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Recent studies suggest that the phonon-phonon couplings in the near-interface region may affect interfacial
thermal transport. In this paper, we revisit the interfacial thermal transport considering phonon-phonon cou-
plings across the interface and in the near-interface region. We find that phonon-phonon couplings in the near-
interface region show a dual influence on the interfacial thermal transport. On the one hand, the phonon-phonon
couplings in the near-interface region will benefit the interfacial thermal transport via phonon-phonon inter-
ference. On the other hand, the phonon-phonon couplings in the near-interface region hinder the interfacial
thermal transport through phonon-phonon scatterings. Mechanical-contacted and chemical-bonding Cu/Si in-
terfaces are chosen as examples to investigate interfacial thermal transport. For mechanical-contacted Cu/Si
interfaces, the interfacial thermal transport is dominant by the phonon-phonon couplings across the interface.
The influence of phonon-phonon couplings in the near-interface region on interfacial thermal transport could be
ignored. For chemical-bonding Cu/Si interfaces, phonon-phonon couplings in the near-interface region can
contribute as high as 10 % (7 % with quantum corrections) to interfacial thermal transport at low temperatures
(i.e., < 300 K). This is because the interference among these phonons in the near-interface region is stronger than
their corresponding scatterings. At high temperatures (i.e., > 300 K), the phonon-phonon scatterings in the near-
interface region become more important and surpass the corresponding interference. Consequently, the phonon-
phonon couplings in the near-interface region will hinder interfacial thermal transport. Our work here quantifies
the influence of phonon-phonon couplings in the near-interface region on interfacial thermal transport, which
advances the fundamental understanding of interfacial thermal conduction.

1. Introduction

contribution of low-frequency phonons for predicted ITC [4]. Further-
more, atomistic Green’s function (AGF) [5] was developed to solve the

Interfacial thermal transport is essential to the thermal management
in microelectronics, which has become one of the major bottlenecks to
the continued scaling of microelectronics for the next generation and
beyond as microelectronics become increasingly smaller with higher
power density. The prediction of interfacial thermal conductance (ITC)
requires an understanding of heat carriers’ properties and their scat-
tering mechanisms at the interface. In 1959, Little [1] proposed the
acoustic mismatch model (AMM) to access the interfacial thermal
transport, which assumed all phonons elastically transferred across the
interfaces. Swartz and Pohl [2] then proposed the diffuse mismatch
model (DMM) by considering the incident phonons were completely
scattered diffusively. Therefore, the DMM inherently excludes the wave
nature of phonons [3], which leads to an underestimation of the
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phonon transfer across the solid/solid interfaces based on the phonon
gas model (PGM) [6]. All these methods mentioned above consider the
interfacial thermal transport via phonon-phonon couplings across an
ideal interface with no thickness. The corresponding heat flux across this
ideal interface can be expressed as the phonon transmission function
[7]. It is assumed that the temperature difference between the left and
right contacts is infinitesimal, and the temperatures of both sides
approach to T [7]. Combining with the Landauer transport theory [3],
the interfacial thermal conductance can be evaluated by
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where f(w, T) is the equilibrium phonon distribution function following
the Bose-Einstein distribution, i.e., f(0,T) = [¢"/ksT —1] ! kg denotes
the Boltzmann constant, # is the reduced Planck constant, w is the
phonon frequency, I'(w, T) is the phonon transmission function, and A is
the cross-section area, and AT is the temperature difference between
two contact leads (i.e., the left and right lead).

Consequently, the estimation of interfacial thermal transport is then
simplified to solve the phonon transmission coefficient, as implemented
in AMM [1], DMM [2], and AGF calculations [5]. However, the
phonon-phonon couplings in the near-interface region are usually
ignored when using these methods, which may affect the phonon
occupation and the corresponding transmission coefficient. For instance,
Feng et al. [8] showed that the phonon distribution in the near-interface
region significantly deviated from that in their bulk counterpart and
provided a significant additional thermal interfacial resistance mecha-
nism besides phonon-interface reflection. Recent studies showed that
the localized phonon modes [9-11] could contribute to the ITC, mainly
via their correlation with other traveling phonons that extend in the
materials [12,13]. Zhou et al. [11] further demonstrated that these
near-interface phonon couplings between localized modes and traveling
modes significantly changed the transmission of traveling phonons and,
therefore, affected the ITC. While there were both experimental obser-
vations [9,10] and theoretical studies [11,12,14] showing the
phonon-phonon couplings in the near-interface affect interfacial ther-
mal transport, the underlying mechanisms for the influence of
near-interface phonons on interfacial thermal conduction remain
unclear.

In this work, we choose two typical types of interfaces, i.e., the
mechanical-contacted Cu/Si interface, which can be described by
Lennard-Jones (LJ) potential [15,16], and the chemical-bonding Cu/Si
interface, which is depicted by the many-body Tersoff potential [17,18],
to investigate the near-interface effect on interfacial thermal transport.
In this paper, we apply the phonon concept to describe the normal
modes in molecular dynamics (MD), which is widely acceptable [19].
Our results show that the interfacial thermal transport at both
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mechanical-contacted and chemical-bonding interfaces is affected by
the phonon-phonon couplings and phonon non-equilibrium distribution
in the near-interface region. The phonon-phonon couplings represent
the phonon-phonon interactions that include both phonon scatterings (i.
e., both elastic and inelastic) and phonon interference. On the one hand,
the phonons are treated as free "gas" particles when their lifetimes are
much longer than their corresponding oscillation periods, which is based
on the phonon-gas theory [20]. These phonon modes carried heat from
the left bulk side (e.g., 411(®) in Fig. 1a and A;1(w1) in Fig. 1b) are
scattered by the phonons in the near-interface region, and thus redis-
tribute the heat among these phonons (e.g., A12(@) in Fig. 1a, A12(w2) and
Ar3(ws3) in Fig. 1b). The phonon-phonon scatterings in the near-interface
region as stated here, represent these phenomena, which has been
demonstrated by other references [9,11,21]. As a result, the heat flux
across the interface is changed by the phonon-phonon scatterings in the
near-interface region. For example, the heat flux carried by phonon
mode ;;(w) is transferred to phonon mode Ag2(w) when the
near-interface effect is ignored (dashed line in Fig. 1a). However, the
heat flux carried by phonon mode 4;; (@) will be transferred to phonon
mode A2 (w) then phonon modelg; (w), and eventually to phonon mode
Ar2(®w) when the near-interface effect is considered (solid lines in
Fig. 1a).

On the other hand, the wave behavior of the phonon quasiparticles is
important when their lifetimes are comparable to their oscillation pe-
riods (i.e., low-frequency or equivalently long-wavelength phonons in
our study). It has been demonstrated that long-wavelength phonon
modes will interfere with the extended phonon modes and then benefit
the propagation of these extended phonon modes [22]. When a phonon
(i.e., wave) is incident on the near-interface region, multiple reflected
phonons are then created in the near-interface region (Fig. 1c). If these
waves are in the same phase, they interfere constructively with each
other and thus form a wave packet that will facilitate the interfacial
thermal transport (Fig. 1d). The phonon interference (also referred as
phonon coherence [22-24] will facilitate the thermal transport has been
observed in many experiments [25,26] and simulations [22,27].

By performing the spectral heat current decomposition in the frame
of non-equilibrium molecular dynamics (NEMD) simulations and
phonon correlation analysis, we systematically study the phonon-
phonon couplings across the interface and in the near-interface region.
We further investigate the influence of temperature on the interfacial
thermal transport, in which the phonon-phonon couplings in the near-
interface region are found to be strongly correlated to temperature.
The phonon-phonon couplings in the near-interface region can either

Fig. 1. Schematic for phonon-phonon couplings across the interface and in the near interface region. (a) The elastic phonon-phonon scatterings. (b) The inelastic
phonon-phonon scatterings. (c¢) The incident phonon modes and reflected phonon modes in the near interface region. (d) Interference between incident phonon

modes and reflected phonon modes in the near interface region.
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hinder or benefit the interfacial thermal transport depending on the
competition between the phonon-phonon scattering and the phonon-
phonon interference. The dual effect of the phonon-phonon couplings
in the near-interface region is stemming from the intrinsic wave and
quasiparticle-like behaviors of phonons, i.e., these low-frequency pho-
nons can benefit the interfacial thermal transport via phonon interfer-
ence while the high-frequency phonons hinder the thermal transport via
scatterings. For the mechanical-contacted Cu/Si interfaces, we find that
the effect of phonon-phonon couplings in the near-interface region can
be ignored for the interfacial thermal transport as the contribution from
phonon-phonon interference is offset by that from the phonon-phonon
scatterings. For the chemical-bonding Cu/Si interfaces, the phonon-
phonon couplings in the near interfacial region are found to benefit
the interfacial thermal transport at low temperatures (i.e., < 300 K)
when the low-frequency phonon-phonon interference is dominant.
When the phonon-phonon scatterings become more important at high
temperatures (i.e., > 300 K), the phonon-phonon couplings in the near-
interface region, therefore, hinder the interfacial thermal transport. Our
work here provides a fundamental physical understanding of interfacial
thermal transport, considering phonon-phonon couplings across the
interface and in the near-interface region.

2. Method
2.1. Spectral interfacial thermal conductance

The heat current can be calculated as the local energy flux, which is
determined by the change of the local Hamiltonian [28], i.e.,

Q=H 2

in which, the local Hamiltonian H = K + U, where K and U are kinetic
and potential energy. We can then write the heat current in the form of

Q=K+U 3)

The total potential energy of the system can be written as U =

%ZgUu where Uj; denotes the pair potential between atoms i and j.
i j#i

Therefore, the change rate of the potential energy in Eq. (3) can be
calculated as

-1 oU; dry 1 Uy _,
UZEZ;a?;' ar _Ezj;a?;'vij @

in which, 75 = 7; — 7' is the relative position and V'j = V; — ¥ is the
relative velocity between two atoms. At the same time, the change rate
of the kinetic energy in Eq. (3) can be written as

. dv';
K= ZmiVi~ Vi = 2?171 (5)
i i

dt

- . . .
where F; and V; are the atomic force and velocity of atom i, respec-

tively. In particular, the atomic force ?i => a;‘i , and Eq. (5) is further
AT
written as
> an‘ —
K= Y 6)
2257,

For the interfacial heat current, i.e., energy flux across the ideal
interface, we introduce the positive sign for the heat current Q,_x from
the left contact lead (i.e., denoted as L) to the right contact lead (i.e.,
denoted as R). Here, we first assume the interface as an ideal interface
with no thickness to separate the atoms into two contact sides. The heat
current can then be written in the form of the local energy flux of the left

and right contact leads (i.e., Q = H, + Hg) [29]. Following Egs. (4)-(6),
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the heat current that arises from the local energy flux of the left and right
interfacial sides should also include both the potential energy and ki-
netic energy terms, and therefore

Q=U, + Uy +K; + Kz %)
—_—— —
Qot Qkin

The heat current contributed from the local potential energy QP
[Eq. (4)] can then be written as

Q" = '+ =U+Ur

i j ij i A
Q;Lm (8)
1E& vy . 1 & Eoauy
EEP DV SEE DB
2 G 0T 25 70Ty
Ql;ot

and the heat current stemmed from the local kinetical energy Q™ [Eq.
(6)] has the form of

Qkin — lLdn + ;in — KL +KR

Qtin 9)

As we have defined above, the interfacial heat current across the
ideal interface from the left to the right side Q;_x is positive, and
therefore, the interfacial heat current contributed from the two sides of
the local energy flux has the form of [30]

1 ot ot 1 kin kin
QLﬁRZE(R_QIZ)J'_E(R_ L) (10)

By substituting Eqs. (8) and (9) into Eq. (10), the interfacial heat

current is further given by

1 & [ou;  ouy
Q-r = ZE E = *a_f '(vi
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or'ji

+
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The first term in Eq. (11) represents the phonon-phonon couplings
across the interface, which is usually regarded as the main interfacial
thermal transport channel [14,31,29,32,33]. The second and third terms
in Eq. (11) are the thermal energy exchange between atoms on the same
side, i.e., the phonon-phonon couplings within the same interfacial side,
and are thought of as the effect of the near-interface region. These
recently developed methods to quantify the spectral thermal transport in
the framework of molecular dynamics simulations, such as the spectral
heat current (SHC) method [33], interfacial conductance modal analysis
(ICMA) [12,34], frequency-dependent directly decomposed method
(FDDDM) [14,29,32] and time domain directly decomposed method
(TDDDM) [35], all only consider the phonon-phonon couplings across
the interfaces. Meanwhile, it has been demonstrated that the interfacial
phonon transmission will be affected by the phonon-phonon couplings
in the near-interface region [11], i.e., the near-interface effect as
denoted. These collisions between localized phonons at the
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near-interface region and extended modes can significantly affect the
interfacial phonon transmission. In addition, the phonon occupation and
the phonon density of the state in the near-interface region are also
changed compared to that of the bulk counterpart (Appendix B). It is
known that the phonons in molecular dynamics simulations are
distributed via equipartition [36]. Therefore, in bulk crystals, each
phonon mode has an average energy of ks T and a phonon number of kz T
/he [36]. However, at the near-interface region, the average energy of
each phonon mode is different, and therefore, the corresponding phonon
occupation number of each phonon mode is changed as well [8].
Therefore, the nonequilibrium distribution of phonons near the interface
should be considered when calculating the interfacial thermal transport
[37]. It is known that MD simulations inherently include the nature of
the nonequilibrium distribution of these phonons near the interface. Our
VDOS calculated using regions with various thicknesses near the inter-
face clearly shows that the phonons distribution near the interface is out
of the equilibrium distribution (Fig. B1). Meanwhile, the interfacial heat
current is calculated using the interatomic partial potentials and ve-
locities of atoms in the interfacial region (see Appendix B for the criteria
to determine the interfacial region for details). As a result, our calculated
interfacial transmission function in the framework of NEMD simulations
inherently includes the nature of the nonequilibrium distribution of
these phonons near the interface. However, the phonon distribution in
molecular dynamics simulations is an intrinsic property, it is challenging
to quantify the influence of the nonequilibrium distribution of phonons
near the interface on the interfacial thermal transport.

Based on Eq. (11), we note that the total interfacial heat current is
contributed by the phonon-phonon couplings across the interface (i.e.,
the first term in Eq. (11)) and the phonon-phonon couplings in the near-
interface region (i.e., the second and third terms in Eq. (11)). The
interfacial heat current contributed by the phonon-phonon couplings in
the near-interface region can be written as

- interface 1< Uy 1&
o = 23S (Vi) 4 )
i Jj

i T#1
R
aUj;
x Z 5 ?’ . (?j + 7j,> 12)
J# b

and the heat current resulting from the phonon-phonon couplings across
the interface has the form of

1 & [ ouy Uy
S R I
j l}

; (3rﬂ

QAcrossfinterfuce _
L—-R -

For the systems depicted by the two-body interactions, such as
Lennard-Jones potential, it is known that oU; /07y = — Uy /0T .

Therefore, the interfacial heat current stemming from the phonon-

phonon couplings in the near-interface region QY% ™/ becomes

zero. The interfacial heat current is identical to the Eq. (13), which can
be further written as

. L R aUtwo body
TOSS—int § E TS kTS
Q?i;ss interface _ 2 arl] (vi+ v}.) (14)

For the mechanical-contacted Cu/Si interfaces investigated here,

i 1 R 00 N N
et (o) §ZRe[ / <[F,-q§j<r>+F:~j<r>]
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while the interfacial interaction between Si and Cu is described by a two-
body potential, the Cu-Cu and Si-Si interactions for the two contacted bulk
leads are depicted by many-body potentials. Therefore, the interfacial
heat current stemming from the phonon-phonon couplings in the near-
interface region Q% ™™ js not zero since Uy /0Ty # — OUy/0T .
It is noted that Eq. (13) is the basis for computing the spectral heat current
in the recently developed SHC [33] or FDDDM [14,29,32] method.
However, when the systems are described by a many-body interaction
such as the Tersoff potential [17], the atomic pair potential Uy between
atoms i and 7 is affected by their environments, e.g., their neighbor atoms
[38]. Therefore, the inequality 0U; /97 i # —0Uy/dT » for many-body
potentials may result in a considerable contribution from the near inter-
face effects QY% ™ The heat current owing to phonon-phonon cou-
plings in the near-interface region [Eq. (12)] can be given as

i 13 13
Near—int N
Lf:l}; merface:—z E < i +FL%1) Vl-‘rz 5 ( j%R+FR~>}> Vi
Jj

(15)

in which, F. L Zﬁ‘ a”%‘ denotes the force exerted on the atom i by

atomic groups L; (i.e., the atoms on the left interfacial side but excluding

atom i), and F- Loi= ZU’ dlr]” is the force exerted on atomic groups L; by

i

atom i. These forces can be approximated via

L I,
- L anir L AUil’r
Fip=) =~ = (16)
7 or it 7 AT i’
AT =0
I, I,
— L Uy ~ AUy
Lmi = =~ a7
' i or 43 it AT il
AT =0

in which Uy denoted the atomic potential energy between the atomsi and ..

One can numerically calculate f)i—i = Zifd‘)%" using the finite displace-

ment method (FDM). Here, we apply a small displacement A 7 ; on the atom
7, and then we obtain the corresponding change of potential energy of

— — - —
s i i’ L; 2
groups, ie, AUS"" = UMV — U0 = YUAUs[,,. The AURT " is
i i i

calculated by subtracting the potential energy of groups L; before the

displacement to that after the displacement. The interatomic forces ?9—

can then be obtained using Eq. (16). The interatomic forces F-_. canbe

Li—i
calculated using the same way. In our calculations, we applied the FDM to
calculate all the interatomic forces arising from the many-body interactions.
Meanwhile, we also compare the FDM-based heat current with the heat
current calculated using the explicit interatomic forces across mechanical-
contacted Cu/Si interfaces and find they are the same (Appendix A).

We then apply the spectral heat current decomposition method
developed recently [14,29,32,33,39] to both Eqs. (13) and (15). The
spectral heat current resulting from the phonon-phonon couplings in the
near interface is
and the spectral heat current stemming from the phonon-phonon cou-
plings across the interface is

18
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QAcmss— interface
L—R

m\'—‘

1 o drﬁ ()r,-j

T

in which, 7 is the correlation time and () denotes time average in MD
simulations. By considering the phonon-phonon couplings in the
near-interface region and across the interface, the spectral interfacial
heat current in the NEMD simulations can then be calculated via

{gf?{l (w) _ taz;ss—interface (CU) + LNiaI;—intelface (w) (2 0)

By assuming the same interfacial temperature drop on all the pho-
nons, the spectral ITC can be evaluated via Fourier’s law [40]

G(w) = Q™) /AAT @D
where A is the cross-sectional area and AT denotes the temperature drop
at the ideal interface. The temperature drop used to calculate the ITC is
obtained at the ideal interface by linearly fitting the temperature profiles
of two contact leads. Therefore, the ITC spectrums resulting from the
phonon-phonon couplings across the ideal interface and in the near
interfacial region can be characterized as

Ghoross-interfuce (gy) Q/Liir;ssfinterfﬂm(w) / AAT (22)
and

Gear-nterace () QILVia};fimrface(w) / AAT (23)
respectively.

2.2. Spatial phonon interference characterization

To determine the influence of phonon-phonon couplings in the near-
interface region on interfacial thermal transport, we calculate the spatial
phonon-phonon interference in the near-interface region. As suggested
by Latour et al. [27], the spatial phonon-phonon interference corre-
sponds to the spatial correlations between the atomic displacement
fluctuations at equilibrium positions, i.e., the motions of two atoms are
correlated when they oscillate with a given phase relationship. We can
then calculate the mutual interference function [27] between two
transverse planes of coordinates z, and 2z, along the correlation direc-
tion ¢’ through

Ne  Ne

[ (Zm,%n,7) kBTNLZZZ\/W< ( “t>ﬁ<?’9y’tﬂ>>.
(- =l (ee)

in which, N, is the total number of cells in the system, N}, is the number
of atoms in the unit cell, N} is the number of cells along the direction ?”,
N, is the number of cells in the orthogonal plane to ?H, i.e., along the
directions of € 11 and € |2, m! is the mass of atom y in the cell i, kg is the
Boltzmann constant, 5[x| is the Dirac function, and T is the temperature.
The atomic positions are decomposed as 7" = T; + 77 in which ' is
the equilibrium position of the cell i and 77 is the position of the atom y
within the cell. By applying the Fourier transform on Eq. (24), we can
calculate the two-point cross-spectral density function W(zp, 2n, ®),
which contains the space-dependent correlation along the direction ?H'
The degree of interference y(2zm,2n, w) can be then calculated from the
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32 ke[ +°°< 1 (2) — 290 (g -[7i<o>+7j<o>}eiwfdr> 9)
 Re) |

two-point cross-correlation function

W(2m, 2q, @)
(W (2, 2, )] V2 [W(Z, 20, )]/

”(Zmazm (1)) = (25)

where W(zp, 2m, ®) corresponds to the local vibrational density of states
(VDOS) of atoms at the position of z,. By summing all the possible pairs
of planes (zm,2n), the spatial cross-correlation function is given by [27]

Nk
(kAZ w NH 1 Zﬂ Zi, Zitk-1, D (26)

where Az denotes the spatial resolution of the correlation, and
k € {0..Nj — 1}. Using Eq. (26), we can then characterize the degree of
phonon-phonon interference in the near-interface region.

2.3. Simulation setup

Two typical systems, i.e., mechanical-contacted and chemical-
bonding Cu/Si interfaces, are chosen to investigate the influence of
phonon-phonon couplings in the near-interface region on the interfacial
thermal transport using non-equilibrium molecular dynamics (NEMD)
simulations. The interactions for Cu-Cu and Si-Si are depicted by many-
body potentials [17,41]. The interactions between Cu and Si are
described by either a two-body potential or a many-body potential,
which represents two typical types (i.e., mechanical contact and
chemical bond) of interfaces in realisticc. We demonstrate that the
near-interface effect generally exists in all interfaces. Therefore, we
choose Cu/Si interfaces as our research objects here. All the MD simu-
lations were performed using the LAMMPS package [42]. The inter-
atomic interactions among mechanical-contacted Cu and Si atoms are
modeled by the Lennard-Jones (LJ) potential [15,16], i.e.,

U(r) = 45[(0/r)12 —(0/r)®| with the parameter £ = 0.030999¢V and 6 =

3.0A. Here, r denotes the atomic distance, and the cut-off distance for
the LJ potential is 2.5¢. It is known that the LJ potential is widely used
for describing the van der Waals interaction between atoms [15], which
therefore can mimic the mechanical contact interfaces in experiments
[16]. The chemical-bonded interfaces such as Si/SiC [43] and GaN/SiC
[44] interfaces in experiments can be depicted by many-body potentials
(i.e., the Tersoff potential here) [17,45]. As we mentioned above, we
apply the LJ potential and Tersoff potential to mimic the interactions of
two typical types of interfaces, i.e., mechanical-contacted and
chemical-bonded interfaces, respectively. The interatomic interaction
for chemical-bonding Cu-Si is depicted by the Tersoff potential [18]. The
embedded atomic method (EAM) potential [41] and the Tersoff poten-
tial [17] are applied to describe Cu-Cu interactions and Si-Si in-
teractions, respectively. It is known that heterointerfaces can be formed
via physical bonding such as van der Waals stacking [46,47], in which
the interfacial bonds are weak and can be described by two-body po-
tentials. Meanwhile, it is also popular to apply chemical methods such as
molecular beam epitaxy growth to fabricate heterointerfaces [48] of
which the interfacial bonds are strong and depicted by many-body
potentials.

The simulation timestep is 0.5 fs for our simulations. The lattice
constants are 5.4305A for Si and 3.6150A for Cu, respectively. The Si
and Cu sides are connected at the [111] lattice orientation. The lengths
of the Si and Cu sides are 44 nm (L' = 44nm) and 54 nm (L$* = 54nm),
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Fig. 2. (a) The NEMD simulation model of Cu/Si systems. The Si lead with a length of 44 nm (Lff = 44nm) is contacted with the Cu lead (Lf” = 54nm), and the cross-
section is 5.34 x 5.39 nm?>. (b) The control volume or the interfacial region included the near-interface region and the nonlinear discontinuity of the temperature
profile at the near-interface region. (c) A typical temperature profile for a Cu/Si interface at 300 K. The nonlinear discontinuity of the temperature profile extends

~20 A from the ideal interface.

with the system cross-section of 5.34 x 5.39 nm?. Periodic boundary
conditions are applied to the lateral directions in all our MD simulations.

Before NEMD simulations, the systems are first relaxed in an NPT
(particle, pressure, and temperature) ensemble for 2 ns to eliminate the
residual stress caused by the lattice mismatch and temperature and then
changed to an NVT (particle, volume, and temperature) ensemble for
another 2 ns. Two ends of the systems are fixed during the NEMD sim-
ulations, as shown in Fig. 2a. Five layers of atoms closing to the fixed
regions with a thickness of 1.0 nm are coupled with Langevin thermo-
stats and selected as the heat source and sink, respectively. We then run
NEMD simulations for 8 ns to obtain the stable heat current and tem-
perature distribution. Another 1 ns NEMD simulation is used to extract
the atomic potential partial function oUj;/ a?ij and atomic velocity v,
which are the original inputs for our spectral heat current analysis. For
the mechanical-contacted Cu/Si interface described using LJ potential,
the atomic potential partial function in across-interface effects [Eq.

(19)] can be simplified to the interatomic forces, i.e., ?u = Uy / d?ij,
which are directly calculated based on the atomic positions. However,
for the near-interface effects and the across-interface of chemical-
bonding Cu/Si systems, the atomic potential partial function (e.g.,
[Eq. (12)]) is determined by their neighbor atoms because of the many-
body interactions used in our simulations, and we compute them
numerically. Here, we apply a two-step MD simulation to obtain the
atomic potential partial function involving the many-body interactions.
We first output the time-dependent atomic configurations together with
the atomic velocity of the interfacial region during the NEMD simula-
tions. The dumped atomic configurations are then used as data files for
the next sets of static calculations to compute the interfacial atomic
forces. Here, we calculate the partial potential functions based on the
FDM [Eq. (15)], which inherently considers all many-body interactions
(See details and validations in Appendix A).

Meanwhile, the atomic potential partial function and atomic velocity

of the interfacial region with a size of ~2.2 nm for Cu/Si are collected
every ten timesteps. While previous studies [32,35] showed that the
interfacial region used here may be large enough to obtain a converged
interfacial heat current spectrum, they only considered the
phonon-phonon couplings across the interface in their results. As
phonon-phonon couplings across the interface and in the near interfacial
region [Eq. (11)] are included in our calculations, we recheck the size
effect of the interfacial region on our calculated results. The interfacial
region is defined as where we calculate the interfacial heat current using
Egs. (11)-(13), (18)-(19), which can be understood as the near-interface
region where phonon-phonon couplings are significantly different from
that inside its bulk counterparts. Therefore, the interfacial region should
be large enough to include the near-interface effect [32]. Here, we
determine the size of the interfacial region based on the spectral heat
current (Appendix B) and VDOS (Appendix B). Our results show that the
interfacial region in our simulations is large enough to include the
near-interface effect (Appendix B). We also emphasize that the interfa-
cial region fully covers the nonlinear temperature distribution region
(the nonlinear temperature distribution region is ~20 A for Cu/Si
interface, Figs. 2b and 2c) of the systems. It is noted that the nonlinear
discontinuity in the temperature profile is not caused by the atomistic
disorder near the interface [49] since the atoms in the near interfacial
region vibrate at the lattice sites. The nonlinear effect in temperature
distribution should result from the interface region’s inherent nature, i.
e., the phonons near the interface should be highly non-equilibrium due
to the reflection and transmission occurring at the interface [50].
Correspondingly, phonon-phonon couplings at the near interfacial re-
gion could largely deviate from that in bulk, which may essentially affect
the interfacial thermal transport [50]. As discussed above, the
phonon-phonon couplings (Fig. 2b) at the near-interface region can be
quantified using the second and third terms in Eq. (11).
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Fig. 3. (a) The spectral interfacial thermal conductance and (b) the corresponding accumulative thermal conductance of mechanical-contacted Cu/Si interfaces at
temperatures ranging from T = 2 K to T = 1000 K. The spectral thermal conductance resulted from the phonon-phonon couplings across the interface and in the near-

interface region are calculated using Eq. (22) and (23), respectively.
3. Result and discussion
3.1. Mechanical-contacted Cu/Si interfaces

We first investigate thermal transport across the mechanical-
contacted Cu/Si interfaces at various temperatures (i.e., from 2 K to
1000 K), considering phonon-phonon couplings across the interface and
in the near-interface region. It is noted that the electron-phonon cou-
plings are ignored here as phonons are the dominant heat carriers for
thermal transport across Cu/Si interfaces [51]. At the same time, while
the interfacial interaction for mechanical contact interfaces is depicted
using a two-body potential, the two contacted leads are described by
many-body potentials. The near-interface effect will then affect the
interfacial thermal transport as we discussed above.

We find that the ITC is mainly contributed by phonon-phonon cou-
plings across the interfaces at temperatures ranging from 2 K to 1000 K
(Figs. 3a and 3b). This is because the nonlinear effect in the near-
interface region is weak for the mechanical-contacted Cu/Si interfaces.
However, it should be noted that the near-interface effect on the inter-
facial thermal transport is small while indeed exists in the mechanical-
contacted Cu/Si systems (Fig. 3b). More interesting, the phonon-
phonon couplings in the near-interface region are found to contribute
to the interfacial thermal transport from two aspects: 1) these low-
frequency phonons (e.g., < ~2 THz as shown in Fig. 3a) will benefit
the interfacial thermal transport and 2) the high-frequency phonons (e.
g., > 2 THz as shown in Fig. 3a) will suppress the interfacial thermal
transport. As shown in Eq. (11), phonon-phonon couplings occur in the
near-interface region and do not transport thermal energy from one side
to another. Then, a question can be easily raised: how do the phonon-
phonon couplings in the near-interface region contribute to interfacial
thermal transport?

On the one hand, the thermal energy exchange across the interface
between two contacted leads includes both elastic and inelastic phonon-
phonon couplings across the interfaces [14,16,32,33,37]. More inelastic
phonon-phonon couplings across the interfaces are activated and,
therefore, benefit the interfacial thermal transport, which leads to the
increase of the ITC with temperatures even when all the phonons are
occupied (Figs. 3a and 3b). On the other hand, a phonon is the quantum
description of an elementary vibration in which a lattice of atoms uni-
formly oscillates at a single frequency [49,52] and, therefore, should be
an intrinsic wave. Meanwhile, it is popular to treat phonons as quasi-
particles and investigate the corresponding thermal transport properties
based on the "phonon-gas" model [53,54]. Here, we explain and discuss
the phonon scattering picture by regarding phonons as quasiparticles. As
the phonons are intrinsic waves, they possess wave behaviors (e.g.,

interference) [25,55]. In classical MD simulations, the scatterings and
the interference among phonons are inherently included [22,23], and
the interference among phonons can even be directly observed in the
MD simulations [56]. At the same time, it has been demonstrated that
the extended phonon modes are strongly affected by the localized
phonons in the near-interface region [11,37], and the phonon-phonon
couplings between them are found to affect the total interfacial
phonon transmission [9,12]. These high-frequency or equivalently
short-wavelength phonons in the near-interface region can be
well-treated as quasiparticles and collide with these extended phonon
modes. Therefore, the heat current spectrum of these extended phonon
modes decreases when the scatterings between these extended phonon
modes and these high-frequency localized phonons are considered.
Meanwhile, the wave behavior of these low-frequency or equivalently
long-wavelength phonons (e.g., phonon-phonon interference) is found
to be important in many systems [22,23,57]. Therefore, these
low-frequency or equivalently long-wavelength phonons in the
near-interface region can interfere with these extended phonon modes.
The interference between these low-frequency phonon modes and the
extended phonon modes will benefit the propagation of the extended
phonon modes [22]. As a result, the spectrum of the heat current of these

Fig. 4. The spatial cross-correlation functions [Eq. (26)] at the near-interface
regions of mechanical-contacted Cu/Si interfaces for vibrations transverse be-
tween Cu and Si leads. All the results are calculated at T = 2 K.
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extended phonon modes increases when the interference between these
extended phonon modes and these low-frequency localized phonons is
considered.

We further calculate the spatial cross-correlation function [Eq. (26)]
of the interfacial region, which has successfully been used to charac-
terize phonon-phonon interference [27,58]. The larger spatial
cross-correlation value indicates stronger phonon-phonon interference,
as demonstrated by Latour et al. [27]. Here, we first map the interfacial
atoms of the Cu/Si system within a superlattice structure in which three
Cu unit cells are coupled with two Si unit cells in the orthogonal di-

2
rections (Fig. 4). The atomic pairs (i,j) satisfied <rffrj") +

2 .
(rf' -1 ) §0.0001A2 are selected to calculate the spatial

cross-correlation function [Eq. (26)]. Our results show that the inter-
ference among these low-frequency phonons (i.e., < 2 THz) at the
interface region is strong (Fig. 4) and therefore benefits the interfacial
thermal transport (Fig. 3a). The interference among these
high-frequency phonons (i.e., > 5 THz) can be ignored (Fig. 4), and the
high-frequency phonons behave like scatters and will suppress the
interfacial thermal transport (Fig. 3a). This is because low-frequency
phonons have long wavelengths, and therefore their wave nature
should be considered when calculating thermal transport properties.
However, the wavelengths of high-frequency phonons are short and can
be regarded as quasiparticles. It is also noted that phonon-phonon
interference (phonon-phonon scatterings) becomes stronger when the
temperature increases (see Appendix D), which stems from the larger
overlap of phonon linewidth (increasing anharmonicity) [59].

We emphasize that it is quite challenging to directly capture the
phonon-phonon scattering or interference process in MD simulations.
Our work here focuses on quantifying the near-interface effects on
interfacial thermal transport. It has been demonstrated that inelastic
phonon-phonon scatterings in the near-interfacial region can hinder
interfacial thermal transport [50]. Therefore, the interfacial spectral
heat current should decrease when inelastic phonon-phonon scatterings
in the near-interfacial region are included. However, our work here
shows that the phonon-phonon interference in the near-interfacial re-
gion can facilitate interfacial thermal transport. At an extremely low
temperature of 2 K, inelastic phonon-phonon scatterings can be ignored.
Our results show that the heat current spectrum resulting from the
near-interfacial effect is positive (i.e., benefiting the interfacial thermal
transport), which directly demonstrates that the near-interfacial effect
can benefit the interfacial thermal transport. We further calculate the
spatial correlation function of phonons which can be used to
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phenomenologically demonstrate the interference between phonons
caused by their wave nature [27] (Appendix D). Our results show that
the spatial cross-correlation function of these low- and middle-frequency
phonons is large, which implies there exists interference or coherence
among these phonons. It is believed that the facilitation of interfacial
thermal transport from the near-interfacial effect is caused by the
interference or coherence among these phonons.

3.2. Chemical-bonding Cu/Si interfaces

We then studied the influence of phonon-phonon couplings in the
near-interface region on thermal transport across the chemical-bonding
Cu/Si interface. As we did for the mechanical-contacted Cu/Si interfaces
above, we quantify the phonon-phonon couplings across the chemical-
bonding Cu/Si interface [Eq. (19)] and in the near-interface region
[Eq. (18)]. It is known that the phonon-phonon couplings across the
interface contribute to interfacial thermal transport via harmonic pro-
cesses at extremely low temperatures [14,16,29]. Here, the Debye
temperatures for Cu and Si are 343 K [60] and 645 K [60], respectively.
Our results show that only these phonons with frequencies smaller than
8.0 THz (i.e., the cut-off frequency for Cu) contribute to the interfacial
thermal transport via harmonic processes (Fig. 5a) at 2 K. At this tem-
perature, the phonon-phonon couplings in the near-interface region
contribute to the interfacial thermal transport through interference. The
quasiparticle-like behavior of phonons (i.e., phonon-phonon scatterings
in the near-interface region) can almost be ignored at the temperature of
2 K. When the temperature increases to 100 K, phonon-phonon scat-
terings in the near-interface region become stronger and will hinder the
interfacial thermal transport (Fig. 5b). As we discussed above, both
interference and scatterings among phonons will become stronger when
the temperature increases. When the system temperature is higher than
300 K (Figs. 6a and 6b), the scatterings overwhelm the interference
among these phonons with frequencies higher than 5 THz. As a result,
the scatterings among these phonons (i.e., > 5 THz) in the near-interface
region will hinder the interfacial thermal transport. For these phonons
with frequencies lower than 5 THz, we find that the interference over-
whelms the scattering among these phonons. Consequently, the cou-
plings among these phonons in the near-interface region benefit the
interfacial thermal transport through interference.

We also calculate the spatial cross-correlation function for the Cu/Si
systems using Eqs. (24)-(26). Our results show that the spatial cross-
correlation function of the phonons with frequencies smaller than 2.5
THz in the Cu/Si interfacial region is strong (Fig. 7), which indicates a

Fig. 5. The spectral interfacial heat fluxes across chemical-bonding Cu/Si interfaces at (a) T = 2 K and (b) T = 100 K. The spectral heat fluxes resulted from the
phonon-phonon couplings across the interface and in the near-interface region are calculated using Eqs. (18) and (19). The insets are the corrected spectral interfacial
thermal conductance calculated based on Landauer theory [62], in which we integrate the Bose-Einstein distribution with the phonon transmission function

calculated from NEMD simulations, i.e., Goc = ﬁ f0°° h(u%l‘(a}7 T)dw.
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Fig. 6. The spectral interfacial heat fluxes across chemical-bonding Cu/Si interfaces at (a) T = 300 K and (b) T = 400 K. The calculation detail is the same to that

in Fig. 5.

Fig. 7. The spatial cross-correlation functions at the near-interface regions for
vibrations transverse between Cu and Si leads of chemical-bonding Cu/Si
interface. All the results here are calculated at T = 2 K.

strong interference among these phonons. For instance, the phonon
cross-correlation function for a traveling distance of 1.6 nm, which is
comparable to the length of the interfacial region, is still considerable for
the chemical-bonding Cu/Si interface. Therefore, the strong phonon
cross-correlation between Cu and Si largely benefits the interfacial
thermal transport, as we have observed in Fig. 5a.

It should be noted that all the phonons are fully occupied in molec-
ular dynamics simulations, which is only valid when the temperature is
well above the Debye temperature [61]. The quantum correction should
be applied to our calculated interfacial thermal transport properties to
mitigate this. In NEMD simulations, the phonon transmission coefficient
can be calculated via I'(w, T) = Q(w, T) /kg AT (Appendix C) [62]. The
interfacial thermal conductance can then be corrected quantumly via
Gac = 345 J5° ho P %D (0, T)dw [62], in which f(w, T) is the phonon
distribution function following the Bose-Einstein distribution. Our re-
sults show that the spectral ITC is largely changed at low temperatures
(i.e., 2 K and 100 K as shown in Fig. 5) since only these low-frequency
phonons are occupied at low temperatures. However, the
phonon-phonon couplings in the near-interface region will affect the
interfacial thermal transport via interference at low temperatures
(Fig. 5). Furthermore, the high-frequency phonons are occupied when

the temperature increases to 300 K, and their scatterings are included in
the near-interface effects (Fig. 6). Therefore, our conclusions (i.e.,
phonon-phonon couplings in the near-interface affect the interfacial
thermal transport via interference and scatterings) will not be changed
by the quantum correction (Figs. 5 and 6).

3.3. Competition between phonon-phonon interference and phonon-
phonon scattering

As discussed above, phonon-phonon couplings in the near-interface
region have dual effects on interfacial thermal transport owing to the
intrinsic wave and quasiparticle-like behaviors of phonons. We find that
the phonon-phonon couplings among these low-frequency phonons in
the near-interface region can benefit the interfacial thermal transport
via interference, and the phonon-phonon couplings among the high-
frequency phonons in the near-interface region hinder the interfacial
thermal transport through scatterings. As a result, the influence of the
phonon-phonon couplings in the near-interface region on the interfacial
thermal transport is resulting from the competition between these two
effects.

For the mechanical-contacted Cu/Si interfaces, without considering
the quantum effect in our results, we find that the influence of phonon-
phonon couplings in the near-interface region on the interfacial thermal
transport could be negligible (Figs. 3a and 3b). The ITC only needs to
consider the phonon-phonon couplings across the interface. This is
because the positive effect on interfacial thermal transport via the
interference among the phonons in the near-interface region is largely
offset by the negative effect through scatterings among these phonons.

We next investigate the influence of phonon-phonon couplings in the
near-interface region on the thermal transport of chemical-bonding Cu/
Si interfaces. Unlike the mechanical-contacted interfaces, phonon-
phonon couplings across and in the near-interface region of chemical-
bonding Cu/Si interfaces are found to contribute non-negligible to
interfacial thermal transfer when all the phonons are fully occupied,
which is inherently assumed in MD simulations. For instance, at a low
temperature of 2 K, the phonon-phonon couplings across the interface
contribute around 90 % to the ITC, while the remaining 10 % of the ITC
results from the phonon-phonon couplings in the near-interface region
through interference (Figs. 8a and 8b). As mentioned above, the
phonon-phonon couplings in the near-interface region affect the inter-
facial thermal transport through phonon-phonon interference or
phonon-phonon scattering. Therefore, the phonon-phonon couplings in
the near-interface region have a positive effect on the interfacial thermal
transport when the phonon-phonon interference overcomes the phonon-
phonon scattering (e.g., < 300 K for the chemical-bonding Cu/Si in-
terfaces). If phonon-phonon scatterings in the near-interface region are
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Fig. 8. (a) The interfacial thermal conductance of Cu/Si interfaces resulted from phonon-phonon couplings across the interface and in the near-interface region
calculated using Eqs. (21)-(23) (dashed lines represent classical results, and solid lines are the corrected results). (b) The contributions resulted from phonon-phonon
couplings across the interface and in the near-interface region to the total interfacial thermal conductance. The interfacial thermal conductance drop at 430 K is
caused by the mixing of interfacial atomic layers between Si and Cu. We also apply quantum corrections to all the results (labeled by QCs, solid lines) based on the
Landauer transport theory [62], and the calculation details can be found in Section 3.2.

dominant, phonon-phonon couplings in the near-interface region will
have a negative influence on the interfacial thermal transport (e.g., >
300 K for the Cu/Si interfaces). It should be noted that at high tem-
peratures above 300 K, the interference among these low-frequency
phonons in the near-interface region also exists, but their contribution
to the interfacial thermal transport is offset and even overwhelmed by
the scatterings among the high-frequency phonons. The sudden drop of
interfacial thermal conductance of Cu/Si interfaces at ~450 K is caused
by the phase change of atoms in the interfacial region, which stems from
the mixture of atomic layers due to the increasing temperature (Fig. 8a).

Next, we also perform the quantum corrections to the ITC of Cu/Si
interfaces. While the quantum correction changes the ITC (Fig. 8a), the
phonon-phonon couplings in the near-interface region still affect the
interfacial thermal transport via the competition between phonon
interference and phonon scatterings (Fig. 8b). At low temperatures (e.g.,
T < 200 K), the low-frequency phonons (< 5 THz) are mostly activated
and will benefit the interfacial thermal transport through the interfer-
ence among these phonons in the near-interface region. However, the
phonons with frequencies higher than 5 THz do not occupy and there-
fore affect the interfacial thermal transport a little. Therefore, the
phonon-phonon couplings will mainly benefit the interfacial thermal
transport across Cu/Si interfaces through interference at low tempera-
tures (e.g., the phonon-phonon couplings in the near-interface region
can contribute ~10 % to ITC at 2 K as shown in Fig. 8b). When the
temperature is higher than 300 K, high-frequency phonons are gradually
occupied, the phonon-phonon couplings will hinder the interfacial
thermal transport through scatterings. We further show that our results
considering quantum corrections will converge to the results of classical
MD (Fig. 8a) when the temperature is higher than 400 K when all the
phonons with frequencies smaller than 8 THz (i.e., the cut-off frequency
of Cu) are fully occupied.

4. Consistent with the second law of thermodynamics

We would like to emphasize that the heat current [Eq. (11)] and the
heat current spectrum [Eq. (20)], which considers both phonon-phonon
couplings across the interface and in the near-interface region are pos-
itive based on the second law of thermodynamics. It is known that the
heat current of a specific vibrational mode across the interface will
decrease when this vibrational mode is scattered by other vibrations in
the near interfacial region [63]. As we discussed before, the heat current
spectrum only considering phonon-phonon couplings in the
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near-interface region (i.e., second and third terms in Eq. (11)) will affect
the interfacial thermal transport from two aspects: benefit the interfacial
thermal transport via phonon interference caused by the wave nature of
phonons (i.e., increase the heat current of these involved vibrational
modes) and hinder the interfacial thermal energy transfer through
scatterings stemmed from the quasiparticle-like behavior of phonons (i.
e., decrease the heat current of these involved vibrational modes). At
extremely low temperatures, e.g., 2 K for the Cu/Si systems, the scat-
terings among phonons can be ignored, and therefore, the heat current
spectrum only considering phonon-phonon couplings in the
near-interface region should be larger than zero, as demonstrated in our
calculations (Figs. 3 and 5). When the temperature increases, the scat-
terings among phonons are activated, which then hinders the interfacial
thermal energy transfer of these vibrational modes. Consequently, the
heat current at high temperatures, only considering phonon-phonon
couplings in the near interfacial region, is decreasing compared to 2
K. The heat current resulting from the phonon-phonon couplings in the
near-interface region can be even smaller than zero when
phonon-phonon scatterings play a more important role than the
phonon-phonon interference in the near-interface region (Figs. 3 and 8).

5. Conclusion

In conclusion, we have revisited the interfacial thermal transport by
considering phonon-phonon coupling across the interface and in the
near-interface region. By calculating the spectral interfacial heat current
in the framework of NEMD simulations, we demonstrate that the
phonon-phonon couplings in the near-interface region have a dual in-
fluence on the interfacial thermal transport which is resulting from the
intrinsic wave and quasiparticle-like behaviors of phonons. On the one
hand, the interference among these low-frequency phonons in the near-
interface region can benefit interfacial thermal transport. On the other
hand, phonon-phonon couplings between these high-frequency phonons
in the near-interface region will hinder interfacial thermal transport via
scatterings. Two typical systems (i.e., mechanical-contacted and
chemical-bonding Cu/Si interfaces) are then chosen as examples to
investigate the interfacial thermal transport considering phonon-
phonon couplings across the interface and in the near-interface region.
For mechanical-contacted Cu/Si interfaces, the contribution from the
phonon-phonon couplings in the near-interface via interference is
mainly offset by that through scatterings. Therefore, the interfacial
thermal transport is dominant by the phonon-phonon couplings across
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the interface. For chemical-bonding Cu/Si interfaces, we find the interests or personal relationships that could have appeared to influence
phonon-phonon couplings in the near-interface region contribute as the work reported in this paper.

high as 10 % (7 % considering quantum corrections) to the interfacial

thermal transport at low temperatures (i.e., < 300 K), which is resulting Data availability

from the stronger interference compared to scatterings among these

phonons in the near-interface region. At high temperatures (i.e., > 300 Data will be made available on request.

K), phonon-phonon scattering plays a more important role than the
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Appendix A. The calculation details of the heat current

As we discussed in Section 2.1, the heat current considering the phonon-phonon couplings across the interface and in the near-interface region is
based on whether the atomic pair potential interaction Uy involves atoms from both contact leads (i.e., thermal energy exchange across the interface)
or only one lead (i.e., thermal energy exchange in the near-interface region).

For the systems in which all atoms are described using two-body potentials, as discussed in Section 2.1, the heat current resulting from the phonon-
phonon couplings in the near-interface region is zero, and the near-interface effect on interfacial thermal transport can be ignored. For the Cu/Si with a
mechanical-contacted interface (i.e., the interfacial interactions are described by two-body potentials while the Cu and Si atoms are depicted by many-
body potentials), the partial function of the atomic potential involving atoms from both contacted sides can be directly written in the form of atomic

oU; 1 9U;

. = . . . . ..
force, i.e., T = 1F . Therefore, the heat current considering phonon-phonon couplings across the mechanical-contacted Cu/Si interface
rj Ty

depicted by the Lennard-Jones potential can be explicitly calculated using Eq. (14). However, the heat current considering the phonon-phonon
couplings in the near-interface region needs to be calculated using Eq. (15) since the Si-Si and Cu-Cu interactions are both depicted by many-body
potentials in which the partial potential functions (i.e., % and 6'3_>U”’ ) are affected by all their neighbors [17,38].

it i’

Here, we calculate the partial potential functions involving the many-body interactions using FDM [Eqgs. (16) and (17)] (Arg} = Arl?]'. = Arf.j =

0.01A), which inherently considers all many-body interactions. It is shown that the heat flux spectrum considering phonon-phonon couplings across

the mechanical-contacted Cu/Si interface at 2 K calculated using FDM is identical to that calculated using the explicit interatomic force d‘)_U; =1 %
r, r'

= %?y (Fig. Ala). We also note that the heat flux spectrum considering phonon-phonon couplings in the near-interface region is not zero since dUy
/ 0T # —0Uy; / 07 s (Fig. 3b). However, the heat flux considering phonon-phonon couplings in the near-interface region is quite small and can be
ignored compared to that considering phonon-phonon couplings across the interface.

For the systems in which all atoms are depicted by many-body interactions, the heat current resulting from the phonon-phonon couplings in the
near-interface region contributes non-negligible to the interfacial thermal transport (Fig. A1b), which is stemming from the largely asymmetric atomic
(Fig. A2). Asa
result, the interfacial heat current for the systems described using many-body potentials should consider the phonon-phonon couplings across the
interfaces and in the near-interface region. Furthermore, the integral of the total heat flux spectrum calculated based on FDM is equal to the heat flux in

. . . . . - : K4
environments in the near-interface region as we discussed above. Our calculated results clearly show that F, ; is unequal to Fy_;

NEMD simulations, i.e., Jygup = & <%> (Fig. Alc).

It is noted that the spectral heat flux as shown in Fig. 6 is frequency dependent [32]. Therefore, the heat flux at a specific frequency stems from
several vibrational modes with this specific frequency while various wavevectors. The peaks in Fig. 6 are related to the population, group velocities,
and scatterings of vibrational modes with the same frequency. The trend of these peaks in Fig. 6 may be because of the number of transmitted
vibrational modes at these frequencies. At the same time, we note that the peak value in the heat current spectrum does not necessarily follow a
monotonical trend with the temperature (Figs. 5 and 6). This is because the peak value of the heat flux spectrum (Figs. 5 and 6) depends on the system
heat current and the interfacial temperature drop, i.e., Q(w, T) = G(w, T)AT. On one hand, the system heat current Q is obtained by applying the
temperature difference between the thermostats (Tiermosars = T £ 0.4T) in NEMD simulations. On the other hand, the temperature drops AT at in-
terfaces are also temperature-dependent since the interfacial thermal conductance G at various temperatures is different. Instead, we show that the
interfacial thermal conductance and the corresponding quantum-corrected values follow the monotonical trend with temperature, as shown in Fig. 8.
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Fig. Al. (a) The spectral heat flux of mechanical-contacted Cu/Si interfaces at T = 2 K. (b) The spectral heat flux resulting from the phonon-phonon couplings across
the interface calculated using the explicit forces [Eq. (14)] and finite displacement method withArl?; = Arl?]'. = Arg = 0.015, respectively. (c) The accumulative heat

flux of (a) which is identical to the results calculated using the NEMD method, i.e., Jyemp = % %’f> The red lines in (a) and (b) are guidance for eyes. (For

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. A2. Near-interfacial forces of the left or right interfacial region, the x-axis denotes the force exerted on the left (or right) interfacial atoms i by the left (or right)

region, i.e., ?iﬁf; in Eq. (15), and the y-axis denotes the force exerted on the left (or right) region by the left (or right) interfacial atoms i, i.e., ?L__”. in Eq. (16). The

i—L;

2
standard deviation ¢ is given by ¢ = /%> <f -1 f) , in which f = F* _ + F and « is denoted as the x, y, and z component.

Appendix B. The effects of the interfacial region

Here, we demonstrate that the interfacial region to calculate the thermal transport properties across the Cu/Si interfaces is large enough. Since the
chemical-bonding Cu/Si interfaces have more obvious near-interface effects on the interfacial thermal transport, we consider the same interfacial
region size for both mechanical-contacted and chemical-bonding Cu/Si interfaces in our simulations. The interfacial region applied to compute the
spectral thermal transport properties should fully consider the near-interface effects, e.g., all the atoms contributing to the nonlinear temperature
profile should be included, as discussed in Section 2.1. At the same time, Gordiz and Henry [12,34] have demonstrated that the vibrational properties
in the near-interface region are different from that of its bulk counterpart. Our results here also show that the atomic vibrational density of state
(VDOS) in the near-interface region is different from that of their bulk counterparts (Fig. B1). For instance, the high-frequency phonons (~7.5 THz for
the Cu and ~15 THz for the Si) at the contact atomic layers (labeled by 0.3 nm and 0.7 nm in Fig. B1) are largely reduced compared to that of their bulk
counterparts (Figs. Bla and B1b). Furthermore, Feng et al. [37] indicate that these interfacial modes should be included when choosing the interface
region for the spectral interfacial thermal transport analysis. Based on the discussions above, the length of the interfacial region for the Cu/Si interface
should be at least 2.2 nm (Fig. B1), in which Cu and Si atoms are 0.9 nm and 1.3 nm away from the ideal interface, respectively.

We further calculate the spectral heat current considering phonon-phonon couplings across the interface [Eq. (19)] and in the near-interface region
[Eq. (18)] using various interfacial regions. For the chemical-bonding Cu/Si interfaces, it is found that the heat flux spectrum becomes convergent
when the thickness of the interfacial region is 2.2 nm (Fig. B2a), and the accumulation results are identical to the system heat current calculated using
the NEMD method (Fig. B2b). Therefore, the interfacial region used to calculate the heat current spectrum in all our NEMD simulations is chosen to be
2.2 nm for Cu/Si interfaces.
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Fig. B1. Vibrational density of state of (a) Cu atoms and (b) Si atoms with their distance to the ideal interface varying from 0.3 nm to 1.2 nm and 0.7 nm to 1.9 nm,
respectively.

Fig. B2. (a) The heat flux spectrum and the accumulative heat flux considering phonon-phonon couplings and in the near-interface region of the chemical-bonding
Cu/Si interfaces, calculated using different interfacial region sizes.

Appendix C. Phonon transmission function in NEMD simulations

We have mentioned that all the phonon modes (i.e., normal modes) are intrinsically fully activated in classical MD simulations, even at extremely
low temperatures [36,61,64]. Based on the Landauer theory, the heat current spectrum from the left lead to the right lead through a junction con-
necting two leads at two different equilibrium heat-bath temperatures (i.e., T;, and Tg) is written in the form of

Q(w, T) = hwny(w, Ty) — ng(@, Tr)|T (0, T) (1))

where n is the equilibrium phonon distribution function at heat-bath temperatures and has the classical limit form of ny, oy g (@, T) = kg Ty, or g /Aiw in MD
simulations, in which I'(w, T) is the phonon transmission function or frequency-dependent transmission spectral density [7]. The spectral interfacial
thermal conductance G(w, T) is then written as
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holn,(w, Tp) — nz(o, Tr)|T (@, T)

Gw, T) = i
@T) = lm; A(T, — To)
_ . hol'(w,T) An(w,T) (©2)
= M AT
~ flwr(w7 T) 0“(60% T) __classical limit kBr(w7 T)
A oT A

Therefore, the phonon transmission function in NEMD simulations can be calculated using I'(w, T) = Q(w, T) /kg AT [16]. In our calculations, we
first calculate the phonon transmission function using NEMD simulations, in which all the phonon modes are intrinsically assumed to be fully activated
[64]. Then, we assume that the phonon modes follow the Bose-Einstein distribution, and the interfacial thermal conductance (i.e., referred to as
quantum correction can be obtained via

1 [, of(e,T)

Goc =54 | fszF(w,T)dw (C3)

where f(w, T) is the phonon distribution function following the Bose-Einstein distribution, and I'(w, T) is the phonon transmission function calculated
by NEMD simulations. It is also worth noting that the scattering space for the phonon modes in MD simulations is also different from the realistic
scattering space since phonons follow the classical limit of Boltzmann distribution in MD simulations [36,61,64]. Here, we only correct the distri-
bution function for these phonons across the interface. We have demonstrated that the interfacial thermal transport properties calculated based on
NEMD simulations after this quantum correction agree reasonably with the experimental measurements [16,65].

Appendix D. Temperature effect on the spatial cross-correlation function

We emphasize that the phonon interference only contributes to the interfacial heat current stemming from the phonon-phonon couplings in the
near-interface region. The spatial cross-correlation functions at the near-interface regions of Cu/Si interfaces (Figs. 4 and 7) demonstrate that there
exists interference among phonons caused by the intrinsic wave nature of these long-wavelength phonons rather than anharmonicity [59]. However,
the spatial cross-correlation function is calculated based on the atomic vibrations, which therefore includes the effect of phonon-phonon scatterings.
Therefore, at an extremely low temperature of 2 K, the phonon-phonon scatterings can be ignored, there is interference among these phonons with
frequencies of 0~7.5 THz solely owing to the wave nature of phonons. Our spatial cross-correlation functions at the near-interface regions of
mechanical-contacted Cu/Si interfaces (Fig. 4) demonstrate that there exists interference among phonons with frequencies ranging from 0~7.5 THz (i.
e., the corresponding values are not zero). The vibrational transverse length at the near-interfacial region decreases when the temperature (i.e.,
phonon-phonon scatterings) is considered (Fig. D1). This agrees well with our calculated spectral ITC at temperatures (Fig. 3), in which the
near-interface effects are dominated by the phonon-phonon scatterings.

Meanwhile, the spatial cross-correlation function captures the interference between phonons and only quantifies the specular transmitted waves
(w1 = wy with the same direction, perpendicular to the interface) in our calculations [Eqs. (24)-(26)]. However, when calculating the heat current, we
include the full-order phonon interactions as well as the inelastic and non-specular transmission (Fig. 7). Besides, the spectral heat current includes
both the phonon-phonon scatterings and phonon-phonon interference resulting from the near-interfacial phonon-phonon interactions, which leads to
the difference between the spatial cross-correlation function and the spectral heat flux.

Fig. D1. Temperature effects on the spatial cross-correlation functions [Eq. (26)] at the near-interface regions of (a) mechanical-contacted Cu/Si interfaces and (b)
chemical-bonding Cu/Si interfaces for vibrations transverse between Cu and Si leads.
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