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Quasi-Casimir coupling can induce phonon heat transfer across a
sub-nanometer vacuum gap between monoatomic solid walls
without electromagnetic fields. However, it remains unclear how
the atomic surface terminations in diatomic molecules contribute
to phonon transmission across a nhanogap. Herein, we study the
thermal energy transport across an SiC-SiC nanogap with four
pairs of atomic surface terminations using classical nonequilibrium
molecular dynamics simulations. In the case of identical atomic
surface terminations, the net heat flux and thermal gap conduc-
tance are much greater than those in the nonidentical cases.
Thermal resonance occurs between identical atomic terminated
layers, whereas it vanishes between nonidentical ones. A notable
heat transfer enhancement in the identical case of C-C is due to
optical phonon transmission, with thermal resonance between the
C-terminated layers. Our findings deepen the understanding of
phonon heat transfer across a nanogap and provide insights into
thermal management in nanoscale SiC power devices.

Silicon carbide (SiC) has shown great potential in high-power
devices because of its outstanding properties, such as high
thermal conductivity, wide band gap, and high electric break-
down field."™ The polytypes of SiC that are most widely
employed in micro- and nanoelectronics include 3C-SiC,
4H-SiC, and 6H-SiC, of which the cubic crystallization of SiC is
unique to 3C-SiC.® With the increasing miniaturization and
integration of electronic devices, heat dissipation is now an
essential issue restricting their development. In previous
investigations, 3C-SiC has been commonly utilized to study
thermal energy transport at solid-solid and solid-liquid inter-
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faces because of its relatively simple crystal structure in mole-
cular dynamics (MD) simulations.”°

Nanoscale heat transfer has been the focus of much atten-
tion over the past decade.'™® The scale of the gap distance is
dominant in the heat transfer between two separated objects
at different temperatures.'””'® Near-field heat transfer plays a
crucial role in the transition regime between conventional heat
conduction and thermal radiation because phonons transport
thermal energy more efficiently than photons across a gap
with few nanometers.'®>* When the gap distance is smaller
than Wien’s wavelength (1 =~ 107> m), radiative heat transfer
can break the blackbody limit by orders of magnitude,*?
which is called near-field radiative heat transfer (NFRHT). This
heat transfer phenomenon has attracted increasing interest in
advanced applications of thermal rectification,?*>° nanogap
near-field thermophotovoltaics,*°~3* and thermal
transistors.*>** Continuous efforts have been made to clarify
the mechanism of NFRHT experimentally and theoretically
when the gap distance is approximately 20 nm*>*® and even
down to 2 nm.*””*® Phonons can be transmitted across a
vacuum nanogap mediated by the electric field between two
solids.**™** Furthermore, Casimir force has been found to
induce phonon heat transfer across a vacuum gap owing to the
quantum fluctuations in electromagnetic fields.*>™*” A general-
ization of Casimir force based on fluctuating electromagnetic
fields has been proposed by Lifshitz for large separations,
rather than molecular-scale separations, between two bodies.*®

In previous studies, quasi-Casimir heat transfer could be
induced by intermolecular interactions for a molecular-scale
separation between two solid walls without an electromagnetic
field." The intermolecular force for molecular-scale separation
was calculated using the Lennard-Jones potential, including
the London dispersion interaction, which stems from
quantum fluctuations in electron density."” By manipulating
the gap distance between the two solid walls, the significant
phonon heat transfer enhancement was confirmed to be attrib-
uted to thermal resonance between interfacial solid layers of
monoatomic molecules. Additionally, thermal resonance was
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found to exist between adsorbed monoatomic liquid layers on
a superhydrophilic solid surface induced by quasi-Casimir
coupling in a nanogap;'” compared with the vacuum gap case,
an enhanced thermal energy transport was achieved due to the
thermal resonance between adsorbed monoatomic liquid
layers.

Moreover, solid-liquid interfacial heat transfer has attracted
increasing interest in nanoscale thermal management.
Thermal energy transport at a solid-liquid interface can be
affected by the atomic surface terminations of diatomic
molecules.”®° It is well known that surface wettability is a
critical factor in solid-liquid interfacial heat transfer. Using
classical MD simulations, the wetting behaviour of a 3C-SiC
solid surface was shown to suffer from atomic surface termin-
ations.” Crystallographic planes (100 and 111) with Si or C
atomic surface termination were built to study the thermal
transport across SiC-water interfaces. The Si-terminated sur-
faces showed a higher attraction to the liquid phase compared
with C-terminated surfaces, resulting in a larger thermal
boundary conductance.® To understand the mechanism of
solid-liquid interfacial heat transfer, the phonon density of
states at the interface was observed with different atomic
surface terminations.>® Interfacial heat transfer was dominated
by low-frequency modes for the C- and Si-terminated SiC (100)
planes and the C-terminated SiC (111) plane, whereas it was
considerably dominated by high-frequency modes for the Si-
terminated SiC (111) plane.

The atomic surface termination of diatomic molecules
could manipulate the thermal energy transport at solid-liquid
interfaces; however, its contribution to phonon heat transfer
across a solid-vacuum-solid nanogap is still not well under-
stood. In the study reported herein, the effects of atomic
surface terminations on phonon heat transfer across an SiC-
SiC nanogap were examined using nonequilibrium molecular
dynamics (NEMD) simulations. A (111) crystallographic plane
with Si and C atomic surface terminations of SiC diatomic
molecules was simulated to verify the thermal energy transport
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between two separated SiC solid walls. The temperature pro-
files of the solid walls, the net heat flux, and the thermal gap
conductance were investigated for the various atomic surface
terminations. The existence of thermal resonance between
identical atomic terminated layers was verified based on ana-
lyses of atomic vibrational displacements and vibrational
density of states (VDOSs). Consequently, it was determined
that the phonon heat transfer across the SiC-SiC nanogap with
various atomic surface terminations is vital for revealing the
mechanism of nanoscale thermal energy transport between
the regimes of heat conduction and NFRHT.

The thermal resonance induced by the quasi-Casimir coup-
ling across a vacuum gap between the two separated monoa-
tomic solid walls has been verified previously."” Herein, we
investigate the effects of atomic surface terminations on
phonon heat transfer across the SiC-SiC nanogap using NEMD
simulations.”*”* Fig. 1 shows the crystal structure of cubic
3C-SiC with the (111) crystallographic plane, the simulation
system of two 3C-SiC solid walls separated by a nanogap dis-
tance D, and four pairs of atomic surface terminations at the
interfacial layers built by LAMMPS (Large-scale Atomic/
Molecular Massively Parallel Simulator). The Vashishta poten-
tial was applied to simulate the Si-Si, Si-C, and C-C inter-
actions for the SiC molecules;**> see the ESIt for a detailed
description of the modelling approach.

Fig. 2(a) shows the temperature profiles (except for the fixed
solid layers) obtained at the end of the steady state for 20 ns
under a temperature difference, AT (= Ty — Tg), of 40 K
between the heating (Ty) and cooling (7¢) layers. Each temp-
erature profile contains a schematic of the relevant pair of
atomic surface terminations. As can be seen, the temperature
gradient in the solid walls changes depending on the choice of
atomic surface terminations. As given in Table 1, the inter-
facial temperature difference, AT; ( = Ty — Tci), between the
heating (Ty;) and cooling (T¢;) interfacial layers satisfies the
following order: C-Si > Si-C > Si-Si > C-C. Specifically, AT; is
smallest in the identical case of C-C and largest in the noni-
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(a) The crystal structure of cubic 3C-SiC with the (111) crystallographic plane. (b) NEMD simulation system of two separated SiC solid walls

with a constant gap distance, where the yellow spheres represent Si atoms, and the cyan spheres represent C atoms. (c) Four pairs of atomic surface

terminations at interfacial layers: C-Si, Si—C, Si-Si, and C-C.
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Fig. 2 Temperature profiles of solid walls in steady NEMD simulations along the z direction: (a) four pairs of atomic surface terminations at inter-
facial layers (C-Si, Si—C, Si-Si, and C-C); (b) identical atomic surface terminations of C—C under various temperature differences AT between

heating and cooling layers.

Table 1 Simulation results for the four pairs of atomic surface termin-
ations at the interfacial layers

Atomic surface terminations C-Si Si-C Si-Si Cc-C

AT; (K) 39.98 39.04 36.44 31.64
g (GW m™) 0.22 0.43 1.64 2.36
G (MWm™K™) 5.58 11.10 45.00 74.60

dentical case of C-Si. These results indicate that atomic
surface terminations play a dominant role in thermal energy
transport across the vacuum nanogap.

To study the heat exchange between two solid walls under
various temperature differences, A7, temperature profiles of
solid walls with identical atomic surface terminations of C-C
are shown in Fig. 2(b). The temperature gradient of the
heating wall is nearly the same as that of the cooling wall, and
that of each wall increases with increasing AT. Meanwhile, the
temperature difference between the interfacial layers, ATj,
increases with increasing AT, showing the enhanced heat
transfer across the SiC-SiC nanogap. The temperature profiles
of the solid walls in the cases of C-Si, Si-C, and Si-Si are avail-
able in the ESL.{

The thermal energy transport across a vacuum nanogap can
be affected by atomic surface terminations due to the different

This journal is © The Royal Society of Chemistry 2023

strengths of quasi-Casimir coupling between the interfacial
layers. Therefore, the net heat flux g and thermal gap conduc-
tance G under various temperature differences AT were
acquired through 20 ns of data sampling in the steady NEMD
simulations, as presented in Fig. 3 and Table 1. As shown in
Fig. 3(a), ¢ increases linearly with AT; however, as shown in
Fig. 3(b), G decreases with AT in the identical cases of Si-Si
and C-C but increases in the nonidentical cases of C-Si and
Si-C. The atomic vibrational displacements along the z direc-
tion in the cases of Si-Si and C-Si at the heating (orange) and
cooling (green) interfacial layers under various AT are shown
in Fig. S2 and S4 (see ESIt). As shown in Fig. S2,f the mis-
match of vibrational displacements for Si atomic surface ter-
minations between the heating and cooling interfacial layers
increases with AT. Fig. S31 shows the VDOSs at the atomic ter-
minated layers in the identical case of Si-Si under various
temperature differences AT. The VDOSs at atomic terminated
layers in the heating and cooling walls agree well when AT =
40 K, whereas the mismatch between the VDOSs increases as
increasing AT. The peaks of VDOSs at atomic terminated
layers in the heating wall under the higher temperature shift
toward the lower frequency band, thus the thermal gap con-
ductance decreases as increasing AT. As shown in Fig. S4, the
peak amplitudes for Si atomic surface terminations are almost
the same, whereas those for C atomic surface terminations

Nanoscale, 2023,15, 8603-8610 | 8605
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Fig. 3 Effects of AT on (a) net heat flux g and (b) thermal gap conductance G for various atomic surface terminations.

increase with increasing AT, which is the underlying reason
for the increased G in the nonidentical cases with AT.
Moreover, g and G in the case of identical atomic surface ter-
minations are 3.81-10.73 and 4.05-13.37 times greater than
those in the nonidentical case as AT = 40 K, respectively.

To understand the mechanism of heat transfer across the
SiC-SiC nanogap with various atomic surface terminations,
atomic vibrational characteristics were analysed in the steady
NEMD simulations under a constant AT of 40 K. As shown in

Fig. 4(a)—~(d), the peak amplitudes for the Si atomic surface ter-
minations are significantly larger than those for the C atomic
surface terminations. However, the vibrational frequencies for
the Si atomic surface terminations are much smaller than
those for the C atomic surface terminations because of their
different atomic physical properties.

Note that the vibrational displacements for the identical
atomic surface terminations agree perfectly, as shown in
Fig. 4(c) and (d). This is because the identical atomic surface
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Fig. 4 Vibrational displacements of (a and b) nonidentical atomic surface terminations and (c and d) identical atomic surface terminations in the

heating and cooling interfacial layers.
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terminations are subjected to strong molecular interactions
across the nanogap, which results in thermal resonance
between atomic terminated layers induced by quasi-Casimir
coupling.'”'® However, the vibrational displacements for the
nonidentical atomic surface terminations are completely mis-
matched, as shown in Fig. 4(a) and (b). Table 2 summarizes
the vibrational characteristics of nonidentical and identical
atomic surface terminations in the heating and cooling inter-
facial layers. The differences in peak amplitude Am between
atomic surface terminations at heating and cooling interfacial
layers of the identical cases are one order of magnitude lower
than those of the nonidentical cases. Meanwhile, the differ-
ences in the dominant frequency f of the identical cases are
two orders of magnitude lower than those of the nonidentical
cases. As a result, the normalized cross-correlation coeffi-
cient®® between atomic vibrational displacements in the identi-
cal cases is close to 1 (i.e., with thermal resonance), whereas

View Article Online
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those in the nonidentical cases are close to 0 (i.e., without
thermal resonance). Consequently, the much larger g and G in
Fig. 3 are the result of thermal resonance between the identical
atomic surface terminations. Furthermore, the vibrational fre-
quency of C atomic termination is much larger than that of Si
atomic termination, resulting in the greater ¢ and G in the
identical case of C-C.

Phonon heat transfer across the SiC-SiC nanogap can be
analyzed further by means of the VDOSs of the atomic termi-
nated layers. In Fig. 5, the orange and green solid lines rep-
resent the VDOSs of the atomic terminated layers at the
heating and cooling walls, respectively. The phonons of the Si-
terminated layers are transmitted across the nanogap in the
low-frequency band of 4.0-5.5 THz, whereas those of the
C-terminated layers are transmitted in the high-frequency
band of 18-22 THz. In a previous study, the heat transfer
across the sub-nanometer vacuum gap between two planar Pt

Table 2 Vibrational characteristics of nonidentical and identical atomic surface terminations in the heating and cooling interfacial layers at Ty =

320K, Te = 280 K

Cooling interfacial layers

Cross-correlation coefficient between

Heating interfacial layers

Atomic surface terminations Am (pm) f(THz) Am (pm) f(THz) atomic vibrational displacements
C-Si 1.451 18.384 5.361 4.959 0.013
Si-C 6.323 4.969 1.230 18.239 0.015
Si-Si 6.652 4.855 6.342 4.839 0.971
C-C 1.530 18.959 1.382 18.889 0.999
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Fig. 5 VDOSs in the z direction at interfacial layers with atomic surface terminations: (a) C-Si; (b) Si—C; (c) Si-Si; (d) C—C. Spectral thermal conduc-
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walls was verified as being due to the acoustic phonon trans-
mission in the low-frequency band."” As is known, the fre-
quency of acoustic phonons ranges from zero to 10 THz,
whereas higher-frequency phonons are called optical
phonons.”” That is, in addition to acoustic phonons, even
optical phonons can contribute to heat transfer across the
SiC-SiC nanogap.’®®!

For the nonidentical cases of C-Si and Si-C, the VDOSs of
the atomic terminated layer in the heating wall are mis-
matched with those in the cooling wall, as shown in Fig. 5(a)
and (b). For the identical cases of Si-Si and C-C in Fig. 5(c)
and (d), the VDOSs of the atomic terminated layers in the
heating and cooling walls are perfectly overlapped. In other
words, thermal resonance exists between identical atomic ter-
minated layers but vanishes between nonidentical ones.

Fig. 5(e)-(h) quantifies the relationship between the atomic
surface termination and spectral thermal conductance calcu-
lated by a spectral heat current decomposition scheme.®*®
The spectral thermal conductance of the nonidentical cases is
much lower than that of the identical cases, owing to the
phonon mismatch between the heating and cooling interfacial
layers in the nonidentical cases (Fig. 5(a) and (b)). In the iden-
tical cases, the acoustic phonons are dominant for Si-Si (4-8
THz), while optical phonons are the main heat carriers for C-C
(18-22 THz). Moreover, Fig. 5(i)-(1) quantifies the effect of the
surface termination on the accumulative thermal conductance.
The accumulative thermal conductance in the identical cases
is 3.85-14.34 times larger than those in the nonidentical
cases, coinciding with Table 1 quantitatively. It is noted that
the considerable thermal energy transport in the identical case
of C-C is attributed to the enhanced thermal resonance
between the identical C-terminated layers (Fig. 4(d)) and the
higher vibrational frequency of optical phonons (18-22 THz,
Fig. 5(h)).

In conclusion, NEMD simulations were performed to
characterize the phonon heat transfer across an SiC-SiC
vacuum nanogap, with a special focus on four pairs of atomic
surface terminations at the interfacial layers. We found that
the temperature differences between the interfacial layers in
the cases of identical atomic surface terminations were
smaller than those in the nonidentical cases. The net heat flux
and thermal gap conductance across the nanogap in the cases
of identical atomic surface terminations were remarkably
larger than those in the nonidentical cases. Thermal reso-
nance existed between the identical atomic terminated layers
but vanished between the nonidentical ones. The optical
phonon transmission enhanced the thermal energy transport
across the SiC-SiC nanogap in the identical case of C-C with
thermal resonance between C-terminated layers. It is note-
worthy that the quantum effect on phonon heat transfer
across a nanogap is significant (see Fig. S6t), and further
quantum correction is necessary in future works. The present
findings provide a fundamental understanding of the thermal
energy transport across the SiC-SiC nanogap, with potential
benefits for the thermal management of nanoscale SiC power
devices.
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