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Interfaces are essential elements in nanoscale devices and their properties can differ significantly from their
bulk counterparts. Because interfaces often act as bottlenecks in heat dissipation, the prediction and control
of the interfacial thermal conductance is critical to the design of nanoscale devices. In this review, we
examine the recent advances in quantum interfacial thermal transport from a theoretical and computational
perspective. We discuss in detail recent advances in the Atomistic Green's Function method which is an
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important tool for predicting interfacial thermal transport. We also discuss recent progress in the under-
standing of interfacial transport mechanisms, including the role of interfacial modes, the role of anharmonic
phonon-phonon coupling, the role of electron—phonon interaction, and the ways to tune the interfacial

rsc.li/nanoscale thermal conductance. Finally, we give an overview of the challenges and opportunities in this research field.
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. Introduction

With the progressive reduction of electronic device size, the con-
centration of generated waste heat has sharply increased and
this could significantly affect the performance and lifespan of
the device. Therefore, heat dissipation becomes a critical issue
in the design of nanoscale devices. As the device size decreases,
the density of interfaces usually increases. As a result, interfacial
thermal conduction becomes important and sometimes even
dominates the thermal transport, especially when the length
scale of a device is comparable to the phonon mean free path.’
Traditionally, phonon-mediated interfacial thermal trans-
port is described by the phonon gas model.” It is commonly
assumed that interfacial thermal conduction occurs when an
incident phonon, propagating in one medium from the bulk
towards the interface, is transmitted across the boundary with
the probability of transmission given by the phonon trans-
mission coefficient. This physical picture is the basis for the
two major acoustics-based theoretical models,>® namely the
acoustic mismatch model (AMM) and the diffuse mismatch
model (DMM), which are widely used to interpret experimental
and simulation studies of interfacial thermal transport.
Nevertheless, they suffer from a couple of shortcomings.
Firstly, they assume an idealized model of the phonon dis-
persion and ignore the contribution from optical phonons.
Secondly, they cannot determine the dependence of phonon
transmission on the atomistic structure of the interface.
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Two other conventional methods to handle interfacial
thermal transport are the semi-classical Boltzmann Transport
Equation (BTE) and molecular dynamics (MD). In these two
methods, the effects of anharmonicity are incorporated with
ease.” Nonetheless, the BTE and MD approaches have their
drawbacks. For example, the BTE approach assumes a particle-
like behavior for the phonons and cannot be applied to
regimes or length scales where the coherent behavior of
phonons cannot be neglected. The MD approach is inherently
classical and unsuitable at low temperatures where the
quantum statistics are important.” To overcome these issues, a
fully quantum-mechanical approach, such as the non-equili-
brium Green'’s function (NEGF), is therefore needed to capture
the coherent and incoherent aspects of thermal transport.

In this review, we will first introduce the recent advances in
the Atomistic Green’s Function (AGF) method in section II, as a
fully quantum-mechanical approach to treat interfacial thermal
transport. We will discuss mode-resolved phonon transmission
and reflection, a recent extension to the AGF method. In section
111, we will review the recent advances in and new insights into
interfacial thermal transport, which include the role of inter-
facial modes, the role of anharmonic phonon-phonon coupling
and the effects of electron-phonon coupling at a conductor-
insulator interface. We will also review the recent progress in
the methods to tune the interfacial thermal conductance.

[I.  Atomistic green’s function method
A. Phonon transmission

The Atomistic Green’s Function method was first introduced
by Mingo and Yang® to study coherent phonon transport and
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low-temperature thermal conductance through ultrathin nano-
wires coated with an amorphous material. By exploiting the
analogy between the equation of motion for phonons and the
Schrodinger equation, they developed the AGF method that,
unlike the AMM and DMM, automatically takes into consider-
ation the atomistic structure of the system. In the AGF
method, which has become the workhorse for simulating the
low-temperature thermal conductance in nanostructures and
interfaces,”*° the system is partitioned into three parts: the
left lead, the center, and the right lead as shown in Fig. 1. The
center consists of a finite region corresponding to the interface
while the semi-infinite left and right leads represent the bulk
crystal lattices on each side of the interface. The AGF method
uses the interatomic force constants (IFCs), which describe the
lattice dynamics of the leads and the center and can be
extracted from either empirical interatomic potentials or first-
principles calculations, as its inputs for the calculation of the
interfacial heat flux. As in other microscopic theories of inter-
facial thermal transport (e.g. the acoustic and diffuse mis-
match models®), the interfacial heat flux Z in the AGF method
is modeled as the transmission of phonons across the center
between the left and right leads and given by the Landauer-
Buttiker expression®

> hoZ(0)(f — fr) (1)

where S denotes the cross-sectional area, » the angular fre-
quency, =(w) the frequency-dependent transmission function,
and fi (fg) the temperature-dependent Bose-Einstein occu-
pation factor for the left (right) lead. However, unlike other
theoretical models of interfacial thermal transport, the effects
of coupling details at interface and bulk phonon dispersion
are taken into account because IFCs are used in the calcu-
lations. As a simulation methodology, the AGF method is com-
putationally more efficient as it only deals with the degrees of
freedom in the immediate scattering region, unlike the real-
space wave packet method,"""> which requires the simulation
of an additional large bulk region.

Semi-infinite left lead

Semi-infinite right lead

Center

Fig. 1 Schematic of the AGF setup. The finite center (solid blue region),
which represents the boundary region, is sandwiched between the
semi-infinite left (solid yellow) and right (solid green) leads that rep-
resent the lattice bulk regions. The leads can be organized as a semi-
infinite periodic array of slices that correspond to the unit cells of the
bulk.
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B. Mode-resolved phonon transmission and reflection

In spite of its atomistic fidelity, one of the principal drawbacks
of the original AGF method is its inability to describe individ-
ual phonon transmission explicitly in terms of the bulk
phonon dispersion. Physically, the transmission function is
equal to the sum of the individual modal transmission coeffi-

N (w)
cient, ie, Z(w)= > Er.(w), where Ny(w) denotes the
n=1

number of left-lead modes at frequency w and =y ,(w) denotes

the probability that the n-th left-lead mode is transmitted

across the interface. We may interpret Ni(w) as the frequency-

dependent bandwidth of the left lead since it limits the

maximum left-lead phonon flux at frequency w. Similarly, we
Ng (@)

also have E(w)= Y Zgrm(w), where Ng(w) denotes the
m=1

number of right-lead modes at frequency w and Zg (o)
denotes the transmission probability of the m-th right-lead
mode. However, the individual transmission probabilities
Epn(®) and Eg ,(w) cannot be computed efficiently with the
original AGF method.

To address this challenge, Ong and Zhang'? introduced an
extension of the AGF method for computing the mode-resolved
transmission coefficient. The mathematical details of the
method are described in ref. 14. The key idea of the extended
AGF method is that the surface Green’s functions, which are
used to represent the decoupled leads in the original AGF
method, can be linearly transformed into the Bloch
matrices,">'® which describe the incoming and outgoing
phonon eigenmodes of the leads as well as their crystal
momentum in the transmission direction. We illustrate the
use of the extended AGF method with the example of the
phonon transmission between a (16,0) carbon nanotube (CNT)
and an (8,0) CNT across an intramolecular junction with 4 hep-
tagon-pentagon defect pairs, as shown in Fig. 2(a). Fig. 2(b)
shows the leftlead phonon transmission coefficient sum

Ny (w)
> ELn(w) together with Ni(w) from the left lead and Ni(w)

n=1

from the right lead. The mode-resolved transmission coeffi-

cients for the (16,0) CNT phonons are superimposed on its

phonon dispersion curves in Fig. 2(c), which shows how the

contributions to the phonon flux vary with frequency and

polarization. We likewise plot the right-lead phonon trans-
Ng(w)

mission coefficient sum > Eg (@) in Fig. 2(d) as well as the
m=1

mode-resolved transmission coefficients for the (8,0) CNT
phonons superimposed on its phonon dispersion curves in
Fig. 2(e). Comparing Fig. 2(b) and (d), we find that the left and
right-lead transmission coefficient sums are equal for every fre-

Ny (w) Nr(w)
quency as expected since Z(w) = Y. Epq(w) = Y, Erm(o).
n=1 m=1

Given the fidelity of the extended AGF method for charac-
terizing mode-resolved transmission, it has been used in a
variety of ways to model phonon transmission in recent years.
An obvious advantage of this technique is that its modal

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Set up of the (16,0)/(8,0) CNT intramolecular junction (IMJ) with

4 heptagon-pentagon defect pairs. The left and right leads are the (16,0) and
(8,0) CNTs, respectively while the center corresponds to the IMJ. (b) Plot of the
N (o)

left-lead phonontransmission coefficient sum > = ,(w) (green solid line),
n=1

together with N (w), the number of incident channels in the (16,0) CNT (pink),
and Ng(w), the number of channels in the (8,0) CNT (gray), at different frequen-
cies. (c) The distribution of the transmission coefficients =| ,(w), represented in
color, is superimposed on the phonon dispersion curves of the (16,0) CNT. (d)
Nr (o
Plot of the right-lead phonon transmission coefficient sum % )ER‘m(w)
m=1
(green solid line), together with Ni(w), the number of incident channels in the
(8,0) CNT (pink), and N\ (w), the number of channels in the (16,0) CNT (gray). (e)
The distribution of the right-lead transmission coefficients =g (@) is superim-
posed on the phonon dispersion curves of the (8,0) CNT. The figure is repro-
duced with permission from ref. 14, ©2018 American Institute of Physics.
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resolution allows one to categorize the contributions of
different phonon polarizations. As an example, Lawson and
co-workers used the method to quantify the relative contri-
butions of the longitudinal and transverse acoustic phonons
to the thermal boundary conductance (TBC) of the MoS,-WS,
lateral interface’” and found that the non-acoustic phonons
account for only 16 percent of the total TBC at room tempera-
ture. In addition to its high modal resolution, the extended
AGF method can also be used as a tool to model how the inter-
face affects the transmission of individual phonon modes.
This idea was employed by Hu and Tian to provide direct evi-
dence of Anderson localization'® in disordered Si/Ge superlat-
tices sandwiched between regular Si/Ge superlattice leads." By
modeling how the transmission coefficients of the lead modes
vary exponentially with the length of the disordered superlat-
tice, they were able to observe signatures of localized modes
and demonstrate their co-existence with delocalized modes as
well as quantify their relative contributions to thermal trans-
port in disordered Si/Ge superlattices. Another example is in
the modeling of phonon transmission and reflection in nano-
crystalline solids, which are of fundamental interest and
importance to understanding thermal conduction in nanocrys-
talline solids, where phonon transport is typically impeded by
the high density of interfaces. Yang, Latour and Minnich®®
used this method to characterize the modal transmission and
reflection of THz phonons across an amorphous Si region con-
nected to two crystalline Si leads, an archetypical model for
interfaces in nanocrystalline solids. They found that the dis-
ordered interface acts as a low-pass filter by limiting the trans-
mission of phonons to those with sub-3 THz frequencies, with
minimal momentum relaxation for these sub-3 THz phonons.

Apart from its utility for understanding the role of phonon
transmission in interfacial thermal transport, the extended
AGF method has also been used by Chen and co-workers to
explore valley phononics and valley-selective transport in gra-
phene.*" They were able to show that in a graphene sheet with
a “zero-angle” grain boundary (GB), the GB can selectively
scatter different phonon modes. In a small frequency window
around the K and K’ valleys of the Brillouin zone, the flexural
acoustic (ZA) and optical (ZO) phonon modes become valley-
polarized as the GB acts as a filter that selectively allows the
transmission of phonons from either the K or K’ valleys.

The extended AGF method was further developed®* into an
atomistic S-matrix method that treats bulk phonon modes as
the scattering channels and can determine the numerically
exact scattering amplitudes for individual two-phonon pro-
cesses. This method was also exploited by Ong, Schusteritsch
and Pickard to characterize the specularity of the acoustic
phonons scattered by the grain boundary between armchair
and zigzag-edge graphene.>® They used the scattering ampli-
tudes to estimate the mode-resolved phonon coherence and
specularity, and to predict their dependence on phonon
momentum, frequency, and polarization. As expected, the
specularity of the in-plane longitudinal (LA) and transverse
acoustic (TA) phonons decreases monotonically as the fre-
quency increases. However, the long-wavelength ZA phonons,
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which play a key role in the high thermal conductivity of sus-
pended pristine graphene, are highly susceptible to diffuse
scattering by the GB and this is attributed to the quadratic ZA
phonon dispersion in which the group velocity converges to
zero at low frequency. Using the same GB models, Ong also
characterized the specularity of the forward and backward scat-
tered phonons by graphene GBs** and showed that separate
specularity parameters are needed to describe the behavior of
transmitted and reflected phonons because backscattered
phonons are more diffusely scattered than forward-scattered
phonons. Song and Chen also used mode-resolved AGF simu-
lations to investigate diffuse phonon scattering by a disordered
interface.>® They examined the limitations of the commonly
used diffuse mismatch model and demonstrated that the
assumption of memory loss by the phonon from scattering
with the disordered interface is not valid. Their results also
revealed that distinct specularity parameters are needed to
characterize the transmitted and reflected phonons.

C. AGF theory and interface conductance modal analysis

The AGF method can be contrasted with the Interface
Conductance Modal Analysis (ICMA) method of Gordiz and
Henry.*?® At its heart, the AGF method is a scattering-based
description of the so-called phonon gas model for interfacial
thermal transport, conceptually analogous to the acoustic and
diffuse mismatch models.”> The phonons in the AGF method
refer to the bulk phonon modes of the leads, which can be
characterized by their phonon dispersion (frequency and wave
vector) because of the long-range order in the lattice, and
correspond to the stationary states of the decoupled leads.
When the leads are coupled to the center (as shown in Fig. 1),
these bulk phonon modes are no longer in the stationary
states of the overall system (leads and center) and instead
undergo scattering, i.e., transmission and reflection that con-
tribute to interfacial thermal transport. Hence, the leftward
(rightward) interfacial heat flux comprises the left-lead (right-
lead) bulk phonons propagating and transmitting partially
across the interface. In the process, the energy of the incoming
left-lead (right-lead) bulk phonon is redistributed to the out-
going right-lead (left-lead) bulk phonon modes of the same fre-
quency. In the absence of anharmonicity, the modes of the
decoupled center, which contains the interface, play no role in
interfacial thermal transport, unlike the bulk phonon modes
of the leads, because the former are localized to the center and
can be regarded as vibrational ‘bound states’ that cannot be
scattered after the leads are coupled to the center.

On the other hand, in the ICMA method, the modes are
those stationary states of the harmonic part of the
Hamiltonian of the overall system, which lacks long-range
order, and cannot be characterized by phonon dispersion.
Hence, a scattering treatment for them is not applicable,
unlike the case of the AGF modes. The two pictures, AGF and
ICMA, can be reconciled as follows: when the leads are
coupled to the center to form the overall system, the physical
coupling introduces a perturbation to the isolated bulk
phonon modes of the leads and results in the bulk phonon
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modes evolving into the stationary states of the overall system.
The modes of the decoupled center similarly evolve into inter-
face-localized modes of the overall system. These modes can
be classified by their spatial distribution of their atomic dis-
placements in the overall system®” and the extent they are loca-
lized at the interface. Gordiz and Henry report that the inter-
face-localized modes constitute a small minority of the overall
eigenmode spectrum but have a finite contribution to the
interfacial heat flux that is facilitated by lattice
anharmonicity.””

[ll. Recent advances in
understanding interfacial thermal
transport

A. The role of interfacial modes

Phonon transmission depends on details of interfacial coup-
ling and the bulk phonon properties of each side of the inter-
face. Therefore, a simple way to estimate interfacial thermal re-
sistance is to evaluate the overlap of the phonon density of
states (PDOS) or spectral density of the two bulk materials,
which can be calculated from first-principles. This technique
is still widely used today, especially for interfaces formed by
materials with similar lattice structures and bond strengths.
For example, Sun and co-workers reported that the overlap of
the PDOS plays a decisive role in interfacial thermal transport
between the cubic compounds of boron with selected group V
elements (BP, BN, BAs and BSb) and different substrates (Si,
6H-SiC and 3C-SiC).*°

Although the overlap of the PDOS provides reasonable pre-
dictions for certain interfaces, this treatment over-simplifies
the phonon transmission phenomenon as it ignores the coup-
ling details at the interface. More importantly, it neglects the
role of interfacial modes and the phonon scattering at the
interface. As a result of lattice mismatch, lattice re-construc-
tion and roughness at the interface, the phonon modes at the
interface may differ significantly from those of the bulk.
Recently, different groups have used high-resolution electron
energy-loss spectroscopy to measure the interface phonon
vibrational spectra and dispersion relation,>**' and they
observed localized phonon modes at the interface, which sig-
nificantly affect the interfacial thermal conductance.

Many theoretical works also predict that these interfacial
modes contribute significantly to the interfacial thermal con-
ductance in different ways. For example, Feng and co-workers
reported that at the Si/Ge interface, the thermal conductance
is dominated by interfacial modes,** which are strong in non-
equilibrium state and act as a bridge connecting the bulk
phonons modes that effectively enhances multiple phonon
scattering processes and boosts the thermal conductance. Li
and co-workers also reported the localized phonons and
bridge effect at the AIN/Si interface, which improves phonon
transport.>® Han and co-workers reported the discovery of local
phonon modes at the antiphase boundary of SrTiO;.**

This journal is © The Royal Society of Chemistry 2022
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However, in this study, the thermal conductivity is reduced as
a result of the enhanced energy mismatch between the inter-
facial phonons and the bulk phonons. Recently, a theoretical
work by Zhou and co-workers found that the phonon-phonon
scattering between extended phonons and localized phonons
can significantly enhance or suppress the transmission of
extended phonons across the interface.>® Xu and co-workers
showed that these bridge effects can sometimes exhibit anom-
alous behaviours in which a weak van der Waals interface can
have a higher thermal boundary conductance than a strong co-
valently bonded one when the interface has a high degree of
lattice mismatch.*® These interfacial modes become even more
important when the interface has defects or disorders.>”*® A
recent study by Lu and co-workers showed that with 6.3% of
atomic vacancies at the Cu/Si interface, the thermal conduc-
tance increases by 76%, arising from the inelastic phonon
scattering enhanced by the defects.>®

B. The role of anharmonic phonon-phonon scattering

Strong phonon-phonon scattering often takes place at an
interface as a result of the presence of interfacial phonon
modes, non-equilibrium conditions and nonlinear interatomic
interactions. Unlike elastic phonon scattering in harmonic
models where the exact solution is known,* inelastic phonon-
phonon scattering with anharmonic coupling remains unsol-
vable in general. Nevertheless, several physical models with
different approximation schemes have been proposed to
explore the effects of inelastic phonon-phonon scattering.

Bath-system-bath model. A commonly used model is the
bath-system-bath model, where a non-equilibrium center
(system) is connected to two thermal baths that are in their
respective equilibrium states. In this model, the anharmoni-
city is normally only introduced in the system at the center.
Theoretical methods that have been used to investigate the
anharmonic effect include the NEGF formalism*°™° and the
quantum master equation formalism.*”

Although the NEGF formalism for treating anharmonic
phonon interactions quantum mechanically is known,>%4%484
difficulties in its computational implementation remain and
its applications have largely been limited to simple one-dimen-
sional systems.’”*® Nonetheless, some promising progresses
have been made in applying this approach to more complex
structures. Recently, Dai and Tian extended the formalism to
higher dimensions®® using a Fourier decomposition method
for third-order tensors to simplify the calculation of the many-
body self-energy terms. They applied their extended formalism
to study the Si/Ge interface and showed that the anharmoni-
city can enhance the thermal boundary conductance,
especially at high temperatures, by enabling heat current con-
tributions from high-frequency phonons. Guo and co-workers
also developed a similar and more extensive NEGF-based
framework to model the effects of phonon anharmonicity for
thermal conduction in one and three-dimensional nano-
structures.”® Their improved treatment was used to investigate
the role of inelastic scattering in the thermal boundary con-
ductance of the Si/Ge interface.’® They found that the anhar-

This journal is © The Royal Society of Chemistry 2022
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monic decay of interfacial phonon modes is critical for brid-
ging the bulk modes across the interface even when the overall
contribution of anharmonicity is moderate.

Beyond treating anharmonicity in the system, researchers
have also extended the NEGF models to treat anharmonicity in
the baths and system-bath coupling. Ming and co-workers
investigated the nonlinear system-bath coupling in a harmonic
system®" and found that the nonlinear system-bath coupling
introduces multi-phonon scattering processes. When the
linear component of the system-bath coupling is weak, the
nonlinearity enhances interfacial thermal conductance. When
the linear componenent is strong, however, it suppresses the
interfacial thermal conductance. Recently, Fang and co-
workers also introduced anharmonicity to baths by simulating
phonon propagation across a nonlinear lattice and interface.>?
They found that the cut-off frequency for phonon transmission
across the nonlinear lattice increases due to phonon renorma-
lization. The anharmonicity also enhances interfacial thermal
conductance by redistributing the spectral flux.

Bath-lead-lead-bath model. In the bath-system-bath model,
interfaces are often embedded in the system, which is usually
far from equilibrium. However, for a weakly-interacting inter-
face, the interfacial coupling may not drive the bulk far from
equilibrium. This situation is described in a bath-lead-lead-
bath model as shown in Fig. 3. In this model, the left and
right leads are weakly coupled and hence, in near-equilibrium
with their respective baths.

Anharmonicity can be introduced to the leads or to the
lead-lead coupling. For example, He and co-workers developed
a quantum self-consistent phonon theory to study the anhar-
monic leads connected through harmonic lead-lead
coupling.***In  this theory, an effective harmonic
Hamiltonian is used to obtain analytically canonical averages
based on the equilibrium condition of the bath. Their study
showed that anharmonicity creates phonon localization and
delocalization, which affect the thermal transport. In another
work, Cao and He showed that in the regime of weak lead-lead
coupling, the thermal conductance is proportional to the
square of the coupling strength.>*

Recently, the effects of anharmonicity on the lead-lead
coupling have been studied by using the bath-lead-lead-bath
model. For example, Zhou and co-workers investigated the

Weak lead-lead interaction s

Hot bath R iead

Heat flow

Fig. 3 Schematic of the bath-lead—lead-bath model. The interface
comprises a left lead and a right lead, which weakly interact with each
other. Each lead is coupled to its respective thermal bath.
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three-phonon and four-phonon scattering processes®>* and
found that the contribution from the three-phonon scattering
processes increases linearly with temperature.>® In the four-
phonon processes, the localized phonons contribute to
phonon transmission through the scattering of upcoming tra-
velling phonons.*

C. The role of electron-phonon interaction

The electron-phonon interaction near interfaces. Thermal
transport in metals and non-metals is generally dominated by elec-
trons and phonons, respectively. At a metal-nonmetal interface,
energy is transferred between electrons and phonons via the elec-
tron-phonon interaction (EPI). This transfer can proceed indirectly
within the metal via the pathway in which the electrons initially
transfer their energy to the phonon in metal followed by the
energy transfer across the interface through phonon transmission
or phonon-phonon scattering. For example, at Ge,Sb,Tes/TiN
interfaces, phonons dominate the interfacial thermal transport
even though in the hexagonal closed packed bulk phase of
Ge,Sb,Tes, electrons dominate its voluminous thermal conduc-
tion.”® Recently, through a comparison of AGF simulations with
experimental measurements, Koh and co-workers showed that
elastic phonon scattering dominates the interfacial thermal con-
ductance between various epitaxially grown metal films (Co, Ru,
and Al) and c-plane sapphire substrates.>”

Another pathway involves the direct exchange of energy
between electrons and phonons across the interface. Fig. 4(a)
shows an example of a physical process in which a quanta of
energy is transmitted from an insulator (left side of the inter-
face) to a conductor (right side of the interface) through the
interfacial EPI. In titanium silicide (metal)-silicon (semi-
conductor) interface, Sadasivam and co-workers reported that
the coupling strength of electrons with interfacial phonon

(@)

n/nc

(b) R,

L hwma>

+hw

R,

Fig. 4
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modes is of the same order of magnitude as that of electrons
to the phonon modes in the bulk metal, and its contribution
to the electron-phonon interfacial conductance is comparable
to the harmonic phonon-phonon conductance across the
interface.>® Recently, a similar observation was also made for
the Ni/Al,O; and W/ALO; interfaces.’® In this scenario, the
electron temperature differs from that of phonons in metal.
Hence, two temperature models®”®! and even multi-tempera-
ture models®® have been proposed to characterize the non-
equilibrium states between the phonons and other heat car-
riers near the interface. This temperature difference between
the electrons and phonons can explain the measured thermal
rectification.>® Nevertheless, the understanding of the signifi-
cance and role of interfacial electron-phonon coupling
remains largely unclear. The contribution to the thermal con-
ductance from the interactions between electrons and inter-
facial phonons is estimated as ,/Gk,, where G is the electron-
phonon coupling constant and k, is the phonon thermal con-
ductivity in metal.®® This relation suggests that interfacial EPI
becomes more important at higher temperatures.

Effects of EPI on phonon transport. Given the importance of
EPI, the question of its effect and role in phonon transport
arises. Theoretically, the presence of EPI introduces a real part
and an imaginary part to the phonon self-energy.®* The real
part leads to a renormalization of the phonon frequency while
the imaginary part modifies the phonon lifetime by introdu-
cing an extra source of phonon scattering and can lead to a
reduction of the thermal conductance. Recently, this reduction
in phonon transport due to EPI has been both experimentally
measured®®® and computationally predicted.®”””°

Effects of EPI on electron transport. The EPI can also be
involved in electronic thermal transport across a conductor-
conductor interface.”>”® Recently, Zhou and co-workers”

(c)

(a) Schematic of the electron—phonon interaction at an interface comprising an insulator (L) and a conductor (R). Thermal transport is

mediated via a process in which an electron in the insulator absorbs a phonon of energy hw from the insulator through the interfacial electron—
phonon coupling. (b) Schematic of the three-terminal thermoelectric setup comprising an insulator (L) and two conductors (R; and Ry). A phonon
from the insulator can mediate the electron transporting from R; to R, through the electron—phonon interaction at an three-terminal interface. (c)
The thermoelectric efficiency (normalized by Carnot efficiency 5¢) predicted by using the model in panel (b). The insulator is modelled by a Rubin
chain with spring constant k and mass m. A = h\/k/m is used as a reference unit of energy. The conductors are modelled by electron hopping
model with same hopping energy t and different onsite energies of eg, and eg,, respectively. The parameters are set to be ez, = 0, the temperature T
= A/kg. The figure is reproduced with permission from ref. 71, ©2020 American Physical Society.
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showed that a three-terminal conductor-insulator-conductor
interface can behave as a thermoelectric generator, as shown
in Fig. 4(b). In their model, the emission of phonons from the
insulator can drive the motion of electrons between the two
conductors with the same temperature, resulting in the flow of
thermal energy from the insulator to the two conductors and
an electronic current from one conductor to the other. The
separation of the thermal and electronic currents enhances
the heat-work conversion efficiency. As shown in Fig. 4(c), the
maximum efficiency reaches 28% of Carnot efficiency.
Crucially, this thermoelectric effect is a property of the inter-
face, unlike conventional thermoelectric devices that are based
on bulk properties caused by the Seebeck effect.

D. Other methods and discoveries

Recently, machine learning has emerged as a new method to
solve the problem of interfacial thermal conductance due to
advances in computational technology and the availability of
more data. For example, machine learning has been used to
predict the interatomic potentials at the interface,’* which
then serve as the basis for molecular dynamics or AGF simu-
lations. Machine learning has also been used to directly
predict the interfacial thermal conductance, based on the
parameters of the materials that make up the interface.”>”®
With improved algorithms, the non-equilibrium molecular
dynamics (NEMD) simulations and Boltzmann transport
equation have become important tools for predicting the inter-
facial thermal conductance and many new discoveries are
found continuously.””®® Molecular dynamics (MD) simu-
lations are particularly useful for structures with irregular
atomic configurations. For example, Wang and co-workers
used MD simulations to show that interfacial thermal resis-
tance at the VO,/Si interface markedly depends on its rough-
ness.”” In another example, Ren and co-workers found that the
surface fluctuations are responsible for the transmission of
low-frequency phonons across the graphene/boron nitride van
der Waals heterostructures and are the cause of the rotational
dependence of the interfacial thermal conductance.”®

E. Interface engineering

With the in-depth understanding of the phonon transmission at
interfaces, the interfacial thermal conductance can be tuned via
interface engineering. Recently, Zhang and Liu demonstrated
that hierarchically arranged hydrogen bonds can significantly
enhance the interfacial thermal conductance between graphene
and polymer. Thus, the interfacial thermal resistance can be
modulated via the density of hydrogen bonds.*' Another com-
monly used way to tune the interfacial thermal conductance is by
adding interlayers to engineer the transmission of phonons.
Rastgarkafshgarkolaei and co-workers reported a simulation
study by NEGF which suggests that the interfacial thermal con-
ductance can be enhanced by mass-graded interlayers.®> Other
than thermal conductance, Wang and co-workers reported that
the phonon chirality and phonon polarization can also be
manipulated through interface transmission due to the difference
in phase change across the interface.®®

This journal is © The Royal Society of Chemistry 2022
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Same as phonon-phonon scattering, the interfacial thermal
resistance arising from EPI can also be tuned by inserting
interlayers. Several studies have shown that an enhancement
of the interfacial thermal conductance can be achieved by
inserting a metal interlayer.®**> A recent work by Tao and co-
workers demonstrated the enhancement of heat conduction
across the metal/graphite interface treated with a focused ion
beam due to the formation of enormous dipoles on the milled
metal/graphite interface leads.®®

IV. Summary and outlook

Although certain progress has been made in the recent years,
thermal management across interfaces remains a critical issue
in nanoscale devices, and much effort is still being devoted to
improving existing or developing new theoretical and compu-
tational methods to more accurately predict interfacial thermal
transport. On one hand, existing theories and methods have
been further refined and extended. For example, the Atomistic
Green’s Function has been extended to address the issue of
mode-resolved phonon transmission, which enables the categ-
orization of contributions from different phonon modes.
Despite the computational difficulties in implementing anhar-
monicity within the non-equilibrium Green’s function frame-
work, considerable progress has been made in extending this
method beyond simple one-dimensional models to more rea-
listic materials models. On the other hand, new models and
theories have been developed to obtain new physical insights.
For example, a quantum self-consistent phonon theory has
been developed to study anharmonic leads. Another example
is the use of perturbative methods to investigate the contri-
bution of quantum three-phonon and four-phonon scattering
processes near a weakly-interacting interface.

It should be noted that interfacial transport is a non-equili-
brium and dynamically nonlinear problem that is often chal-
lenging to solve. Despite the progress that has been made
recently, the issue of nonlinear scattering at the interfaces,
which includes both anharmonic phonon-phonon scattering
and electron-phonon scattering, has not been fully under-
stood and will continue to attract significant research attention
in the future. Due to the good progress made in computational
and simulation methods in recent years, a promising trend is
the application of many existing theoretical tools in combi-
nation with these newly developed computational and simu-
lation tools to treat real materials. This trend will lead to quan-
titative prediction of interfacial thermal properties that can be
directly compared with experiments. An effective interplay
between simulations and experiments will greatly accelerate
the advances in understanding interfacial thermal transport.
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