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Yingzhou Liu®,” Yinong Liu®," Jincheng Yue, Long Xiong ®," Lei-Lei Nian®,* and Shigian Hu®*
School of Physics and Astronomy, Yunnan University, 650091 Kunming, People’s Republic of China

® (Received 6 July 2023; revised 7 November 2023; accepted 5 December 2023; published 19 December 2023)

The interfacial thermal conductance (ITC) plays a crucial role in nanoscale heat transfer, and its enhancement
is of great interest for various applications. In this study, we explore the influence of resonance on the interfacial
modes in pillar-based Si/Ge nanowires through nonequilibrium molecular dynamics simulations, employing
both empirical and machine-learning potentials. Our results reveal a significant enhancement in the ITC by
introducing pillars in the nanowire structure. The resonance-induced enhancement of the matching degree of the
phonon density of states together with the calculation results of the phonon transmission coefficient indicate a
significant improvement in both elastic and inelastic phonon transport at the interface. Moreover, we demonstrate
the effective utilization of resonance to modulate the interfacial modes in pillar-based Si/Ge nanowires, resulting
in improved phonon transport efficiency. This modulation is achieved by strategically repositioning the Si and
Ge walls near the interface, leading to the development of the ATI-wall structure. Remarkably, the ATI-wall
structure exhibits an unprecedented increase in the ITC compared to the original pillar-based design. To provide
additional support for our conclusion, we conduct supplementary simulations using graphics processing unit
molecular dynamics in conjunction with the neuroevolution potential to calculate the ITC. Our findings highlight
the significance of interfacial mode modulation in enhancing the heat transfer in nanoscale systems and provide

valuable insights for the design and optimization of thermal management devices and materials.

DOLI: 10.1103/PhysRevB.108.235426

I. INTRODUCTION

The rapid growth of highly integrated nanoscale devices
driven by high-end chips and electronic components has
posed a significant thermal management challenge due to
miniaturization, escalating power density, and substantial
heat accumulation. Effective strategies have been developed
to overcome this heat dissipation bottleneck, including the
modulation of phonon transport within nanomaterials and
at the interfaces of heterogeneous materials. Strategies for
controlling phonon transport in nanomaterials have been ex-
tensively explored, involving modulation of both the wave
[1-3] and particle [4-6] nature of phonons. Among these
methods, the local phonon resonance mechanism has gained
significant attention for modulating phonon transport in nano-
metamaterials [7—15]. This strategy offers the advantage of
exploiting phonon wave characteristics while minimizing neg-
ative impacts on electron transport [16—18].

On the other hand, the modulation of the interfacial phonon
transport has emerged as a crucial aspect of thermal manage-
ment. To enhance the interfacial thermal conductance (ITC),
various strategies have been proposed, including the use of
interfacial nanostructures [19-23], the introduction of inter-
mediate materials [24-27], and the application of external
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strain [28-30]. However, limitations exist within these strate-
gies. For example, the use of intermediate materials, although
effective in some cases, may exhibit limitations when exposed
to high temperatures, compromising their stability and dura-
bility [31].

Furthermore, despite extensive research on the ITC, a
notable gap still exists in understanding the relationship be-
tween modal changes in phonon transport states and the
enhancement of interfacial phonon transport. Additionally,
the investigations into the specific influence of the resonance
structures on the ITC have received limited attention. There-
fore, it is crucial to explore the role of the resonance structures
in regulating the phonon transport state and their potential
impact on the interfacial phonon transport, bridging this gap
and develop more effective and reliable strategies for thermal
management.

Moreover, numerous studies have shown that when het-
erogeneous materials are brought together at their interface,
a disruption of the translational symmetry occurs, leading to
the emergence of the localized interfacial modes [32-39]. For
instance, in Si/Ge heterostructures, these interfacial modes are
primarily attributed to the Si-Ge bonds formed at the inter-
face [37]. Notably, although these interfacial modes constitute
less than 5% of the total modes, they have been found to
contribute significantly, accounting for more than 15% of the
ITC [32-34]. Moreover, these modes exhibit strong coupling
with nearly all other modes [32,33,38], enabling effective
energy exchange between heterogeneous interfaces. Specif-
ically, through the process of inelastic transport, phonons
originating from bulk counterparts interact with localized
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FIG. 1. Schematic of the pillar-based resonant structures and NEMD simulation model. The side views depict the periodic unit cell for (a)
pristine Si/Ge NW, (b) two-side branched Si/Ge NW, (c) surrounding wall Si/Ge NW, and (d) the NEMD simulation model used for calculating

the ITC.

phonons at the interface, thereby facilitating energy conver-
sion [35,37,39]. As a result, the presence of these interfacial
modes serves as a bridging mechanism that significantly en-
hances the ITC [35]. However, despite recognizing the crucial
role of the interfacial modes in the interfacial phonon trans-
port, there remains a limited emphasis on research aimed at
effectively modulating these modes [40].

In this study, our objective is to comprehensively explore
the role of the resonance in regulating the interfacial phonon
transport in pillar-based Si/Ge nanowires, which are highly
relevant to the field of thermal management in nanoscale
devices. By employing the nonequilibrium molecular dynam-
ics (NEMD) simulations, we analyze the effect of varying
the number of pillars and the geometry of the structure on
the ITC. Our simulations confirm the presence of resonance-
induced phonon flat bands, which significantly promote the
interfacial phonon transport through both elastic and inelas-
tic mechanisms. This enhancement is further evidenced by
the significant improvement in the matching degree of the
phonon density of states (PDOS) and the phonon transmis-
sion coefficient. Additionally, we introduce an approach to
further enhance the interfacial phonon transport by strategi-
cally moving the surrounding walls to the interface of the
Si-Ge nanowires. This innovative method directly modulates
the interfacial states, leading to a remarkable increase in
the ITC. The enhanced phonon transport across the interface
offers promising opportunities for improving thermal manage-
ment and energy conversion in highly integrated nanoscale
devices. Furthermore, we investigate the temperature depen-
dence of the ITC and observe a significant increase in the
slope, providing additional evidence of the resonance-induced
enhancement of the inelastic phonon transport. These findings
shed light on the modulation of the interfacial modes and
their contribution to the ITC in pillar-based Si/Ge nanowires.
By gaining valuable insights into these mechanisms, our re-
search contributes to the development of more effective and
reliable strategies for addressing the challenges associated
with heat dissipation and energy conversion in nanoscale
devices.

II. METHODS

A. Molecular dynamics simulations

The main Si/Ge nanowire (NW) employed in this study has
a square cross section with an edge length L. of 4.34 nm, as
illustrated in Fig. 1(a). The side views of the periodic unit
used to create the partial pillar-based resonant structures are
shown in Figs. 1(b) and 1(c). Each side branch of the Si/Ge
NWs consists of ten pillars, which have a square cross section
with a pillar length L, of 2.17 nm and a fixed pillar height
Ly, of 2.17 nm. To investigate the influence of the number of
pillars on the interfacial phonon transport, we construct Si/Ge
NWs with varying numbers of branches, ranging from pristine
(no branches) to four-side branched NWs. Additionally, a
structure surrounded by walls is also included in the analysis.

The NEMD calculations in this study are implemented
using the LAMMPS packages [41] for the empirical poten-
tial, while the machine-learning potential is executed with
the graphics processing unit molecular dynamics (GPUMD)
[42,43]. The interatomic interactions described in the LAMMPS
between Si-Si, Ge-Ge, and Si-Ge are modeled using the
Stillinger-Weber (SW) potential with Si parametrizations
[44]. To simplify the simulation, Ge atoms were treated as
“heavy Si” with a mass ratio of 2.59, considering the trans-
ferability of interatomic force constants between Si and Ge
[37,45-48]. The boundary conditions in our simulations are
as follows: free boundary conditions are applied in the y and z
directions by adding a 100 A vacuum layer in both directions.
In contrast, a fixed boundary condition is employed in the
x direction, where the positions of six A Si or Ge atoms at
two ends of the system are held fixed [indicated by the black
region in Fig. 1(d)]. Two Langevin thermostats with different
temperatures (7 and 71 ) are connected to the two ends of the
simulation system to create a steady temperature distribution.
In our simulations, we set Ty = 320 K and 71, = 280 K to
calculate the ITC at 300 K. After the system reaches the steady
state, the cumulative energy AE added/subtracted to the heat
source/sink region is recorded for 5 ns. The time step is set
as 0.5 fs. The energy change per unit time was obtained by
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linearly fitting to the raw data of accumulated energy AFE,
which is used to calculate the heat flux J = AE/At. The
ITC G is calculated by G = J/(SAT), where S is the cross-
sectional area and AT is the temperature difference. A typical
heat flux calculation and temperature profiles are presented in
Supplemental Material Fig. S1 [49]. These results are aver-
aged over three independent simulations with different initial
conditions. The error bars displayed on the graphs represent
the standard deviations resulting from these three independent
simulations.

B. Phonon properties calculations

The phonon transmission, denoted as I'(w), can be calcu-
lated using molecular dynamics calculation which accounts
for all orders of the anharmonic interactions [50,51]. It is
linked to the interfacial thermal conductance using the Lan-
dauer expression: G(w) = %’*F(w) [52-54]. The expression
for the phonon transmission is as follows:

M) = L2 1)
B

where kp is the Boltzmann constant, and AT represents the
temperature difference between two Langevin thermostats.
The g(w) in the equation represents the heat flow across the
cross section S, and it is calculated as follows [50,51]:

2 I A *
q(@) = ~——Re D > (Fij(@)pi@)"), )
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where At is the time interval between samples taken in the
simulation, and M is the number of samples. The summation
is carried out over atoms within a limited region of 1 nm from
the interface on the left (L) and atoms on the right (R). This
spatial constraint ensures that only atoms within this range
are considered, as atoms beyond it do not interact with those
on the opposite side of the interface. The quantities F'; ()
and ;(w)* represent the Fourier transformation of the force
and the velocity of the atom, respectively. The force F;; is the
total force exerted by the right atoms on the left atoms i at the
interface and the Fourier transforms are defined for, e.g., the
velocities as [50,51]

M
bi(w)) = At Z kA Y (K AL). 3)
k=1

Note that the forces F;; and velocities v; are directly ob-
tained during the execution of the molecular dynamics (MD)
simulations. Consequently, in our simulations, the calcula-
tion of phonon transmission considers the anharmonic effect.
This consideration allows us to capture the complex interac-
tions and behavior of phonons, including their scattering and
transmission properties, providing a more comprehensive un-
derstanding of the interfacial phonon transport in the studied
system.

Furthermore, we calculate the PDOS to investigate the
overlap factor between the two materials at the interface and
determine the presence of interfacial modes [55-57]. The
PDOS, denoted as D(w), is determined using the following

expression:

L T vi)ui(0)) —nft
Per=1n | 5 wouo)

where v; represents the velocity of the ith atom, f is the
frequency, n is the total number of atoms, ¢ is the correlation
time, and (- - - ) denotes an ensemble average. The crucial fac-
tor that governs phonon transport at heterogeneous interfaces
is the matching degree of the PDOS [58—61]. This matching
degree is quantified by the overlap factor S, which measures
the similarity between the PDOS of the connecting materials
using a cosine similarity measure [60],

_ S Dy(@)Ds(w)dw
S = 12 1/2°
[/ Di(®)*dw] [/ Dy(w)*dw]

where D|(w) and D,(w) represent the PDOS of Si and Ge,
respectively.

dt, “

&)

III. RESULTS AND DISSCUSSION

First, it is important to note that the system’s size can
significantly impact the specific value of the ITC. This phe-
nomenon arises from the fact that shorter simulation domains
may be influenced by thermal reservoirs, which can reflect
transmitted phonons back to the interface, thereby affecting
the ITC [62]. Therefore, we conduct calculations to explore
the relationship between the ITC of pristine Si/Ge NW struc-
tures, in relation to the system’s size. As depicted in Fig. S2,
we observe a gradual increase in the ITC with an increase
in the system size, which tends to converge when the sys-
tem size exceeds 50 nm. This discovery aligns with prior
findings [35]. Consequently, considering computational cost
constraints, we adapt a system size of 50 nm for a signifi-
cant portion of our subsequent calculations. As depicted in
Fig. 2(a), the introduction of the pillars in the Si/Ge NWs re-
sults in a notable enhancement in the ITC. Moreover, the ITC
exhibits a monotonically increasing trend with the number
of the resonant branches, progressing from pristine to four-
side branched and further to the surrounding wall NWs. This
enhanced interfacial phonon transport behavior is distinctly
different from previous studies where phonon resonance was
utilized to induce a reduction in the thermal conductivity
[10,12,13]. Notably, the resonance effect affects the phonon
transport by flattening the phonon dispersion relationship,
leading to the changes in the PDOS. While the flat bands
have traditionally been considered detrimental to the phonon
transport, as they have near-zero group velocities and lim-
ited energy transmission capabilities. However, in the context
of interfacial phonon transport, these dispersionless phonon
modes can play a significant role. Firstly, the resonance ef-
fects induce a notable downward shift of the phonon bands
in both materials towards lower frequencies at the interface.
This shift has the potential to affect the matching degree of
the PDOS at the interface, thereby influencing the efficiency
of the phonon transmission [58-61,63]. Secondly, although
these flat band phonons themselves cannot contribute to the
heat transfer directly, they can serve as carriers for phonon
scattering events involving other phonons [35,37,39,40]. This
mechanism promotes the inelastic scattering through multi-
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FIG. 2. Effect of the number and height of pillars on the
interfacial phonon transport and related phonon characterization.
(a) Impact of the number of pillars, ranging from pristine to four-side
branched and further to surrounding wall NWs, on the ITC, with the
Ly, = 2.17 nm. The right y axis represents the corresponding overlap
factor. (b) The dispersion relations for the pristine, two-side and
surrounding wall NWs corresponding to the configurations in panel
(a). (c) The effect of the geometry, such as pillar height L, pillar
length Ly, and edge length L. for surrounding wall NWs on the ITC.
(d) The transmission coefficients of the partial structures correspond-
ing to the pillar configurations shown in panel (a).

phonon interactions, such as three-phonon and higher-order
processes, facilitating the thermal transport across the inter-
face.

Therefore, to further validate our inference regarding the
impact of the flat bands on the interfacial phonon transport,
and to explore the underlying physical mechanism behind the
observed increase in the ITC, we conduct additional calcu-
lations to analyze the phonon dispersion relations of three
representative Si and Ge structures. All the phonon disper-
sions are calculated using lattice dynamics implemented in the
General Utility Lattice Program (GULP) [64]. Furthermore, the
phonon dispersions are obtained using the periodic unit cells,
as depicted in Figs. 1(a)-1(c). Notably, in the direction where
the pillars are introduced, a 100-A vacuum layer is included
to preserve the resonance effect induced by the pillars for the
two-side branched and surrounding wall nanowires. As de-
picted in Fig. 2(b), the introduction of the pillars in the system
results in a notable flattening of the phonon dispersion curve.
This flattening originates from the hybridization between the
wave-number-independent vibration modes in pillars (local
resonance) and the wave-number-dependent phonon modes
in the main nanowire (see details in Fig. S3 in the Supple-
mental Material [49]) [7-10]. Additionally, the presence of
more branched pillars causes a shift of the flat band towards
lower frequencies, indicating the presence of stronger phonon
resonances [10]. Moreover, our analysis of the overlap factor
of the PDOS, as shown in Fig. 2(a) (right y axis), demon-
strates that the downward shift of the flat bands significantly

enhances the matching degree of the PDOS at the interface,
thereby promoting efficient interfacial phonon transport.

Moreover, in prior studies exploring the modulation of
the phonon transport through resonance, the geometry of the
structure, including parameters such as pillar height Ly, pil-
lar length L, and edge length L., has been identified as a
crucial factor in determining the position of the flat bands
[8-10]. In addition to the number of pillars, these geometric
parameters play a significant role. As a result, in our forth-
coming research, we conduct further investigations to explore
the influence of specific geometric parameters on the ITC.
It is worth noting that in these calculations, we keep two of
these parameters constant while varying the third to assess its
impact on the overall ITC. As expected, we observe that sur-
rounding wall nanowires with increased pillar heights exhibit
a noticeable increase in the ITC [Fig. 2(c)]. This increase can
be attributed to the corresponding increase in the volume ratio
between the pillars and the main nanowires as L increases.
This heightened volume ratio enhances the resonance effect,
resulting in an increase in the ITC. These findings, in conjunc-
tion with the improved overlap factors of the PDOS, indicative
of the elastic contribution, and the phonon transmission cal-
culation, which partially reflects the inelastic contribution
(as shown in Supplemental Material Fig. S4 [49]), offer fur-
ther evidence that greater pillar heights enhance the phonon
transmission efficiency. Consequently, this enhanced phonon
transmission contributes to the observed increase in the ITC.
Similarly, when the L, increases, the volume ratio between
the pillars and the main nanowires increases, resulting in an
increase in the ITC [Fig. 2(c)]. Conversely, altering the L.
leads to a decrease in the volume ratio, subsequently resulting
in a decrease in the ITC [Fig. 2(c)].

Up to now, we have successfully modulated the interfacial
phonon transport by manipulating the number of the pillars
and the geometry of the structure. Additionally, we have
provided a reasonable explanation by evaluating the overlap
factor of the PDOS. However, it is crucial to acknowledge that
the calculation of the overlap factor primarily focuses on the
elastic scattering and provides limited insight into the inelastic
scattering. In order to gain a comprehensive understanding of
the contribution of the inelastic scattering mechanism in the
resonant Si-Ge interfacial phonon transport, we will proceed
with further calculations of the phonon transmission coeffi-
cient.

As depicted in Fig. 2(d), the phonon transmission coeffi-
cient exhibits a clear increase with an increasing number of
the pillars, which aligns with the observed increase in the ITC.
Specifically, within the cut-off frequency range (<11 THz)
for the crystalline material Ge, the upward trend in the
transmission coefficient is predominantly attributed to the
enhanced overlap of the PDOS, indicative of the improved
elastic phonon transport. Conversely, in the high-frequency
range (>11 THz) where the inelastic phonon transport domi-
nates, the phonon transmission shows a peak, and a significant
increase is also observed across different numbers of pillars.
In the pristine case, the peak is a result of the presence of the
interfacial modes (refer to the interfacial modes in Supple-
mental Material Fig. S5 [49]), which have been recognized in
previous studies for their substantial impact on the interfacial
phonon transport, primarily through the inelastic scattering
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FIG. 3. The comparison of the ITC and corresponding PDOS
for three representative structures. (a) The comparison of the ITC
(calculated by the empirical SW potential and NEP machine-learning
potential) among three structures: pristine, surrounding wall, and
ATI-wall Si/Ge NWs. The inset shows the schematic of ATI-wall.
(b) The difference in interfacial modes for the three structures de-
picted in panel (a), where the PDOS is calculated from the velocity
of one layer of atoms at the interface.

mechanisms [32,33,35,37,38]. Upon introducing the pillars,
the phonon dispersion curves undergo a downward flattening,
resulting in an increased number of low-frequency phonons.
These localized phonons play a similar role to the interfacial
states by promoting the inelastic scattering, accounting for
the higher and wider peaks observed at the high frequencies
[37,39]. Moreover, we also employ an alternative method
based on second-order force constants to calculate the phonon
transmission coefficient (details provided in Supplemental
Material Part I [49]). Interestingly, our calculations revealed
no significant peaks in the high-frequency region beyond 11
THz (as illustrated in Supplemental Material Fig. S6 [49]).
This finding can be attributed to the intrinsic limitations of
the second-order force constant-based method, which does
not consider anharmonic interactions and, as a result, lacks
the capability to account for channels associated with inelastic
scattering. Consequently, this result provides additional con-
firmation that the observed high-frequency peaks are indeed a
result of inelastic scattering [65].

Through our research, we have discovered that both the
resonance-induced flat bands and the unique interfacial states
at the interface play a crucial role in facilitating the phonon
transport through inelastic scattering mechanisms. These local
states provide an additional pathway for the phonon transport
across the interface, enhancing the ITC. However, previous
studies have consistently demonstrated that the interfacial
state is predominantly confined within one or two atomic
layers at the interface of two materials [33,35,37]. In our
above-mentioned structure, the closest pillars to the interface
are located at a distance of 1 nm, which is not expected
to directly influence the interfacial states. To investigate the
influence of the resonance on the interfacial states, we make
an additional modification to our structure. As depicted in
the inset of Fig. 3(a), we reposition the Si and Ge walls
adjacent to the interface, creating a novel structure known as
the ATI-wall. The purpose of this modification is to explore
the potential role of these walls in regulating the resonance of

the interfacial states and examining its subsequent impact on
the ITC.

The ITC of the ATI-wall structure, as shown in Fig. 3(a),
demonstrates a remarkable increase compared to that of the
previous surrounding wall structure. This substantial improve-
ment implies the significant influence of resonance on the
interfacial state and its impact on the interfacial phonon trans-
port. To gain further insights into the underlying mechanism,
we analyze the PDOS of one atomic layer at the interface
for three structures: pristine, wall-surrounded NWs, and ATI-
wall, as depicted in Fig. 3(b). Within the frequency range
associated with the interfacial modes (pink shaded area), it
is notable that the peaks of the PDOS for the pristine and
surrounding wall NWs remain unchanged, while the ATT-wall
exhibits a significant enhancement in the peaks of interfacial
modes. This enhancement can be explained as follows: as
mentioned earlier, the phonon resonance plays a crucial role in
generating flat bands within the pillar-based structure. These
flat bands exhibit significant similarities to the interfacial
phonon modes in that they are localized states incapable of
effectively propagating energy. However, it is crucial to note
that these flat bands are not situated at the interface and,
therefore, are not referred to as the interfacial phonon modes.
In our ATI-wall structure, when the pillar is located at the
interface, it essentially induces these localized states at the
interface, thereby increasing the number of interfacial phonon
modes. This observation suggests that placing the wall in close
proximity to the interface allows for a pronounced influence
of the phonon resonance on the number of interfacial modes
present. This understanding underscores the importance of
leveraging resonance to optimize the ITC and opens an avenue
for the design and engineering of advanced thermal manage-
ment materials and devices.

It is important to note that all the above results are based on
the empirical SW potential, which is known to pose challenges
in quantitatively describing the ITC. To ensure the reliability
of our conclusion regarding the beneficial impact of intro-
ducing pillars on the ITC, we conduct additional simulations
using GPUMD in combination with the neuroevolution po-
tential (NEP) to calculate the ITC of the three representative
structures. The NEP machine-learning potential field has pre-
viously demonstrated a level of accuracy comparable to that of
density functional theory [66] (for details on the training of the
NEP potential, please refer to Supplemental Material Part 11
[49]). As depicted in Fig. 3(a), the results of the ITC based on
the NEP exhibit the same increasing trend as the simulations
employing the SW potential field. It is noteworthy that the ITC
values obtained using the NEP potential are lower than those
from simulations employing the empirical SW potential. This
difference is attributed to the SW potential’s limited ability
to describe phonon anharmonicity, suggesting the presence
of phonon modes with extended relaxation times and leading
to an overestimation of the numerical results [67]. However,
these findings further emphasize the effectiveness of classical
MD in qualitatively predicting relative trends and lend support
to our conclusion.

On the other hand, in the context of the interfacial phonon
transport, the interfacial modes and their associated inelas-
tic scattering processes play a crucial role by significantly
contributing to the overall ITC [37,39]. These modes, charac-
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FIG. 4. The variation of the ITC with increasing temperatures in
different structures, including (a) pristine and surrounding wall Si/Ge
NWs and (b) ATI-wall Si/Ge NWs.

terized by localized vibrational states at the interface, become
increasingly influential at higher temperatures. Notably, the
behavior of the ITC at high temperatures provides valuable
insights into the dominant scattering mechanism [37,39]. The
convergence of the ITC suggests that elastic scattering pre-
dominantly governs the thermal transfer process, whereas a
nonconverging ITC indicates the prevalence of the inelastic
scattering [68—70].

To further investigate the impact of the interfacial modes
on the inelastic transport, we conduct a detailed analysis of
the temperature dependence of the ITC, as depicted in Fig. 4.
Notably, the slope of the temperature-dependent ITC exhibits
a greater value for the surrounding wall NWs (slope = 0.203)
compared to the pristine structure (slope = 0.171) beyond the
Debye temperature threshold of Ge (approximately 370 K)
[71]. This observation strongly suggests a stronger inelastic
transport in the surrounding wall structure, further confirming
the existence and distinction of the high-frequency peak of
the phonon transmission shown in Fig. 2(d). Furthermore, it
is worth highlighting that the ITC of the ATI-wall structure
displays an even steeper slope [slope = 0.671; Fig. 4(b)].
These results offer additional insights into the capacity of the
resonance to modulate the interfacial modes and effectively
enhance phonon interfacial phonon transport via inelastic
scattering.

Furthermore, in addition to the interfacial thermal re-
sistance (which is reciprocal of the interfacial thermal
conductance) resulting from phonon-interface scattering, the
role of thermal resistance between nonequilibrium phonons
has garnered increasing attention [35,72-75]. This resis-
tance is deeply influenced by phonon-phonon scattering [76].
Within our current structural configuration, the introduction
of pillars in the main nanowire leads to the flattening of the
bands and an increase in the number of interfacial phonon
modes. These changes collectively exert a substantial impact
on phonon-phonon scattering, particularly inelastic scattering
[35,73,74]. Therefore, delving further into the implications of
nonequilibrium phonons on the interfacial phonon transport
within our current framework holds substantial value. This
avenue of research warrants future exploration because it is an
area still in its nascent stages, with no prior work attempting to
modulate it. These investigations are essential for expanding
and clarifying our comprehension of how to manipulate and
control phonon nonequilibrium at the interface. Moreover, it
is important to clarify that our primary focus in the current

study is on interfacial thermal resistance induced by phonon-
interface scattering. This thermal resistance is determined
solely by the heat flux and the temperature jump across the in-
terface. Consequently, the core conclusion of our study, which
suggests that introducing pillars can effectively modulate both
phonon elastic and inelastic scattering to enhance interfacial
heat transport, remains valid.

Finally, the current study primarily investigates the impact
of the resonance on the interfacial phonon transport, revealing
stark differences compared to its effect on the thermal con-
ductivity. Therefore, it is crucial to provide a brief exploration
of the distinction between the thermal conductivity and the
interfacial phonon transport, particularly within the frame-
work of phonon resonance and further to the various phonon
transport states. The thermal conductivity, as a concept, is
more straightforward and aligned with the natural science,
where the distinctions between various transport states are
clear. In general, the ballistic transport surpasses the diffusive
transport, which in turn exceeds the localization (may be in-
duced by the resonance) in terms of the thermal conductivity.
This intuitive relationship between the thermal conductivity
and the phonon transport state can be established within the
same material or structure.

However, the interfacial phonon transport presents a more
philosophical challenge, as it necessitates the careful consid-
eration of various factors, including the delicate balance of
the PDOS, strength of interaction forces, interface roughness,
interfacial bonding, interfacial chemistry, interface geome-
try, interfacial strain, and mass mismatch [19,20,23,31,63,65,
77-83]. For instance, our previous work has revealed that
interfaces with weak van der Waals forces can exhibit sig-
nificantly higher thermal boundary conductance compared to
those with strong covalent bonds in systems with a significant
PDOS mismatch [77].

Therefore, the exploration of the interfacial phonon trans-
port presents a profound challenge that necessitates a com-
prehensive understanding of various factors. In a remarkable
breakthrough, our current research findings reveal the previ-
ously unrecognized positive influence of the resonance on the
interfacial phonon transport. Through systematically studying
the impact of the resonance on the interfacial states, we have
gained valuable insights into the mechanisms through which
these states affect the phonon transport at the interface. This
groundbreaking discovery opens avenues for manipulating
and controlling the interfacial phonon transport by harnessing
the power of resonance. By comprehending the intricate na-
ture of interfacial phonon transport, particularly the beneficial
impact of the resonance, we not only advance our knowledge
in the field but also unlock significant implications for the
design and optimization of the thermal management materials
and devices.

IV. CONCLUSIONS

In summary, our current work investigates the role of
resonance in regulating the interfacial phonon transport in
pillar-based Si/Ge nanowires for improved thermal man-
agement. Through the nonequilibrium molecular dynamics
simulations, we analyze the effects of varying the number
of pillars and the geometry of the structure on the ITC. The
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results demonstrate a notable enhancement in the ITC by
introducing pillars, attributed to the resonance-induced en-
hancement of the matching degree of the phonon density of
states and the phonon transmission coefficient. Additionally,
a novel structure called ATI-wall, achieved by strategically
repositioning the Si and Ge walls near the interface, fur-
ther enhances the ITC by directly modulating the interfacial
states. The study provides valuable insights into the modu-
lation of the interfacial phonon transport and its contribution
to thermal management in nanoscale devices. These findings
have significant implications for the design of advanced ther-
mal management materials and devices, offering strategies to

address the challenges associated with heat dissipation and
energy conversion in highly integrated systems.
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