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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas
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Through equilibrium and non-equilibrium molecular dynamics simulations, we have demonstrated the inhibitory ef-
fect of composition graded interface on thermal transport behavior in lateral heterostructures. Specifically, we investigated
the influence of composition gradient length and heterogeneous particles at the silicene/germanene (SIL/GER) heterostruc-
ture interface on heat conduction. Our results indicate that composition graded interface at the interface diminishes the
thermal conductivity of the heterostructure, with a further reduction observed as the length increases, while the effect of the
heterogeneous particles can be considered negligible. To unveil the influence of composition graded interface on thermal
transport, we conducted phonon analysis and identified the presence of phonon localization within the interface compo-
sition graded region. Through these analyses, we have determined that the decrease in thermal conductivity is correlated
with phonon localization within the heterostructure, where a stronger degree of phonon localization signifies poorer thermal
conductivity in the material. Our research findings not only contribute to understanding the impact of interface gradient-
induced phonon localization on thermal transport but also offer insights into the modulation of thermal conductivity in

heterostructures.

Keywords: composition graded interface, thermal transport, phonon localization, molecular dynamics

PACS: 44.90.4-c, 02.70.Ns, 74.78.Fk, 29.50.+v

1. Introduction

Based on the hexagonal honeycomb structure of
graphene, many novel two-dimensional (2D) materials such
as silicene, stanene, phosphorene, and transition-metal
dichalcogenides (TMDs) have been successfully synthesized,
showcasing excellent electrical, thermal, and mechanical
properties.!'~”) To meet the demands of various nanoscale
devices, the unique properties exhibited by heterostructures
composed of different monolayers have garnered significant
attention. These distinct two-dimensional materials seam-
lessly combine two different atomic monolayers within a two-
dimensional plane through covalent bonding, forming in-plane
heterostructures.'8! In comparison to vertical heterostructures,
these in-plane heterostructures offer more easily controllable
integration and superior heat transfer pathways, demonstrat-
ing immense potential in the development of novel micro-
/manoelectronic devices.!”!

In recent years, with the increasingly mature synthesis
techniques for 2D lateral heterostructures, various novel two-
dimensional lateral heterostructures have been reported.!!’]
However, compositional transition at the interfaces of 2D het-
erostructures has remained a challenge, making the fabrication

of clean and well-defined interfaces a persistent issue. The
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synthesis and pattern-recognition technique proposed by Lev-
endorf et al.!'!l has successfully prepared graphene and h-BN
(Gr/h-BN) in-plane heterostructures. Multiple studies indicate
the presence of atomic intermixing at the lateral interface of
Gr/h-BN, with atomic intermixing extending over a width of
no more than 10 nm. Gong et al.!'?! reported a single-step va-
por phase growth process, demonstrating the growth of lateral
WS,/MoS, heterostructures with sharp interfaces. Ogikubo
et al.l"3 utilized a synergistic growth approach involving
atomic segregation epitaxy (ASE) and molecular beam epitaxy
(MBE) to fabricate lateral monolayer heterostructures of ger-
manene/stanene on Ag(111) thin films. Using scanning tun-
neling microscopy (STM), they observed domain boundaries
with armchair and zigzag edge structures at the interface.

In contrast to earlier two-dimensional materials like sil-
icene, which could only be synthesized on metal substrates
such as Ag, ZrB,, and Lr, recent work by Quertite et al.!'*! has
confirmed the successful preparation of silicene nanoribbons
on insulating NaCl thin films. This significant breakthrough
has paved the way for a new approach to the synthesis of novel
two-dimensional materials. Considering the compatibility of
silicene with existing silicon-based electronics industry,>~17]
SIL/GER nanoribbons hold a broader application potential
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in nanoelectronic devices. Yang ef al. calculated based on
density functional theory that the thermal electric Z7T values
for SIL/GER superlattices and disordered SIL/GER nanorib-
bons are twice as high as those of individual materials.!'8]
The excellent electrical properties and low thermal conductiv-
ity bestow SIL/GER heterostructures with significant poten-
tial as thermoelectric materials. While the thermal conduc-
tivity of SIL/GER superlattice structures has been extensively
investigated,!'”! the relationship between the presence of inter-
face composition diffusion, especially in SIL/GER lateral het-
erostructures, and their thermal conductivity, particularly con-
cerning experimentally observed structures, remains unclear.
In this article, we employ molecular dynamics simulations to
explore the influence of different interface composition-graded
models on the thermal conductivity. We also employ phonon
analysis to elucidate the underlying physical mechanisms.

2. Method
2.1. Models

To begin with, for model construction, a SIL/GER lat-
eral heterostructure with dimensions of 5.1x50.4 nm? was se-
lected to investigate the thermal transport behavior induced by
interface atomic transition. To minimize the influence of lat-
tice mismatch on the thermal performance calculations of the
heterostructure, the lattice constants for SIL and GER were
set to 3.83 A and 3.97 A, respectively, while the initial buck-
ling heights for SIL and GER were set to 0.44 A and 0.64 A,
respectively.?”) According to Fick’s law?!! (J = —D(dp /dx),
where J is the diffusion flux, D is the diffusion coefficient,
p is the mass concentration, and x is the diffusion distance),
it is understood that the number of heterogeneous particles
at the interface is inversely related to the composition tran-
sition length (L). To construct a realistic non-abrupt interface
composition-graded model, we introduced randomness in the
interface atomic transition and allowed the number of diffus-
ing atoms to decrease with increasing transition distance. We
constrained the maximum number of diffusing atoms at the
interface to be half of the total number of atoms. For the inter-
face composition-graded model, we conducted random atomic
transition with a fixed transition concentration to explore the
relationship between the composition gradient length and ther-
mal transport behavior.

As depicted in Fig. 1(a), we have established five interface
models with varying transition lengths, i.e., 0 nm (abrupt inter-
face), 8 nm, 16 nm, 24 nm, and 32 nm. The atomic ratio of Si
to Ge, as depicted on both sides of the abrupt interface (high-
lighted by the red dashed line), is set at 1:1. Furthermore, as
shown in Fig. 1(b), models incorporating heterogeneous par-
ticles composed of different numbers of atoms (including 1
atom, 2 atoms, 4 atoms, and 6 atoms) have been constructed

to closely approximate actual interface models. It is important
to note that the transition mechanism and process remain con-
sistent with those of single atom composition-graded models,
with the distinction lying in the nature of the heterogeneous
particles.

Fig. 1. (a) Structures of SIL/GER lateral heterostructure with abrupt
interface and composition transition interfaces with different lengths.
(b) Model illustrations depicting six distinct heterogeneous particles
with varying atom counts.

2.2. EMD method for k, and NEMD for R;

Molecular dynamics (MD) simulations have gained
widespread usage due to their ability to accurately describe
interfacial heat transfer at the atomic scale. In this study, both
equilibrium molecular dynamics (EMD) and non-equilibrium
molecular dynamics (NEMD) simulation methods were em-
ployed to investigate the thermal conductivity and interfa-
cial thermal resistance of SIL/GER heterostructures with dif-
It has been reported that the Stillinger—

Weber (SW) potential effectively describes the bending struc-
19,22-24]

fusive interfaces.

tures and thermophysical properties of SIL and GER.!
In this paper, the Si-Si, Ge-Ge, and Si—Ge interactions
within SIL/GER nanoribbons were characterized using the
SW potential,[>>?6! with the Si-Ge interaction based on the
mixing rules described./?”! To eliminate boundary effects and
simulate independent structures, periodic boundary conditions
were applied in three directions based on the models in Fig. 1,
and a 10 nm vacuum layer was added in the direction per-
pendicular to the plane. The MD time step was set to 0.5 fs.
Initially, a conjugate gradient (CG) energy minimization algo-
rithm was employed to relieve internal stresses within the het-
erostructure and find the minimum energy state. Subsequently,
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the structure was relaxed under the NVT ensemble at a fixed
temperature of 300 K for 500 ps to stabilize the structure. Fi-
nally, a 300 ps dynamic equilibrium in the microcanonical en-
semble (NVE) was performed to achieve complete structural
relaxation.

To compute the thermal conductivity (k) along the tran-
sition plane direction (along the x-axis), we collected instan-
taneous heat flux, denoted as j,(¢), during a 2 ns time pe-
riod while running under the NVE ensemble. The thermal
conductivity k, was then calculated using the Green—Kubo
formula (%]

\4 e
= )) Uoidon ar. M

Here, kg represents the Boltzmann constant, 7' denotes the

Kx

temperature, and V' stands for the volume. Angle brackets in-
dicate ensemble averages, which were obtained by averaging
results from twenty independent MD simulations.

To compute the interfacial thermal resistance (Rjy) at the
heterostructure interface using the NEMD method, we initially
designated heat sources and heat sinks at the left and right
ends of the model while immobilizing the edges at both ends.
The intermediate portion, excluding the heat baths and the
fixed regions, was partitioned to establish a temperature gra-
dient. Subsequently, under the NVE ensemble, we collected
the average temperatures for each component in the middle
part of the model, along with the energy exchange between
the heat source and the heat sink. Relying on Fourier’s law,
we calculated the total thermal resistance “Ry” of the ma-
terial. For non-abrupt interface composition-graded models,
where the heterostructure’s interface is not precisely defined,
we regarded Rj,; as the interfacial thermal resistance of the
SIL/GER lateral heterostructure. The specific calculation for-
mula is as follows:

Rioe = (2)

Isi - KsiL Rt IGER - KGER
In the equation, Ksy, (Kggr) represents the thermal conduc-
tivity of the corresponding SIL (GER) portion within the het-
erostructure. Isy, (Iger) signifies the length of the SIL (GER)
in the heterostructure. The cross-sectional area (A) was deter-
mined based on a SIL thickness of 4.2 A.?! Tt is noteworthy
that, based on the linear portion of the temperature gradient
obtained using the NEMD method, we calculated the thermal
conductivity of SIL and GER through Fourier’s law.

2.3. Phonon transmission calculations

Phonons, also referred to as quanta of lattice vibrations,
serve as the primary heat carriers in semiconductor materials,
and they determine a material’s thermal conductivity. We em-
ployed three phonon analysis methods: phonon transmission
coefficient, phonon localization length, and phonon participa-
tion rate to investigate the underlying physical mechanisms

of the impact of compositional transition on heat transfer in
SIL/GER heterostructures. The phonon transmission coeffi-
cient quantifies the phonon transport capability within a ma-
terial, specifically the ability to transfer thermal energy in the
presence of resistance along a particular direction. Following
the NEMD method proposed by K. Saaskilahti et al.,[3%3! we
computed the phonon transmission function (7'(w)) to quan-
tify the impact of phonon scattering on heat energy transfer.
Initially, the frequency-resolved heat flux g;_;(w) between
any arbitrary atoms i and j can be calculated by

_ 2
Lsimu @
x Y Im<ﬁ$‘(w)1{g%f(w)>, 3)
a.fe{xyz}

qw) =YY gisj (o), 4)

i€L jER

~qw)
T(w) = AT )

gi—sj(w) =

Here, f5imu denotes the simulation time, @ represents the fre-
p
J
transformed atomic velocities of atom i in direction & and

quency, and ¥¥ () and V; (@) correspond to the Fourier-
atom j in direction f3, respectively. Subsequently, the heat
flow across the interface is obtained based on Eq. (4), where L
and R denote the separation sets of any adjacent atoms at the
interface. Finally, the phonon transmission coefficient 7'(w)
through the interface is computed using Eq. (5), with kg repre-
senting the Boltzmann constant and AT indicating the tem-
perature difference between the two ends of the heat bath.
Since Fourier transformation involves converting time-domain
statistics into frequency-domain analysis, the abscissa of the
resulting transmission coefficient plots is expressed in THz for
frequency, while the ordinate represents the magnitude of the
transmission coefficient.

3. Results and discussion

3.1. Thermal conductivity and interface thermal resis-
tance of SIL/GER lateral heterostructures

The computed temperature gradients for the structures in
Fig. 1 are depicted in Fig. 2. Panels (a), (b), (c), and (d) repre-
sent the temperature gradient profiles for transition lengths of
0 nm (abrupt interface), 8 nm, 16 nm, and 24 nm, respectively.
Note that the temperature gradient for 32 nm is not shown
here as it is nearly identical to that of 24 nm. As observed in
Fig. 2(a), a significant temperature discontinuity is evident at
the interface. In contrast, for the atomic transition interfaces
described in Figs. 2(b)-2(d), the temperature at the interface
transitions from a discontinuity to a smooth decrease, and the
temperature gradient in this region becomes more gradual as
the transition length increases. This transition is primarily at-
tributed to the introduction of the composition-graded inter-
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face, which reduces the difference in atomic species at the in-
terface. Considering that phonons, as the primary heat carriers
in semiconductors, experience significant interface scattering,
leading to substantial interfacial thermal resistance when prop-
agating as waves to the SIL/GER interface.

600 > 600 ees T
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Fig. 2. Illustrates the temperature gradients corresponding to different
compositional transition lengths with 1 atom heterogeneous particle:
(a) 0 nm, (b) 8 nm, (¢) 16 nm, and (d) 24 nm.

Table 1. The R;,¢ with abrupt interface L = 0 nm and different compo-
nent transition lengths.

L (nm) 0 8 16 24 32
Rine (1079 m2.K/W) 317 504 695 867 921

< ol T T T T T T T ]
g & 1 atom
E 10l ° --®-- 2 atoms |
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Fig. 3. The thermal conductivity at various compositional transition
lengths: O nm (abrupt interface), 8 nm, 16 nm, 24 nm, and 32 nm.

As shown in Table 1, we computed the Ri,; based on
the simulated temperature profiles presented in Fig. 2 using
Eq. (2). From the table, it is evident that the introduction of
the transition interface results in a greater thermal resistance,
with Rj, increasing as the transition length grows. We also
calculated R;, for different elemental transition models with
L = 16 nm, as shown in Table 2. We found that R;, related
to component transitions is insensitive to non-uniform particle
sizes. To validate this result, we computed the thermal conduc-
tivity of the SIL/GER lateral heterostructure using the EMD
method. As depicted in Fig. 3, with an increase in interface
transition length, the material’s thermal conductivity gradually
decreases. Furthermore, as the transition length increases, the

influence of heterogeneous particles on the thermal conductiv-

ity becomes less pronounced. This outcome is consistent with

the results obtained from the calculations of R;,; in Table 2.
Table 2. The R;,; for various heterogeneous particles composed of dif-

ferent numbers of atoms (n) at a component transition length (L) of
16 nm.

n 1 2 4 6
Rin (1079 m2.K/W) 6.95 7.41 6.30 6.35

3.2. Phonon analysis and Anderson localization in
SIL/GER lateral heterostructures

To explore the underlying mechanisms of how the inter-
face transition length affects thermal transport in SIL/GER,
we conducted phonon analysis on the heterostructure. As de-
scribed in the previous section regarding phonon transmission
function calculations, in Fig. 4(a), we compared the phonon
transmission coefficients of pure silicene and germanene with
those of the abrupt interface and graded interface. From the
graph, it’s evident that SIL exhibits a wider frequency-domain
transmission coefficient compared to GER, and, for the most
part, SIL surpasses GER within a wide frequency range. This
result also explains why SIL has a higher thermal conductiv-
ity than GER. Furthermore, it can be observed from the figure
that, with an increase in the transition length L, the material’s
transmission coefficient decreases, corresponding to the de-
crease in the material’s thermal conductivity with the increas-
ing L. Finally, we also noted that the cutoff frequency for the
transmission coefficient of the heterogeneous structure is ap-
proximately 12 THz, which is consistent with the cutoff fre-
quency of GER. This indicates that the cutoff frequency of the
transmission coefficient in heterogeneous structures with in-
terfaces is essentially the same as the lower cutoff frequency
in the two individual materials. As shown in Figs. 4(b) and
4(c), for further investigation into the influence of the hetero-
geneous particles on thermal transport in the heterogeneous
structure, we separately computed the phonon transmission
functions for heterogeneous particles consisting of 1 atom and
4 atoms. In both cases, the transmission coefficient decreases
with an increase in transition length, ultimately converging.
This result aligns well with the trend of thermal conductivity,
which decreases with an increase in transition length and ap-
proaches a plateau. Moreover, based on the calculations of the
transmission coefficients and thermal conductivity for the het-
erogeneous structure, we can see that the variations between
the abrupt interface and graded interface are more significant
and pronounced compared to the differences between graded
interface and graded interface. This may be attributed to the
increased disorder in the system caused by the interfacial tran-
sition of components, leading to phonon localization, thereby

impeding the transfer of thermal energy. 3>
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Fig. 4. (a) The phonon transmission coefficients of SIL, GER and SIL/GER with different L. The phonon transmission coefficients of different

heterogeneous particles (b) 1 atom and (c) 4 atoms at different L.
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Fig. 5. Phonon localization length of different heterogeneous particles at different temperatures.
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Fig. 6. A comparison of the phonon participation rates in SIL/GER lateral heterostructures with different L. The black dashed line represents

the mean value.

According to Anderson localization theory,3*3>1 when
phonons propagate in heterogeneous structures, they may ex-
hibit phonon localization phenomena, including back-and-
forth phonon reflections and the formation of localized phonon
standing waves. In recent years, researchers have extensively
focused on the impact of phonon localization on the ther-

[36-391 To investigate the

mal conductivity of nanostructures.
relationship between phonon localization phenomena, tem-
perature, and the heterogeneous particles, we calculated the

phonon localization length (&) in the SIL/GER heterogeneous

structure, which can be expressed as

T(0) =To(w) e /5, (6)

where L is the length of the graded interface, Tp(®) is the
phonon transmission coefficient when L = 0 nm (abrupt in-
terface), and T'(®) is the respective phonon transmission co-
efficient for various graded interface lengths. Due to inherent
computational errors, our model and data cannot perfectly fit.
We introduced the parameter R2, ranging from O to 1, to assess
the goodness of fit of the parameters./*! A larger R? value in-
dicates a better fit, signifying a stronger correlation between
the model and the data.
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As shown in Fig. 5, the calculated phonon localization
results were obtained under the condition of R? > 0.95. Fig-
ures 5(a) and 5(b) represent the phonon localization lengths at
various frequencies for heterogeneous particles of 1 atom and
4 atoms at temperatures of 300 K, 500 K, and 800 K, respec-
tively. From these two figures, it is evident that phonon lo-
calization primarily occurs in the mid-to-low frequency range,
and the extent of phonon localization decreases as the tem-
perature rises. To quantitatively assess the impact of phonon
localization, !l Fig. 6 illustrates the phonon participation ra-
tio for the heterogeneous structure with different graded inter-
face lengths (0 nm, 8 nm, and 16 nm). The results demon-
strate that, with an increasing graded interface length, the pro-
portion of phonons with a participation ratio less than 0.1 in-
creases, and the average phonon participation ratio gradually
decreases. This corresponds to a more pronounced degree of
phonon localization with increasing graded interface length,
providing a clear explanation for the decrease in thermal con-
ductivity in SIL/GER heterostructures as the interface transi-
tion length increases.

4. Conclusion

In summary, through molecular dynamics simulations,
we have demonstrated that interfaces with heterogeneous par-
ticles can effectively suppress the thermal conductivity of lat-
eral heterostructures in the case of SIL/GER. Specifically, we
have observed that as the compositional transition length in-
creases, the thermal conductivity gradually decreases and ap-
proaches a plateau. Our analysis indicates that, in contrast to
abrupt heterostructure interfaces, heterostructures with graded
interfaces exhibit phonon localization during the phonon trans-
mission process, and increasing the transition length exacer-
bates this phenomenon. This fundamental insight provides
guidance on how to control lateral heterostructures to reduce
their thermal performance.
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