micro-canonical
ensemble (NVE) for 500 ps. Thereafter, we conduct the non-
equilibrium molecular dynamics (NEMD) simulation under

Figure 1. Atomic configurations of monolayer (a) C3B and (b) C3N.
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NVE for 6 ns [32]. As shown in figure 2, the middle region
(red) and outermost regions (blue) are set as the heat source
with 2 nm and two heat sinks with 2 nm, respectively. The
Langevin thermostats are utilized to control the temperature
of heat source (350 K) and heat sinks (250 K). After first 5 ns,
the system arrives at the steady state and obtains a stable
temperature gradient. Sequentially, the last 1 ns of the NEMD
process is used to record the kinetic energies of all atoms.
According to energy equipartition theorem, we can calculate
the temperature distribution of the system. To obtain the
temperature profile along the x direction, we evenly divide the
system into n slabs with a slab length of 0.2 nm. Afterwards,
the thermal conductivity can be evaluated by the Fourier’s
law of heat conduction:

= -
¶
¶

Q A k
T

x
, 1· ( )

where Q is heat flux, A represents the cross-sectional area of
the heat flux, T represents the temperature, x represents the
direction of heat flux, and k is the thermal conductivity.
Because the thickness of monolayers C3B and C3N are 3.3 Å
[13] and 3.2 Å [33], respectively, we choose the average
thickness (3.25 Å) as the thickness of monolayer C3BxN1−x

alloy. In order to suppress the statistical error, we perform five
independent simulations with different initial conditions for
all simulations. The final thermal conductivity value is the
average of the five results with the standard deviations shown
as error bars.

3. Results and discussions

3.1. Monolayer C3BxN1−x alloy by random doping

The monolayer C3BxN1−x alloy is designed by random dop-
ing the B atoms embedded with monolayer C3N as shown in
figure 3(a), where the range of x is from 0 to 1.0. The system
size of the monolayers is selected as 102.26×4.92 nm2.
Figure 3(b) shows the variational thermal conductivity with
the increasing parameter x. When x is equal to 0, the structure
is pure C3N, and the calculated thermal conductivity is
547.67Wm−1 K−1. As x becomes 1.0, the structure turns to
pure C3B, and we calculate the k as 346.73Wm−1 K−1. The
thermal conductivity results of pure C3N and C3B are similar

to the previous work done by Song et al [20]. They found that
the k of C3N and C3B with a similar length to our work were
∼509.92 and ∼305.15Wm−1 K−1. The phonon lifetime of
flexural acoustic (ZA) mode in graphene with N atoms doping
is larger than B atoms doping because of the similar mass
perturbations between C and N atoms [34], which leads to
larger thermal conductivity in monolayer C3N. It should be
noted that the curve in figure 3(b) shows a U-shaped varia-
tion, which is similar to other studies [35, 36]. When x<0.5,
B atoms can be considered as impurity in monolayer C3N,
which act as the scattering cores to reduce the thermal con-
ductivity. The thermal transport in monolayer C3BxN1−x will
be obstructed by the impurity because of the phonon-impurity
scattering. As the x enhances, the number of impurity atoms
increases and the phonon-impurity scattering is elevated.
Therefore, the thermal conductivity of monolayer C3BxN1−x

alloy is reduced until x equal 0.5, and the lowest thermal
conductivity is 81.78Wm−1 K−1. However, when x>0.5,
the N atoms become dopants in monolayer C3BxN1−x, which
causes the increasing k in the monolayer alloy. We note that
the range of x majorly locates below 0.2 and above 0.8 with
the drastically variation of thermal conductivity, which could
be ascribed to the localization of phonon modes. This
phenomenon is consistent with the previous work [36]. By
doping germanium atoms into silicene nanosheets, Wang et al
[36] found the nanosheets possessed lower thermal con-
ductivity due to the enhancive phonon-impurity scattering.
The variation trend of thermal conductivity with doping ratio
is also a U-shaped profile, and the lowest k corresponding to
the doping ratio is 50%.

For sake of comparing the heat dissipation in monolayer
C3BxN1−x alloy intuitively, we calculate and analyze the
spatiotemporal thermal transport simultaneously. After the
system reaches thermal equilibrium, we impose a high heat

Figure 2. Steady temperature distribution of monolayer C3B0.5N0.5 in
the NEMD simulation.

Figure 3. (a) Atomic configuration of monolayer C3B0.5N0.5.
(b) Thermal conductivities of monolayer C3BxN1−x alloy with x
ranging from 0 to 1.0.
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impulse of 9×1013 W m−2 for 50 fs at 0.5 nm×4.92 nm
region of left side in monolayer for C3B, C3N and C3B0.5N0.5.
The local thermal energy will dissipate by spreading to the
whole system until the system re-reaches the thermal equili-
brium. Figures 4(a)–(c) show the spatiotemporal thermal
transport of C3B, C3N and C3B0.5N0.5 in overall, x direction, y
direction and z direction, respectively. We can observe two
phenomena from the results: (1) The temperature of C3N
drops faster than others, in which the heat dissipation in
monolayer C3B0.5N0.5 takes much longer time. The results
further confirm the thermal conductivities we calculate. (2)
The ZA phonon modes carry much more energy than other
two acoustic phonon modes in all three structures [34].
Hence, the ZA phonon modes make the major contribution to
the thermal conductivity of graphene derivative monolayers.

In order to uncover phonon transport mechanisms of
monolayer C3BxN1−x alloy, we calculate the phonon group
velocities and PRs of C3B, C3N and C3B0.5N0.5 with 960
atoms by using lattice dynamics (LD) simulation. All LD
simulations are performed with General Utility Lattice Pro-
gram (GULP) package [37]. First, we calculate the phonon
group velocity to analyze the capacity of phonon thermal
transport in monolayers. Figure 5 shows the relation between
phonon group velocity and phonon frequency. The highest
phonon group velocity of C3B and C3N are as high as 19.97
and 20.92 km s−1, which consist with other works [38, 39]
(C3B: ∼20.18 km s−1 and C3N: ∼22.07 km s−1), respectively.
In order to make a more visual comparison, we calculate the
average phonon group velocity. The average phonon group

velocities of C3B, C3N and C3B0.5N0.5 are 2.95 km s−1,
3.51 km s−1 and 0.99 km s−1, respectively. It can be observed
that monolayer C3B0.5N0.5 alloy possesses the lowest phonon
group velocity in all three materials. Therefore, the reduction
of phonon group velocity in the alloy hinders thermal energy
transmission, which can confirm our MD simulation results.

Afterwards, the PR is further calculated to evaluate the
localization of monolayer alloy phonon modes with the fol-
lowing formula [40]:

å å=l
a

a l a l
-

= =

P N e e , 2
i

N

i i
1

1 1

3

, ,

2

*
⎛
⎝⎜

⎞
⎠⎟ ( )

where, N is the total number of atoms, eiα,λ means the
eigenvector with λth polarization from α direction of ith atom
in the lattice, and α represents x, y and z directions. The PR
can describe the ratio of the atoms participation in the motion
[41]. When PR equals 1.0, it means all atoms take part in the
eigen-vibration and the phonon modes are non-localized,
which manifests that the phonons are able to transport in the
whole system. However, for the small PR, some scattering
(phonon-impurity scattering and phonon-boundary scattering)
in the system can lead to some phonon modes localization,
which impedes the phonon spreading in the whole system. As
shown in figure 6, monolayer C3N has the highest PR in the
whole frequency region, monolayer C3B0.5N0.5 possesses the
lowest PR, and monolayer C3B falls in between them. The
average PRs of C3B, C3N and C3B0.5N0.5 are 0.69, 0.71 and
0.45, respectively. We can deduce that there are more

Figure 4. Spatiotemporal thermal maps through (a) C3B, (b) C3N, and (c) C3B0.5N0.5 in overall, x direction, y direction and z direction,
respectively. The color bars represent temperature in a unit of K.
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localized phonon modes in monolayer C3B0.5N0.5 due to the
strong phonon-impurity scattering. For the C3B0.5N0.5 alloy,
the doping atoms generate the different edge configurations,
i.e. different edge atoms, which enhances the phonon locali-
zation in alloy system [42]. According to the above phonon
group velocity and PR analyses, we can obtain two conclu-
sions: (1) Due to the reduction of the phonon group velocities,
the phonon transmission is hindered, which results in the
reduction of the k of monolayer C3BxN1−x alloy. (2) Due to
the heterogeneous atoms, there are more localized phonon
edge modes in C3B0.5N0.5 than others, which can suppress the
k of C3B0.5N0.5.

As we mention above, the phonon-impurity scatterings
induce the reduction of thermal conductivity. In order to
further get insight into the underlying phonon transmission
essence, the phonon wave packet simulations are conducted
[43, 44]. The principle of phonon wave packet simulation
focuses on revealing the wave packet behaviors cross the
interface. Here the phonon wave packet simulations are per-
formed under 0 K. To avoid the mutual influence of the
phonon wave packet movement along the direction [45], the
size of structure is choose as 1000 nm. In this study, we
choose C3B as the original material to excite the phonon wave
packet, and the length ratio of the pristine C3B and C3BxN1−x

is 1:1. Periodic boundary conditions are adopted along all
three directions, and the thickness of vacuum layer is still
10 nm. After fully relaxing the system at 0 K via the energy
minimization using conjugate gradient (CG) algorithm, we
apply the original phonon wave packet according to the

formula [43]:

s
= -

´ - -
l a lu Me k ik x x

x x

exp

exp 3
il i l

l

, , 0 0 0

0
2 2

( ) [ ( )]
[ ( ) ] ( )

w= -l l lv i u , 4il il, , ( )

where, uil,λ represents the λth component of displacement for
ith atom in lth unit cell, α represents the direction of eigen-
mode, and k0 means the wavevector, v represents the initial
velocity of phonon wave packet. The eigenvector and
wavevector in the equations can be chosen and calculated by
LD simulations [46]. In this section, we conduct three struc-
tures: C3B-C3B, C3B-C3N and C3B-C3B0.5N0.5. To generate
the original phonon wave packet of the longitude acoustic
(LA) phonon mode, the wavevector k0 is selected as
0.05×(2π/a), where the a is the lattice constant, the
corresponding frequency of k0 is 2.29 THz and the amplitude
of wave (M) is chosen as 0.01 Å.

The launch and propagation of wave packets in three
structures are shown in figure 7. The same phonon wave
packets move in the x direction. When the time is equal to
6 ps, the wave packets cross the interface, and then continue
moving along the x direction. We can observe that there is no
deformation in C3B-C3B because of the negligible anharmo-
nic phonon scattering in figure 7(a), which indicates that the
wave packet propagates ballistically. However, the pristine
wave packets in C3B-C3N and C3B-C3B0.5N0.5 are separated
into two parts (the transmitted wave and the reflected wave).
We attribute this phenomenon to different phonon modes in

Figure 5. Phonon group velocities of (a) C3B, (b) C3N and (c) C3B0.5N0.5 calculated from lattice dynamics using GULP.

Figure 6. Phonon participation ratios of (a) C3B, (b) C3N and (c) C3B0.5N0.5 calculated from lattice dynamics using GULP.
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different material parts. At 12 ps, the transmitted wave
and the reflected wave in C3B-C3N system continue move
along the positive and negative x directions, respectively
(figure 7(b)). Nevertheless, the continuous reflected waves in
C3B-C3B0.5N0.5 system have been observed in figure 7(c).
The random doping atoms in C3B0.5N0.5 part generate the
consecutive phonon-impurity scatterings, which leads to the
appearance of new reflected waves. The results of phonon
wave packet simulation further confirm the phonon trans-
mission behaviors which we discuss above.

3.2. Monolayer C3B-C3N superlattice

Superlattice is the special alloy with the periodic hybrid
material structure. It possesses the repeating units in a certain
period length (lp), which can be utilized in thermoelectric
devices [47–50]. We fix the parameter x at 0.5 to construct
C3B-C3N superlattice (C3B0.5N0.5-SL). The atomic structure
of C3B0.5N0.5-SL is shown in figure 8(a). The length of
C3B0.5N0.5-SL is the same as that of the system with the
random doping (102.26 nm). The period length is ranged

between 0.85 and 51.13 nm. Figure 8(b) shows the relation-
ship between the thermal conductivity and the period length.
When the period length increases, the thermal conductivity
first decreases and reaches minimum (145.32Wm−1 K−1) at
lp= 5.11 nm, then the thermal conductivity further enhances.
The trend of the k is consistent with the other research [36]. In
general, the corresponding period length of the lowest k is
known as the coherent length, which is 5.11 nm in our work.
When the period length is smaller than coherent length, it is
the coherent region, and when the period length is larger than
coherent length, it is called the incoherent region.

For sake of presenting the vibration of the phonons in
different frequency, we calculate the PDOS of C3B and C3N
parts in the C3B0.5N0.5-SL by taking the Fourier transform of
the velocity autocorrelation function:

òw
p

=
á ñ
á ñ

w

-¥

¥
-F e

v t v

v v
dt

1

2

0

0 0
, 5i t( ) ( ) · ( )

( ) · ( )
( )

where, F(ω) represents the PDOS at ω angular frequency, v(t)
and v(0) represent the atom velocity vectors at the time of t
and 0, respectively. The PDOS of C3B and C3N parts in the
C3B0.5N0.5-SL with 0.85 nm, 5.11 nm and 10.23 nm are
shown in figures 9(a)–(c), respectively. The PDOS of C3B
and C3N parts at the low frequency region is analogous in all
three monolayers. However, in medium and high frequency
regions, we can observe the diversities between the two parts
with the increase of period length. Especially, the G-band of
C3B part shows the red-shift while that of C3N part shifts to
the higher frequency when the period length increases. To
make a more visual comparison, we calculate the overlapping
factor (S) by the follow equation [51, 52]:

ò
ò ò

w w w

w w w w
= -¥

¥

-¥

¥

-¥

¥S
F F d

F d F d
, 6

1 2

1 2

( )· ( )

( ) · ( )
( )

where subscripts ‘1’ and ‘2’ represent phonon modes of C3B
and C3N parts, respectively. The overlapping factors of
superlattice with period length of 0.85 nm, 5.11 nm and
10.23 nm are 0.0240, 0.0226 and 0.0214, which verifies that
the difference of lattice vibrations in C3B and C3N parts
become more distinct when the period length enhances.

Figure 7. The propagation of the phonon wave packet in (a) C3B-C3B, (b) C3B-C3N and (c) C3B-C3B0.5N0.5 at 0 ps, 6 ps and 12 ps. The
dotted line is the interface between C3B and C3B (or C3N or C3B0.5N0.5).

Figure 8. (a) Atomic configuration of monolayer C3B0.5N0.5-SL. (b)
Thermal conductivities of monolayer C3B0.5N0.5-SL at different
period lengths.
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According to the previous studies [53, 54], the phonon
transport of superlattice shows wave and particle properties in
coherent and incoherent regions, respectively. In the coherent
region, the phonon modes in C3B and C3N parts show an
interference phenomenon because the wavelength of phonon is
larger than the period length. The incident and reflected pho-
nons at the interface of superlattice form the coherent phonon
modes, which induces that the phonon-interface scattering will
not happened at the inner interface of a period. Hence the
whole material can be considered as a ‘newly generated
material’ [36]. According to the PDOS results, the overlapping
factor is higher when lp= 0.85 nm, but reduces when the
period length increases to 5.11 nm. We further calculate the
phonon group velocities and PRs of C3B0.5N0.5-SL in coherent
region with the period length of 0.85 nm, 1.70 nm and 5.11 nm
in figures 10(a)–(c) and 11(a)–(c), respectively. The average
phonon group velocities of C3B0.5N0.5-SL with the period
length of 0.85 nm, 1.70 nm and 5.11 nm are 2.59 km s−1,
2.34 km s−1 and 1.86 km s−1, and the corresponding PRs are
0.59, 0.56 and 0.45, respectively. Hence, the decreasing pho-
non group velocity and PR demonstrates that the phonon
transmission of C3B0.5N0.5-SL for the higher period length in
coherent region is hindered, so the thermal conductivity will
reduce. On the other hand, when the period length is larger
than coherent length, the particle nature of the phonon plays a
dominant role in the energy transport. Phonons will not skip
the interface directly, and the phonon-interface scattering will
cannot be ignored. Nevertheless, with the increase of the
period length, the number of the interface in superlattice
decreases, which lessens the phonon scattering, and the ther-
mal conductivity will bounce back to a larger value.

To observe the phonon scattering at the inner interface in
monolayer C3B0.5N0.5-SL, we also conduct the phonon wave
packet simulations. The simulation parameters are same as the

phonon wave packet simulation of figure 7. Figure 12 shows the
phonon wave packet behaviors in C3B and C3B0.5N0.5-SL with
the period length of 0.85 nm, 5.11 nm and 10.23 nm, respec-
tively. In C3B-SL0.85 system, the initial phonon-interface scat-
tering happens at 6 ps, which generates the transmitted wave and
the reflected wave. Afterwards, the two parts propagate along the
positive and negative x direction, respectively. This phenomenon
proves that the superlattice in coherent region can be considered
as a ‘newly generated material’, which is similar to the result of
C3B-C3N as shown in figure 7(b). When the phonon wave
packet steps over the interface in C3B-SL5.11 system, the
transmitted wave packet deforms. At 12 ps, the wave packet in
the superlattice part is continuously reflected by the inner
interface of the superlattice. For the C3B-SL10.23, the con-
secutively reflection of phonon wave can also exist, but the
reflection intensity get weaker in comparison with C3B-SL5.11,
which confirms that the phonon-interface scattering is alleviated.
On the basis of the results of the phonon wave simulation, we
can vividly prove the phonon behaviors in the superlattice with
different period lengths, which further reveals the non-mono-
tonic variation of thermal conductivity in figure 8(b).

4. Conclusions

In this work, we use the MD simulations to evaluate the thermal
properties of monolayer C3BxN1−x alloy. The thermal con-
ductivity of monolayer C3BxN1−x alloy presents a U-shaped
profile with the increase of random doping ratio (x).
The k arrives the minimum at x=0.5, which is equal to
81.78Wm−1 K−1. We analyze the phonon behaviors in
monolayer C3BxN1−x alloy via calculating the phonon group
velocity, PR and phonon wave packet simulations of monolayer
C3BxN1−x alloy. In monolayer C3B0.5N0.5 alloy, the phonon
group velocity and PR are much smaller than those in pure C3B
and C3N due to the enhancive phonon-impurity scatterings.
Moreover, we can observe the continuous reflected waves in
C3B-C3B0.5N0.5 system by using phonon wave packet simula-
tion. The appearance of new reflected waves can be attributed to
the consecutive phonon-impurity scatterings in C3B0.5N0.5.
Afterwards, we fix x as 0.5 to evaluate the thermal conductivity
of monolayer C3B0.5N0.5-SL, which shows an initial decreasing
and then rising trend. The minimum thermal conductivity value
is 146.85Wm−1 K−1, and the corresponding period length is
5.11 nm which is also called coherent length. When the period
length is smaller than the coherent length, the average phonon
group velocities and PRs in monolayer C3B0.5N0.5-SL decrease
monotonically as the period length increases from 0.85 to
5.11 nm, which can demonstrate that the phonon transport
capacity of C3B0.5N0.5-SL for the higher period length in
coherent region is lessened, so the thermal conductivity will
reduce. Moreover, the results of PDOS and phonon wave packet
simulation can prove that the superlattice can be considered as a
‘newly generated material’ in coherent region. In incoherent
region, the thermal conductivity will enhance on account of the
decreasing number of the interface in superlattice and the les-
sened phonon-interface scattering, which can be verified by
phonon wave packet simulation. Our work is expected to

Figure 9. Phonon density of states (PDOS) for C3B0.5N0.5-SL with
period length of (a) 0.85 nm, (b) 5.11 nm and (c) 10.23 nm.
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provide a fundamental physical guideline to tune the thermal
transport of 2D materials.
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Figure 11. Phonon participation ratios of C3B0.5N0.5-SL with period length of (a) 0.85 nm, (b) 1.70 nm and (c) 5.11 nm calculated from lattice
dynamics using GULP.

Figure 12. The propagation of the phonon wave packet in the C3B-C3B0.5N0.5-SL with period length of 0.85, 5.11 and 10.23 nm at 0 ps, 6 ps
and 12 ps. The dotted line is the interface between C3B and superlattice. The insets are the zoom-in pictures of black boxes at the interfaces in
the C3B-C3B0.5N0.5-SL.
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