PHYSICAL REVIEW B 109, 115302 (2024)

Unraveling the mechanisms of thermal boundary conductance at the graphene-silicon interface:
Insights from ballistic, diffusive, and localized phonon transport regimes
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Effective heat dissipation is critical for the performance and longevity of electronic devices. This study delves
into the intricacies of thermal boundary conductance (TBC) between multilayer graphene and silicon, scrutiniz-
ing its correlation with graphene thickness. Employing a combination of the no-transducer time-domain thermal
reflection technique and nonequilibrium molecular dynamics simulations with empirical and machine-learning

based potentials, we discover an intriguing behavior: TBC initially increases with graphene thickness, but it
eventually converges, suggesting that this phenomenon originates from the transition of the phonon transport
from the ballistic to the diffusive regime in multilayer graphene. It is further demonstrated that a graphene-MoS,
heterostructure exhibits a thickness-independent TBC behavior due to the strong phonon localization across the
entire frequency range. The present study emphasizes the significance of incorporating phonon transport regimes
in the design and optimization of thermal interfaces, laying the groundwork for innovative strategies to enhance

heat dissipation in electronic devices.

DOI: 10.1103/PhysRevB.109.115302

I. INTRODUCTION

Semiconductor heterostructures are the building blocks
of modern electronics and optoelectronics devices. However,
they are typically limited to strictly lattice-matched materi-
als with solid chemical bonds to prevent the generation of
interface disorder. In contrast, two-dimensional (2D) materi-
als and heterostructures based on 2D materials offer unique
advantages due to their van der Waals interactions. It creates
bond-free interfaces and integrates diverse materials into high-
density, multi-interface nanostructures. Additionally, these 2D
materials and heterostructures have demonstrated remark-
able electronic, photonic, thermoelectric, and superconductive
properties [1-4]. However, heat dissipation at the interface
between the substrate and 2D material is a critical bottleneck
for further device miniaturization and power-density improve-
ment, significantly impacting device functionality, reliability,
and failure thresholds. Thus, understanding the interfacial
thermal transport of phonons is crucial for optimizing the
performance and reliability of 2D-based devices.

Meanwhile, various previous studies have focused on de-
veloping techniques to enhance interfacial heat transfer, such
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as surface functionalization, interlayer engineering, modu-
lation of interfacial modes [5], and interface modification
[6-13]. For instance, surface functionalization with molecules
or polymers has been shown to increase interfacial thermal
conductance by promoting stronger interfacial bonding and
reducing phonon scattering at the interface [14]. In addition, a
multitude of research efforts are dedicated to exploring the
modulation of phonon transport regimes in materials, and
a wide range of approaches have been investigated. These
include introducing defects, impurities, and grain boundaries
into the material to manipulate the phonon particle prop-
erties [15-17], as well as constructing phononic structures
such as superlattices and phononic crystals to modulate the
wave nature of phonons [18,19]. Moreover, in-depth investi-
gations have also been conducted on characterizing phonon
transport modes, which involve analyzing the dependence
of the phonon-transmission coefficient on the thickness or
phonon-transmission histogram in accordance with Gaussian
or log-Gaussian distributions to characterize the phonon trans-
port regimes as diffusion or localization [20,21]. However,
despite extensive research endeavors focused on enhancing
the interfacial thermal transport and controlling the phonon
transport, the precise connection between alterations in the
phonon transport regimes within materials and the interfacial
thermal transport has yet to be fully elucidated. Consequently,
additional scientific exploration is imperative to acquire a
comprehensive understanding of this intricate interplay.

On the other hand, the time-domain thermal reflection
(TDTR) method is a well-established experimental technique

©2024 American Physical Society
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FIG. 1. Fabrication and TBC measurement of multilayer graphene-silicon substrate structure. (a) Schematic of a standard TDTR and (b)
nontransducer TDTR measurement setup. Here, the R, R,, and Ry represent thermal resistances at various interfaces: between the metal and
multilayer graphene, between multilayer graphene and the silicon substrate, and between the metal and the silicon substrate, respectively.
(c) The AFM mapping and a cross-sectional scan of multilayer graphene on the silicon substrate structure at the indicated line; the inset shows
the optical image. (d) Raman spectroscopy measurement of graphene. (¢) Temperature decay profile from TDTR measurements, represented as
—Vin/Vou. The markers and curves depict experimental results and the theoretical fitting curve, respectively. (f) The TBC values at graphene-

silicon interface with varying graphene thicknesses.

for probing the nanoscale heat transport due to its high ma-
nipulation frequency and the resultant nanoscale penetration
depths [22]. It allows extraction of thermal properties, such
as thermal conductivity and interfacial thermal resistance, by
solving the Fourier equation for a multilayer model and an-
alyzing transient temperature variation. However, the TDTR
method presents challenges when dealing with ultrathin sam-
ples, particularly those like 2D materials. As depicted in
Fig. 1(a), a thin layer of a metal transducer is typically re-
quired for probing and pumping the sample in a typical TDTR
measurement. This introduction of an additional layer creates
extra thermal resistance at the interface (R;), which compli-
cates the analysis by introducing unknown parameters in the
theoretical model. Moreover, this R; is further compounded
with the inherent thermal resistance of the sample (R;) and the
resistance between the sample and the substrate (R;). Their

sensitivity curves tend to exhibit similar trends, making it
difficult to discern between the individual contributions of
different resistances (R;, R, and R;). Consequently, accu-
rately determining the distinct values of these resistances
becomes an exceptionally demanding task.

Previous studies have proposed two typical methods for
the issue mentioned above: (1) Treating the interfacial thermal
resistances R; and R, as constants and measuring them in
simple reference samples with identical interface separately;
and (2) Representing the total thermal resistance Rt as the
thermal hindrance to heat transmission without explicitly
accounting for R; and R, [23,24]. However, the validity
and physical mechanism behind these approaches remain
unclear, and their impact on the accuracy of the final results is
questionable. Regarding this point, further effort in improving
and advancing the commonly used TDTR method is essential.
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Combining measurements that incorporate ultrahigh and
variable modulation frequencies, along with nontransducer
measurements, appears to be a promising avenue for
solutions [25,26]. Especially for the nontransducer TDTR, the
conduction model can be simplified with only two unknown
parameters: Rt and R,, allowing us to explore these thermal
resistances individually. Besides, the nontransducer method
does not necessitate any updated hardware for the TDTR in-
strument, making it more feasible for widespread application.

Our current work focuses on an in-depth investigation of
the mechanisms behind the variations in the thermal bound-
ary conductance (TBC) dependent on thickness, within the
context of alterations in the phonon transport regimes. This
study involves a combination of the nontransducer TDTR
method and nonequilibrium molecular dynamics (NEMD)
simulation. We discover that the TBC’s dependence on the
thickness variation is due to the change in the phonon trans-
port regimes inside 2D materials. When the phonon transport
is in the ballistic regime, the TBC increases with the thick-
ness of graphene. However, the TBC converges when the
graphene’s thickness exceeds the average phonons’ mean-free
path, changing the phonon transport regime from ballistic
to diffusive. Introducing random defects in graphene short-
ens the average phonon mean-free path, leading to the faster
convergence of the TBC. Interestingly, our results indicate
that replacing the graphene layer with a graphene-MoS; het-
erostructure results in the size-independent TBC due to the
robust phonon localization and a short average phonon mean
free path. These findings provide and offer valuable informa-
tion for designing efficient heat-dissipation materials.

II. RESULTS AND DISCUSSION

A. TDTR results

We employ the nontransducer TDTR method (see details in
the Supplemental Material, Part I [27]) to experimentally in-
vestigate the heat transfer across silicon-multilayer graphene
interface while varying the thickness (L) of the graphene.
The schematic depicting the graphene-silicon samples used
in the TDTR measurement is presented in Fig. 1(b). In this
arrangement, we replace the conventional metal transducer
with the multilayer graphene for directly stimulating and
detecting temperature changes. The substantial absorption
rate and relatively high thermal reflectance coefficient of
the nontransducer TDTR method validate its applicability in
the graphene-silicon system, similar to a prior nontransducer
system [26]. To create the graphene-silicon structure, we me-
chanically exfoliate graphene flakes from a natural graphite
crystal and position them directly onto silicon substrates using
Scotch tape. The thickness of the graphene flakes is quantified
using atomic force microscopy (AFM) [Fig. 1(c)]. It is note-
worthy that high-quality natural graphene flakes are utilized
to observe variations in TBC with graphene thickness. The
graphite’s quality is confirmed through Raman spectroscopy
measurements. D band (~1350cm™}), arising from defects,
exhibits negligible strength in comparison to the G band
(~1580cm™"), which arises from intrinsic in-plane carbon
atom motion within graphene [Fig. 1(d)]. This indicates min-
imal defects in the graphene samples.

We measure five samples with the graphene thickness
ranging from 59 to 104 nm. Figure 1(e) displays the
representative temperature-decay profiles and corresponding
fitting curves for samples with graphene thicknesses of 59
and 104 nm. Additionally, Fig. 1(f) illustrates the TBC
across varying graphene thicknesses. The fitting value of the
cross-plane thermal conductivity also increases with thickness
of graphene, which aligns well with previous studies [28,29].
The value also falls within a reasonable range, similar to
previous nontransducer frequency domain thermoreflectance
(FDTR) measurements [26]. Detailed discussions about the
TDTR fitting can be found in the Supplemental Material [27].
The results indicate a noticeable elevation in the TBC with in-
creasing graphene thickness. Notably, the TBC measurement
variability in Fig. 1(f) is attributed to the spatial distribution of
TBC and parameter uncertainties (e.g., graphene thickness)
in TDTR measurements. Additionally, smaller error bars at
lower TBC values are consistent with the increased sensitivity
of the TBC within this range. This identified trend aligns
with outcomes from prior molecular dynamics (MD) simu-
lations [30-32]. The underlying reason for this phenomenon
is predominantly attributed to the ballistic phonon transport
within the multilayer graphene, extending until the phonons
reach their average mean-free path in the cross-plane direction
[31]. This phenomenon has been demonstrated and supported
by the previous study using the acoustic mismatch model.
According to the model, the phonon-transmission coefficient
increases with film’s thickness when the thickness remains
below the threshold of the average phonons’ mean-free path
[33]. In this study we experimentally validate a remarkable
observation that the TBC escalates with the thickness under
conditions of the ballistic phonon transport. This finding could
represent a significant milestone, shedding light on the intri-
cacies of heat transfer in graphene structures.

As multilayer graphene’s thickness continues to increase,
the phonons in graphene would transition into a diffusive
transport regime. However, due to inherent constraints associ-
ated with no-transducer TDTR methods, the in-plane heat flux
becomes predominant at larger graphene thicknesses. This
predominance hinders the sensitivity of the TBC. As a result,
our measurements are confined under a specific thickness
below 104 nm, operating within the ballistic transport regime,
thereby limiting us to investigating the thickness-dependent
behavior of the TBC when the phonons exist predominantly
in the diffusive regime.

B. MD results

Notably, MD simulations are not subject to this thickness
limitation. In light of this distinction, our ensuing pursuit
involves employing MD simulations to thoroughly explore the
effects of phonon-diffusion regimes on the TBC. We conduct
the NEMD simulations using the graphics processing units
molecular dynamics (GPUMD) package [34,35], in combina-
tion with the neuroevolution potential (NEP), to investigate
the impact of the thickness on the TBC. The NEP machine-
learning potential field has been demonstrated to exhibit an
accuracy level on par with that of quantum-mechanics train-
ing data [36-38] (details regarding the training of the NEP
potential can be found in the Supplemental Material, Part
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FIG. 2. Schematics of the simulation model and TBC variation with thickness for pristine, defected graphene, and graphene-MoS,
heterostructure. (a) Schematics of the simulation model. (b) The TBC’s dependence on graphene thickness is calculated using GPUMD package.
The inset illustrates the linear extrapolation of MD data used to extract the average phonon mean-free path of graphene across the cross axis. (c)
The effect of defects on the TBC’s dependence on graphene thickness is calculated using LAMMPS package. The inset displays TBC variation
between silicon and a graphene-MoS, heterostructure concerning the heterostructure thickness.

II [27]). This investigation involves constructing a system
comprising graphene and silicon. As illustrated in Fig. 2(a),
the simulated structure consists of a multilayer graphene en-
cased between two blocks of crystalline silicon. The TBC G
(reciprocal of interfacial thermal resistance R) is calculated
by G =2J/A(AT, + AT,), where J is the heat flux, A is
the cross-sectional area, and AT} and AT, are temperature
difference between the graphene and the silicon substrate at
both ends, respectively. For a detailed account of the MD
simulation procedures, please consult Part III of the Supple-
mental Material [27].

In Fig. 2(b), our MD simulation results align closely with
documented experimental trend. Initially, TBC displays an in-
crease in the graphene thickness, up to approximately 180 nm.
Beyond this point, it gradually reaches convergence. We spec-
ulate that this behavior is due to an increasing number of
phonons transitioning towards a diffusive regime as graphene
thickness increases. Consequently, diffusion-driven phonon
transport increasingly restricts additional phonons from con-
tributing to the interfacial thermal transport, leading to TBC
reaching a plateau and ceasing further increase.

A key indicator for determining phonon diffusivity is
whether the characteristic length of the system exceeds the
average phonon mean-free path. When the average phonon
mean-free path is smaller than the characteristic length of the
sample, phonons exhibit a zigzag and random transport pat-
tern. To calculate average mean-free paths of graphene along
the cross axis, we employ the linear extrapolation method (for
a detailed explanation of the calculation procedures, please

refer to Part IV of the Supplemental Material [27]). Our results
reveal that the thickness of multilayer graphene at which the
TBC converges is consistent with our average mean-free path
findings. This suggests that the average mean-free path of the
intermediate layer material plays a pivotal role in determining
the convergence rate of the TBC. These findings underscore
the significance of phonon transport regimes in relation to
the thickness-dependent behavior of TBC. Furthermore, there
is a noticeable discrepancy between the experimental and
simulated results, with simulation suggesting a larger absolute
value for TBC. This disparity may be attributed to uncertain-
ties related to contact between the 2D material and substrate.

Besides the thickness, there are various approaches that
are available to manipulate phonon transport regimes, such
as doping, alloying, and introducing defects [39-43]. Among
these, defects play a crucial role, occurring naturally during
the preparation of materials. The defects significantly influ-
ence the phonon transport by diffusively scattering phonons,
particularly those in the high-frequency range [44]. Consid-
ering the substantial impact of phonon transport regimes on
TBC, it is crucial to investigate the influence of defects on
the phonon transport and its subsequent effect on the TBC. To
address this, in the following, we randomly remove atoms in
the multilayer graphene to explore the impact of defects on
the TBC.

Due to the limitations in our current GPU computing re-
sources, we employ the LAMMPS [45] package for NEMD
simulations in our subsequent work, coupled with an empir-
ical potential field [46—49] to investigate the impact of defects
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on the thickness-dependent behavior of the TBC. To ensure
the robustness of our findings and establish that these calcu-
lations do not compromise the validity of our conclusions, we
initiate our study by simulating pristine graphene without any
defects. Our calculations reveal that the TBC trend mirrors
the results obtained using the NEP potential field, as illus-
trated in Fig. 2(c). While there are variations in the specific
TBC values and convergence points (53 nm), these differences
remain consistent with the underlying physical mechanisms
governing phonon transport regimes. This alignment is further
substantiated by the convergence point, which coincides with
the results obtained from average mean-free path calculations
[Fig. S6(a)].

The defect concentration is defined as Ng/Np, where Ny
and Np are the number of removed atoms and total atoms
in the pristine multilayer graphene, respectively. As shown in
Fig. 2(c), the TBC increases significantly when the thickness
is short, indicating that introducing defects could promote
phonon transport at the interface. Moreover, the rate of the
TBC convergence experiences rapid acceleration as the defect
concentration increases. Notably, the final convergence value
remains consistent with the pristine case. This phenomenon
is primarily attributed to the dominant influence of defects
on high-frequency phonons. In scenarios where the multi-
layer graphene has a relatively modest thickness, these defects
expedite the diffusion of high-frequency phonons, thereby
accelerating the convergence process. Conversely, in con-
figurations with greater thickness, high-frequency phonons
inherently exhibit a diffuse regime, rendering them less sus-
ceptible to the effects of defects. This intrinsic characteristic
leads to a consistent convergence value across such scenar-
ios. Furthermore, this behavior presents a notable contrast
to the reduced thermal conductivity witnessed in multilayer
graphene due to the defects [50]. It indicates that the de-
fects do not make the phonons incapable of transmission
but accelerate them to the diffusive regime, leading to con-
vergence. Moreover, the average mean-free path results for
0.5%, and 1% defected graphene along the cross-axis, con-
sistently match with the thickness at which TBC converges
[Fig. S6(a)]. This observation further supports the notion that
the size of the average mean-free path determines the conver-
gence rate of the TBC.

Furthermore, it is worth noting that the magnitude of TBC
variation does not increase proportionally with the increase of
defect concentration at the same thickness. For instance, when
keeping the thickness of graphene at 3.4 nm, the TBC value
changes by 33.29 and 7.99 GWm 2 K~ as the defect concen-
tration increases from O to 0.5% and then to 1%. This presents
a similar nonlinear trend to the reduction in thermal conduc-
tivity induced by defects in previous research findings [51].

Up to this point, we have discovered a close correlation
between the convergence rate of the TBC and the attainment
of the diffusive regime in the phonon transport. However,
in addition to the ballistic and diffusive transport regimes,
phonon localization [20,21,52] is another essential trans-
port regime in materials science. In our previous study of
the phonon transport manipulation in graphene-MoS, het-
erostructures, we discovered that this structure exhibits robust
phonon localization throughout the entire frequency range
[20]. Consequently, it results in an extremely short average

mean-free path of 1.1 nm, as depicted in Fig. S6(b). By
replacing the multilayer graphene in the middle layer with a
multilayer 2D van der Waals graphene-MoS, heterostructure,
we investigate the localized phonon transport regimes on the
thickness-dependent TBC. As expected, the TBC results do
not increase with the thickness of the heterostructure, and
a thickness-independent morphology is identified [inset in
Fig. 2(c)]. Our findings demonstrate the importance of average
phonon mean-free path in determining the convergence rate of
the TBC. They can help optimize the TBC in other materials
with the similar phonon transport characteristics.

To gain further insight into phonon transport regimes in
the modal domain, we calculate phonon participation ratio
P, for multilayer pristine graphene, 1% defected graphene,
and graphene-MoS,; heterostructure and visualize vibrational
modes in coordinate space by plotting the eigenvectors.
Participation-ratio results indicate that almost all phonons
transmitting from silicon substrate into graphene-MoS,
heterostructure will be localized, resulting in a thickness-
independent TBC. Besides, plotted results of phonon-mode
eigenvectors across three structures reveal distinct behaviors.
Pristine graphene showcases ballistic transport characteristic,
while defected graphene exhibits fewer atoms participating
in phonon vibrations due to scattering caused by defects.
This leads to delocalized phonon eigenvectors lacking a
dominant displacement direction. On the other hand, het-
erostructure displays localized phonon positions, with specific
layers displaying substantial displacements, indicating a dis-
tinct behavior. Please find further details in Part V of the
Supplemental Material [27].

Our research findings have provided valuable knowledge
and understanding regarding transport behaviors of phonons
and their implications for thermal measurements and device
design. Specifically, we have revealed that determining
whether TBC at the graphene-silicon interface can be
considered as constants in combination with TDTR depends
on thickness of the material and transport regime of phonons.
The TBC cannot be treated as constants in thin materials with
a ballistic or quasiballistic phonon transport. However, for
thick materials or when phonons are significantly localized,
TBC can be treated as constants. This understanding is
crucial for accurately measuring materials’ thermal properties
using typical TDTR method and optimizing design of
thermal devices. These findings emphasize significance of
understanding transport regime of phonons in advancing
thermal materials and devices.

So far, we have shown that the average phonon mean-free
path, which is influenced by the phonon transport regime in
the material, plays a critical role in determining the depen-
dence between TBC and material thickness. Our next goal
is to explore the physical mechanism behind the increase in
TBC resulting from defects. While it has been demonstrated
in numerous pieces of research that defects can effectively
enhance interfacial thermal transport, the underlying mech-
anism remains not fully understood. Especially, it is uncertain
to what extent the increase in the TBC can be attributed to
elastic scattering versus inelastic scattering.

The overlap factor S, is a commonly used metric for quan-
tifying the degree of overlap between phonon modes in two
materials and analyzing the contribution of elastic scattering
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TABLE I. The TBC and PDOS overlap factors S, as a function
of the defect concentration.

Defect AS,c TBC ATBC
concentration Sac (%) (MWm?2K™) (%)
Pristine 0.48 134.49

0.5% 0.50 4.1 158.42 17.8
1% 0.54 11.8 171.40 27.4

to interfacial thermal transport. To investigate this, we calcu-
late the phonon density of states (PDOS) of silicon, pristine
graphene, and defected graphene at varying defect concentra-
tions to further elucidate the role of elastic scattering [53].
Here, the thickness of graphene is fixed at 10.2 nm. The results
show that the phonon density of states in the three graphene
cases is almost indistinguishable, with only slight differences
occurring in the frequency range of 18-25 THz. For a more
comprehensive understanding, please refer to Part VI of the
Supplemental Material [27]. Thus, a visual inspection alone is
insufficient to discern the differences in the overlap between
them. To quantitatively assess the overlap, we compute a
normalized overlap factor S,

I8 Do(@)Dg()do|’
5 D)o [ D (@)de’

ey

ac

where D, and Dg denote the PDOS of silicon and graphene,
respectively, following the method described in Ref. [54]. The
Sac values between silicon and pristine graphene, 0.5, and
1% defected graphene are 0.48, 0.50, and 0.54, respectively.
Despite the slight increase in S,. noted for defected graphene,
the corresponding values of the TBC increase by 17.8 and
27.4% for graphene with 0.5 and 1% defective concentrations,
respectively, as shown in Table I. These discrepancies sug-
gest that the contribution of elastic scattering alone may not
fully account for the increase in the TBC caused by defects,
prompting us to investigate the contribution of the inelastic
scattering further.

Recent studies have shed light on the contribution of the in-
elastic phonons to the TBC, indicating that the TBC can con-
tinue to increase beyond the lower Debye temperature of the
two materials at the interface [55]. Building upon this knowl-
edge, we conduct further calculations to explore the depen-
dence of the TBC on the temperature in three different cases:
pristine graphene and defected graphene with 0.5 and 1%
defect concentrations. Our results indicate that the TBC in-
creases with the temperature in the low-temperature range for
all cases [Fig. 3(a)]. However, when the temperature exceeds
the lower Debye temperature between silicon and graphene
(650 K) [56], the temperature dependence of the three cases
diverges. Specifically, the TBC of the pristine graphene
reaches a plateau and no longer increases. In contrast, in the
case of the defected graphene, the TBC continues to increase,
particularly for graphene with 1% defects [Fig. 3(a)]. These
findings suggest that the defects mainly contribute to the in-
creased TBC through inelastic scattering [53,57].

To further explain the apparent temperature dependence
of the TBC of the defected graphene, we perform MD sim-
ulations to calculate the spectral phonon transmission at the
interface (for the description of the calculation methodology,
please consult Part VII of the Supplemental Material [27]). As
shown in Fig. 3(b), the results reveal that for the defected case,
the transmission of the low-energy phonons (i.e., phonons
with frequencies lower than 5 THz) is significantly higher than
that of high-energy phonons. The principal physical mecha-
nism driving this phenomenon involves the change in phonon
transport regimes for low-frequency phonons with long mean-
free paths. In pristine graphene, phonons with mean-free paths
exceeding the thickness of graphene would transport ballisti-
cally and be reflected back to the silicon. However, the in-
troduction of defects initiates significant phonon-defect scat-
tering, resulting in a substantial reduction in their mean-free
paths. This reduction allows these phonons to transport dif-
fusively and subsequently thermalize in defective graphene,
constituting the fundamental reason for the observed increase
in the phonon-transmission coefficient in the low-frequency
region. As the defect concentration continues to increase,

(a)-n *P-Graphene =) *D-Graphene(0.5%) =&\ “D-Graphene(1%) (b)—P-Graphene— = D-Graphene(0.5%)= = D-Graphene(1%)
400 T — ' . W T T .
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FIG. 3. The temperature-dependent TBC and phonon-transmission coefficient. (a) The temperature-dependent TBC and (b) the phonon-
transmission coefficient between silicon and pristine graphene, and between defected graphene with 0.5 and 1% defect concentration. The
thickness of graphene is fixed at 10.2 nm.
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an escalating number of phonons with long mean-free paths
becomes diffusive, further amplifying the transmission coef-
ficient of phonons in the low-frequency region. This finding
aligns with previous research that successfully increased TBC
by enhancing external surface roughness [33,58].
Additionally, beyond the interfacial thermal resistance in-
duced by phonon-interface scattering, which is the primary
focus of our current work, the subject of interfacial thermal
resistance brought about by nonequilibrium phonons near the
interface has gained considerable attention in recent research.
This form of thermal resistance originates from phonons expe-
riencing significant thermal nonequilibrium near the interface
[59,60]. Moreover, the process of phonon-phonon scattering
plays a crucial role in relaxing highly nonequilibrium phonons
near the interface, contributing to the interfacial thermal resis-
tance. This intricate interplay between phonon-phonon scat-
tering and phonon-interface scattering significantly influences
the overall thermal resistance at the interface [61]. In our
present structural configuration, the introduction of defects
in pristine graphene introduces phonon-defect scattering, en-
abling a more comprehensive exploration of the implications
of nonequilibrium phonons on interfacial phonon transport.
This aspect warrants further investigation in future studies.

III. CONCLUSIONS

In summary, our study emphasizes the significant influence
of the multilayer graphene thickness on the TBC between the

graphene and silicon. We have determined that the thickness-
dependent TBC is attributed to the transition from ballistic to
diffusive phonon transport regimes in the multilayer graphene.
Additionally, we have detected the TBC that remains unaf-
fected by thickness in a highly phonon-localized graphene-
MoS; heterostructure. The present study bridges the phonon
transport regime and the TBC, highlighting the significance
of considering the phonon transport regime in the design and
optimization of thermal interfaces. Our findings also provide
insights into the contribution of inelastic scattering to the TBC
enhancement caused by defects. Future studies can further
explore the impact of defects on the TBC with different inter-
layer materials and substrates. This will contribute to devel-
oping efficient thermal management technologies in various
areas, including electronics, energy storage, and conversion
devices.
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