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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas

Phonon resonance modulation in weak van der Waals
heterostructures: Controlling thermal transport in
graphene—-silicon nanoparticle systems

Yi Li(ZE5), Yinong Liu(xl|—#)", and Shigian Hu(# tH: i)
School of Physics and Astronomy, Yunnan University, Kunming 650091, China

(Received 19 November 2023; revised manuscript received 3 December 2023; accepted manuscript online 13 December 2023)

The drive for efficient thermal management has intensified with the miniaturization of electronic devices. This study
explores the modulation of phonon transport within graphene by introducing silicon nanoparticles influenced by van der
Waals forces. Our approach involves the application of non-equilibrium molecular dynamics to assess thermal conductivity
while varying the interaction strength, leading to a noteworthy reduction in thermal conductivity. Furthermore, we observe
a distinct attenuation in length-dependent behavior within the graphene—nanoparticles system. Our exploration combines
wave packet simulations with phonon transmission calculations, aligning with a comprehensive analysis of the phonon
transport regime to unveil the underlying physical mechanisms at play. Lastly, we conduct transient molecular dynamics
simulations to investigate interfacial thermal conductance between the nanoparticles and the graphene, revealing an en-
hanced thermal boundary conductance. This research not only contributes to our understanding of phonon transport but
also opens a new degree of freedom for utilizing van der Waals nanoparticle-induced resonance, offering promising avenues
for the modulation of thermal properties in advanced materials and enhancing their performance in various technological

applications.

Keywords: thermal conductivity, molecular dynamics, phonon resonance, van der Waals interaction,
graphene-silicon nanoparticle heterostructure

PACS: 74.25 fc, 43.20.Ks, 65.80.Ck

1. Introduction

The miniaturization of electronic devices has escalated
the urgency of addressing thermal management issues in
these systems. Consequently, the optimization of heat trans-
port, particularly in practical applications, has become the
linchpin of effective thermal management, enhancing en-
ergy efficiency and advancing the development of next-
generation materials.!=>] Within the burgeoning field of heat
transport studies, researchers have predominantly focused
on exploring the dual facets of particle dynamics!®® and
(o-11 Remarkable

progress has been achieved in controlling mid-frequency and
12-15]

wave mechanics I pertaining to phonons.
high-frequency phonons through these methodologies.!
However, the formidable challenge of taming low-frequency
phonons persists, despite their significant contribution to the
overall heat transport process.

The investigation of resonance modulation has emerged
as a promising avenue in our pursuit of harnessing control

[16-18

over the low-frequency phonons. I Conventionally, this

involves the introduction of pillar branches into the substruc-
ture, facilitating the interference of incident and reflected

o [19-23

waves within the resonance structur ! This interference,

coupled with the phonon band anti-crossing effect and hy-
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bridization with phonons in the substructure, gives rise to the
formation of the flat bands. This, in turn, leads to a substantial
reduction in the group velocity and relaxation time of phonons,
consequently diminishing the overall thermal conductivity of
the system.!”*! Furthermore, the resonance offers a dynamic
method to manipulate phonon transport by finely adjusting
specific structural parameters, rendering it a central focus of
recent research endeavors.

Nevertheless, while considerable strides have been
achieved in this domain, it is crucial to highlight that the pre-
dominant focus of research on resonance-modulated phonon
transport has centered on modifying resonant bonds within

17.22.24] Notably, these resonant structures

material structures. !
are covalently linked to substructures, severely constrain-
ing the degree of freedom for modulation. Furthermore,
the burgeoning field of van der Waals (vdW) integrated het-
erostructures has garnered significant attention, finding diverse
applications in emerging fields such as optoelectronics, >’
nanoelectronics,”®! and quantum information.?”! Notably, re-
searchers have recently uncovered highly anisotropic vdW
thermal conductors within these heterostructures.”®! These
compelling advancements have heightened our interest,
prompting an exploration of the intriguing question of whether

weak van der Waals forces themselves can instigate resonance

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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and, consequently, serve as a novel avenue for modulating
phonon transport in previously uncharted ways.

In this study, we delve into the realm of phonon transport
modulation within graphene by introducing silicon nanopar-
ticles influenced by van der Waals forces. Our approach in-
volves the application of non-equilibrium molecular dynamics
(NEMD) to assess thermal conductivity while varying the in-
teraction strength, leading to a noteworthy reduction in ther-
mal conductivity. Furthermore, we observe a distinct at-
tenuation in length-dependent behavior within the graphene—
nanoparticles system. Our exploration combines wave packet
simulations with phonon transmission calculations, aligning
with a comprehensive analysis of the phonon transport regime
to unveil the underlying physical mechanisms at play. Lastly,
we conduct transient molecular dynamics simulations to in-
vestigate thermal boundary conductance (TBC) between the
nanoparticles and the graphene, revealing an enhanced TBC.
This study not only enhances our comprehension of phonon
transport but also introduces a novel avenue for leveraging
van der Waals nanoparticle-induced resonance. This discov-
ery presents promising opportunities for manipulating thermal
properties in advanced materials, thereby improving their per-
formance across a range of technological applications.

2. Modeling and methodology

The supercell of the graphene-silicon nanoparticles het-
erostructure consists of a single-layer graphene (SLG) and sil-
icon particles, as shown in Fig. 1(a), where carbon atoms are
denoted by red and green, and silicon atoms are represented in
blue. The length of the cell is 60 A and 38 A in the x and y
directions. To maintain a suitable separation between the sil-
icon nanoparticles and the graphene layer, we initially set the
gap at 3.6 A, while a 100 A vacuum layer in the z-direction
serves to prevent interactions between adjacent layers. In our
model, we employ the optimized Tersoff potential!*’! to cap-
ture the interactions among carbon atoms within graphene,
while silicon—silicon interactions within the silicon nanopar-
ticles are described using their original potential. %) Further-
more, the interatomic interactions between carbon and silicon
atoms are characterized using the Lennard—Jones (LJ) poten-
tial. The LJ potential expression is as follows:

Vo= pte| (92) - (Y (1)
(V,'j)_x rij rij I

where r;; represents the distance between atom i and atom
J» € denotes the energy constant, and o;; is the distance
constant.?!l We set € to 0.01782 eV and o to 3.6286 A,
representing the interaction parameters between silicon and
carbon atoms. 3?73# To investigate the influence of interlayer
vdW interactions on the in-plane thermal conductivity of the

graphene—silicon nanoparticle heterostructure, we introduce a
variable factor denoted as y. The x value spans a range from
1 to 5. It’s worth noting that there are no bonding interactions
among separate silicon nanoparticles due to their substantial
distance beyond the LJ cutoff distance. In our simulation,
we only adjust the y value within the green atomic region of
graphene to emulate changes in vdW interactions, while the
potential field of the red atomic region remains constant. This
choice ensures that the silicon nanoparticles remain in stable
positions throughout the simulation and precludes any poten-
tial interactions among them.

Heat sink

Fixed Fixed

Total length (L)

Fig. 1. Schematic representation of the supercell for the graphene—
silicon nanoparticles heterostructure and its simulation model. (a) Top
views of the unit cell of the Si—graphene heterostructure. (b) The
NEMD simulation model used for thermal conductivity calculations.

In all NEMD calculations for this study, we employ
the LAMMPS packages.>) The NEMD simulation model
is illustrated in Fig. 1(b), featuring a fixed system size of
60 nmx11.5 nm and comprising 30-unit cells. We set the
length at 60 nm in our simulations, as the thermal transport
in our system deviates from diffusive behavior. Consequently,
the results reflect the effective thermal conductivity specific
to this length. This methodology, widely utilized in litera-
ture, provides a robust means of determining effective ther-

5.136-381 The periodic and

mal conductivity in finite-size system
free boundary conditions are applied in the y and z directions,
respectively, while a fixed boundary condition is maintained
in the x direction. We employ the isothermal-isobaric (NPT)
ensembles!*! for a duration of 50 ps to achieve structural re-
laxation and thermal equilibrium. To establish a consistent
temperature gradient, two Langevin thermostats are connected
to the two ends of the simulation system, operating at differ-
ent temperatures, Ty and 7p.. Specifically, Ty is set to 320 K,
T, to 280 K, with the thermal conductivity being calculated at
300 K. Once the system reaches a steady state, the cumulative
energy (AE) added or subtracted in the heat source/sink region
is recorded over a 5 ns interval, with a time step of 0.5 fs. The
energy change per unit of time is determined through linear fit-
ting of the accumulated energy (AE), subsequently employed
to calculate the heat flux (J) using the formula J = AE /(Az - S).
The thermal conductivity (k) is calculated in accordance with
Fourier’s law, expressed as k = —J/VT, where S represents

047401-2



Chin. Phys. B 33, 047401 (2024)

the cross-sectional area and VT signifies the temperature gra-
dient along the x direction.

3. Results and discussion

As illustrated in Fig. 2(a), the thermal conductivity of the
graphene—silicon heterostructure exhibits a notable decline as
the y value increases. Notably, when y equals 5, the thermal
conductivity decreases to only 40% of that observed in the
SLG. Intriguingly, despite the fact that vdW interactions are

1401 the inter-

orders of magnitude weaker than covalent bonds,
action strength remains significantly lower even as we increase
the x value to 5. When compared to the resonance modulation
achieved through covalent bonds, it becomes evident that even
weak vdW interactions can efficiently and conveniently alter
the thermal conductivity by adjusting the ) value. This piv-

otal discovery constitutes a key finding of our study.

Transmission

0 10 20 30 40 50
Frequency (THz)

Fig. 2. The thermal conductivity results for the graphene—silicon
nanoparticles heterostructure and its corresponding phonon transmis-
sion. (a) The thermal conductivity of the SLG and graphene—silicon
nanoparticles heterostructure at different y values. (b) The phonon
transmission of SLG and Si—graphene heterostructure at different y val-
ues; the pink dotted box indicates the low-frequency range where the
phonon transmission exhibits a significant difference.

To investigate the reduction in thermal conductivity, we
conduct an analysis of phonon transmission. The employed
molecular dynamics calculations allow us to consider all or-
ders of anharmonic interactions. The phonon transmission,

denoted as I'(®), is calculated using the formula!*!!
(@)
r = 2
()= 1), @

where kp represents the Boltzmann constant and AT indi-
cates the temperature variance between the two Langevin ther-
mostats. The calculation of g(®), representing the heat flow
across the cross-section, involves the formula*?!

4(0) = ke Y, Y (Fi@n@)), O
with Ar denoting the time interval between samples obtained
during the simulation and M representing the number of sam-
ples. The components F;; (@) and ¥; (®)* represent the Fourier
transformations of the total interactions and the velocity of the
atom, respectively. Within the simulated structure, L and R
denote the left and right ends of the virtual interface.

Figure 2(b) illustrates the pronounced suppression of
phonons with frequencies below 13 THz, with minimal in-
fluence on mid- and high-frequency phonons. This remark-
able reduction in low-frequency phonon transport is an ex-
clusive outcome of the suppressive behavior of the phonon
resonance structure. Achieving this outcome through conven-
tional phonon scattering mechanisms has proven challenging
due to the long-wavelength nature of low-frequency phonons,
which typically exhibit behavior resembling ballistic trans-
port. Notably, low-frequency phonons significantly contribute
to graphene’s thermal conductivity compared with their high-
frequency counterparts. As the ) values increase, the phonon
transmission coefficient within the low-frequency range de-
creases, offering a compelling explanation for the rapid de-
cline in thermal conductivity with enhanced vdW interac-
tion strength. Furthermore, given the crucial role played by
out-of-plane phonons in the overall thermal conductivity of
graphene, 43 we conjecture an increased likelihood of a more
pronounced suppression of out-of-plane phonons contributing
to the significant reduction in thermal conductivity.

However, the underlying physical mechanism behind this
reduction in the low-frequency phonon transmission has re-
mained elusive. To gain deeper insights into this phenomenon,
particularly whether the decline in low-frequency phonon
transport follows a diffusive or localized pattern, we conduct a
phonon wave packet simulation within the graphene—silicon
nanoparticle heterostructure. [**#¢1 We consider two scenar-
ios with interaction strengths y = 1 and y = 5 for compari-
son. A similar wave packet simulation is performed within an
SLG to provide a basis for comparison. Prior to launching the
wave packet, we relax each structure using the NPT ensemble
at 0 K to eliminate non-harmonic phonon—phonon scattering
effects.[*>47] Periodic boundary conditions are applied in all
directions, with an additional vacuum layer in the perpendicu-
lar direction.

The initial wave packet is constructed through linear com-
binations of normal vibration modes, formulated as#84°]

Un.o = Re {Agja.,l e Kol —0) 6_(xn_XO)2/n2} . (@)
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To initialize velocities, we introduce time dependence and dif-
ferentiate it as

Vn’a = Re{_iwl“n’a} . (5)

Here, U, o represents the orth displacement component of the
atom in the simulated structure. A stands for the amplitude
of the wave packet, 1 signifies the spatial width of the wave
packet, and €;4 3 corresponds to the oth eigenvector compo-
nent of the eigenmode A for the jth atom in the graphene. x,
denotes the coordinate of the nth atom within the structure,
and xp determines the center of the wave packet.

In our wave packet simulation, we specifically choose a
transverse acoustic (TA) phonon with a frequency of 3.08 THz.
To ensure ample space for wave packet transmission, we ex-
tend the length of the graphene to 1000 nm, with the silicon
nanoparticles positioned in the region between 400 nm and
600 nm. The initial wave packet is generated at approximately
290 nm, which we refer to as the “initial moment,” as depicted
in Fig. 3(a). As anticipated, within the SLG, the wave packet
remains unaltered. Throughout its propagation, the amplitude

of the initial wave packet remains constant. This phenomenon
can be attributed to the negligible impact of non-harmonic
phonon scattering in SLG at 0 K, facilitating ballistic phonon
transport.l'>l However, as the wave packet enters the domain
containing the silicon nanoparticles, as depicted in Fig. 3(b), it
undergoes significant transformations. The wave packet effec-
tively divides into two parts, with one segment standing within
the nanoparticle region and the other part continuing its tra-
jectory into the region on the right away from the nanopar-
ticles. This phenomenon of confinement serves as a robust
indicator of phonon resonance and its associated localization.
Furthermore, when we increase the interaction strength ) to
a value of 5, a larger portion of the wave packet becomes en-
snared within the nanoparticle region, consequently leaving a
reduced segment that could progress within the graphene re-
gion in Fig. 3(c). These observations closely align with the
outcomes derived from our thermal conductivity calculations,
offering tangible evidence of phonon resonance taking place

within heterostructures featuring weak vdW interactions.

(a) SLG (b) G-Siyx=1 (c) G-Si x=5
27,
L L L 0 ps
0.05 0.05 0.05F 0 p 2
or (0] 4 (0] d P
7/
£ —0.05f —0.05F —0.05
[}
£ o.05f 0.05F 0.05
g
2  of of 0
2
ol B 5 —
S —0.05 —0.05 0.05
< 0.05F 0.05} - 0.05
z 0 0
= 0
5 —0.05F —0.05F —0.05
0.05}F 0.05 0.05
of o} 0
—0.05F —0.05} —0.05 3
L L L L //A L A
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
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Fig. 3. Phonon wave-packet simulations in various structures. The simulations are conducted at 0 K. Snapshots of displacement for a TA wave
packet in (a) SLG, (b) graphene—silicon nanoparticles with y = 1, and (c) graphene—silicon nanoparticles with ¥ = 5. The shaded region from
400 nm to 600 nm indicates where the silicon nanoparticles are positioned in (b) and (c).

As the wave packet simulation can only depict the trans-
port of a single phonon mode at one time, we delve deeper into
understanding the transport state of low-frequency phonons
under vdW resonance by calculating phonon transmission of
the graphene—silicon nanoparticles heterostructure with vary-
ing lengths. The findings reveal a pronounced decrease in
the transmission as the system length increases in Fig. 4(a).
Previous studies have shown that such phonons adopt local-
ized transport states when the transmission coefficient de-
creases exponentially with length.>%-52! To further elucidate
this relationship, we fit the dependence between the phonon

transmission coefficient and length at each frequency using
the formula I'(®) = Ae L/S. Here, L is the system length,
and & is the localization length.[>3 This formalism has been
consistently applied in numerous previous studies for iden-

n.[*331 We selectively consider

tifying Anderson localizatio
results with a coefficient of determination, RZ, greater than
0.95.15% The fitting results demonstrate that phonons in the
7-13 THz range in the graphene—silicon nanoparticles het-
erostructure are notably localized compared to single-layer
graphene in Fig. 4(a). Additionally, as depicted in Fig. 4(b),
the localized low-frequency phonons contribute to a further
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suppression of the length-dependent thermal conductivity
in the graphene—silicon nanoparticles heterostructure, which
converges noticeably when the system length reaches 400 nm.
This stands in stark contrast to the non-Fourier property of
thermal conductivity in the SLG, where the thermal conduc-
tivity is log(L)-dependent on the length L. The pronounced
length dependence observed is primarily attributed to the con-
tribution of low-frequency phonons. In single-layer graphene,
low-frequency phonons exhibit an extended mean free path,
resulting in the noticeable length dependence observed. Con-
versely, within the graphene—silicon nanoparticle system, the
contribution of low-frequency phonons to thermal transport
is mitigated by localization, thereby accounting for the sup-
pressed length dependence of thermal conductivity in this par-
ticular system.*3! Furthermore, recent studies!>’%! propose
that determining phonon Anderson localization can involve
observing variations in thermal conductivity with thickness,
specifically noting whether it exhibits an initial increase fol-
lowed by an exponential decrease. It is essential to high-
light that these observations were made by examining the
interplay between the thermal conductivity contributions of
coherent phonons and thickness variations after introducing

—A— 100 nm
—7- 200 nm

—— 30 nm
—0—- 60 nm

60 SLG

Transmission
=

i
o
0 10 20 30 40 50

Frequency (THz)

2500
(b) —SLG
-O-G-Si x=5

___2000F
|
X
7 1500+
g
3
~ 1000
1Y

500 -

100 T 1000
L (nm)

Fig. 4. The phonon transmission, corresponding localized phonon re-
gion, and length dependence of the thermal conductivity. (a) The
phonon transmission results for the SLG and the graphene—silicon
nanoparticles heterostructure with ) = 5 with varying length. The pink
vertical lines represent the phonon localized regime, and the blue dot-
ted box denotes the low-frequency range where SLG lacks localized
modes. (b) The length dependence of thermal conductivity for SLG and
the graphene—silicon nanoparticles heterostructure with y = 5.

This distinction be-

tween coherent and incoherent phonons was crucial in pre-

randomness in the phononic crystal.

vious investigation. 48] However, our current study does not
differentiate between these phonon types, and thus, similar
phenomena have not been observed. Nonetheless, this aspect
presents a promising avenue for future research.

Moreover, considering the noticeable reduction in the in-
plane thermal conductivity of graphene as ) increases, an
important question emerges concerning its out-of-plane ther-
mal properties. This inquiry gains significance given the pro-
nounced phonon resonance effects induced by heightened y,
substantially influencing van der Waals interactions. To ad-
dress this, we conduct calculations for the interfacial ther-
mal conductance (ITC) between silicon and graphene us-
ing transient non-equilibrium molecular dynamics (TNEMD)

methods. 096!

I This approach bears resemblance to experi-
mental techniques involving laser pulses for nanoparticle heat-
ing.

The TNEMD simulations use LAMMPS, and a timestep
of 0.5 fs is utilized within the NVE ensemble. As shown in
Fig. 5(a), the temperatures of graphene and silicon are initially
held at 300 K and 500 K, respectively, using a Langevin ther-
mostat for 500 ps. Subsequently, the Langevin thermostat is
deactivated, and temperature changes in graphene and silicon
are recorded over an additional 500 ps period. Due to signifi-
cant statistical temperature fluctuations, we average the results
across 10 separate trajectories to ensure reliability and preci-
sion. Moreover, as illustrated in Fig. 5(b), the temperature
profiles depicting the difference between silicon and graphene
after the removal of the Langevin thermostat are examined.
These profiles are fitted with an exponential function to accu-
rately determine the time decay constant (7). Notably, a larger
or smaller value of 7 signifies a longer or shorter time required
for the system to reach thermal equilibrium, indicating a lower
or higher ITC. The specific formula utilized for this purpose is

as follows:
AT = AT (1) e0=1/7, (6)
Subsequently, the ITC value is calculated using the following
equation:
Cu
AxXT @

Here, A represents the contact area between the silicon and
graphene layers, approximately half of the silicon nanoparti-
cle’s surface area that defines the thermal interaction zone at
the interface. Concurrently, Cy is defined as the effective con-
stant volume heat capacity of the heterostructure, considering
the combined thermal properties of the interfacing materials,
and quantitatively described as follows:

Cy = CsiCGra

= ) 3
CSi+CGra
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where Cs; and Cgy, represent the heat capacities of silicon and
graphene, respectively.

The ITC within the graphene—silicon nanoparticle het-
erostructure is illustrated in Fig. 5(c), with } as the vari-
able. Notably, the ITC within the graphene—silicon nanoparti-
cle heterostructure increases as ¥ increases. This phenomenon
can be explained by two key mechanisms. First, the ampli-
fication of ) leads to the reinforcement of vdW interactions
between the graphene and silicon nanoparticle layers. This,
in turn, directly augments the phonon couplings between the
graphene and silicon nanoparticles, thereby facilitating an im-

provement in the interfacial thermal transport. Secondly, the
silicon nanoparticles effectively serve as resonance centers for
in-plane phonons transport within the graphene layer. This re-
sults in the conversion of thermal energies carried by in-plane
phonons into flexural phonon (out-of-plane) modes, ultimately
strengthening the coupling between out-of-plane phonons and
the silicon nanoparticles within the graphene layer.[®?! As a re-
sult, this enhances the dissipation of thermal energy from sili-
con nanoparticle layer to the graphene layer in the graphene—

silicon nanoparticle heterostructure.

100
. | x = 1 Raw data (a) 150 X = 1 Raw data (b)
& 600 Si ne R o s N [
i nanoparticle N —— Fitting line |

\;/ —— Graphene ~ N 30
5 500} £ 100 ~
= € g 60}
g 400} g =
Q, a, 50
& g = 40}
& 300} = o

. . . . . . Of, . . ! " ! 20— . . . .

0 200 400 600 800 1000 0 100 200 300 400 500 1 2 3 4 5

Time (ps) Time (ps) X

Fig. 5. The temperature evolution, fitting process, and the ITC results. (a) Temperature evolution profiles of graphene and silicon nanoparticles.
(b) Temperature profiles showing the difference between silicon and graphene following the removal of the Langevin thermostat control. (c) The

ITC results between graphene and silicon nanoparticles with varying y.

4. Summary

In our study, we explored the phenomenon of phonon
resonance in weak vdW interactions within graphene—silicon
nanoparticle heterostructures. By enhancing the vdW interac-
tions between silicon nanoparticles and graphene, we achieved
a significant 40% reduction in thermal conductivity. Our find-
ings, supported by phonon transmission calculations and wave
packet simulations, offer compelling evidence of phonon res-
onance’s potency in suppressing low-frequency phonons and
lowering thermal conductivity. Additionally, our research re-
vealed that the introduction of silicon nanoparticles led to a
faster convergence of graphene’s thermal conductivity with
system length, due to an increase in low-frequency phonon lo-
calization modes. Furthermore, we investigated the interfacial
thermal conductance between graphene and silicon nanoparti-
cles, demonstrating that heightened vdW interaction strength
improves the interfacial phonon transport by enhancing the
coupling between in-plane and flexural phonon modes. Over-
all, this study advances our understanding of how weak van
der Waals interactions can effectively control thermal transport
through phonon resonance. These findings open new possibil-
ities for the design of thermal materials and devices, offering
innovative applications in the field.
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