¥ ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

Published on 07 September 2026
Licensed under CC-BY 4.0

REVIEW

Interfacial thermal transport spectroscopy: a

’ '.) Check for updates ‘
review of theory and experiment

Cite this: Phys. Chem. Chem. Phys.,

2026, 28, 21808 bc

Yixin Xu, 22 Xing Xiang,® Wenxiang Liu,? Yue Zhu,* Yinglong Hu,”® Man Li,
Hao Ma,*® Bing-Yang Cao*° and Yanguang Zhou (2 *®

Thermal transport across interfaces is a critical bottleneck in the thermal management of modern
microelectronics, particularly as devices scale toward the nanoscale with increasingly high-power
densities. While bulk material properties are well understood, the physics governing heat transfer at
interfaces, defined by carrier transmission and scattering, remains a complex challenge. Here, we review
methods and studies on interfacial thermal transport spectroscopy, bridging fundamental theory with
the state-of-the-art modelling and experiments. We first examine the fundamentals of the phonon gas
model and carrier coupling, followed by a detailed discussion of computational approaches ranging
from atomistic Green's functions (AGF) and molecular dynamics (MD) simulations at the nanoscale to
the Boltzmann transport equation (BTE) at the microscale. Then, we evaluate popular experimental
techniques, such as frequency-domain thermoreflectance (FDTR), time-domain thermoreflectance
(TDTR) and electron energy loss spectroscopy (EELS), emphasizing their role in resolving spectral
phonon contributions. We further highlight emerging data-driven methods and machine learning

Received 9th July 2026, approaches that accelerate physical understanding and materials discovery. Finally, we outline open

Accepted 25th August 2026 challenges in characterizing spectral interfacial thermal transport within computational and experimental
DOI: 10.1039/d6cp02619b frameworks, as well as the persistent gaps between them. This review aims to provide a unified
perspective on understanding and optimizing interfacial heat dissipation for next-generation electronic
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in high-performance logic devices and power electronics, the
heat flux generated in localized “hotspots” can now exceed
1 kW cm 2, largely degrading performance and reliability.®”

|. Introduction

The pursuit of miniaturization and performance enhancement

in modern electronics has driven the industry into a thermal
crisis.'™ As described by Moore’s law,* the density of transis-
tors on integrated circuits has doubled approximately every two
years, leading to exponential increases in computational power.
However, thermal management technologies have not scaled at
the same rate. This disparity has made heat dissipation the
governing limit for device performance, directly impacting
the reliability and efficiency of future systems.® For example,
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Beyond logic and memory devices, thermal transport proper-
ties are equally critical in energy conversion and storage
systems, such as batteries and thermoelectrics. For instance,
efficient heat dissipation is required to maintain uniform
temperature distributions in battery packs,®® preventing loca-
lized degradation and ensuring safe operation. It is noted that
traditional cooling solutions such as heat sinks and fans
are becoming insufficient because they address heat removal
at the macroscale, whereas the effective thermal resistance
is usually dominated by nanoscale structures.’®** This is
because the continuum laws of Fourier heat conduction break
down'*'" when device dimensions shrink to the mean free
path of heat carriers (i.e., phonons and electrons). In nanos-
tructures with multilayered materials, the total thermal resis-
tance is no longer dominated solely by bulk materials, but is
increasingly governed by the thermal boundary resistance
(TBR).15—17

Whether in a transistor gate stack,'® a heterogeneous 3D-IC
package,"® or a composite thermal interface material (TIM),”®
heat must traverse multiple junctions between dissimilar
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materials across length scales ranging from the nanoscale to
the macroscale. At these boundaries, mismatches in energy
spectra such as the vibrational density of states (VDOS) induce
significant carrier scattering and reflection.>® Consequently,
understanding and manipulating thermal energy transport
across these interfaces is essential for unlocking the next
generation of thermal management technologies.

For bulk materials, the thermal conductivity x has pro-
vided a useful macroscopic metric. In semiconductors and
dielectrics, heat conduction is carried by a broad spectrum of
phonon modes, each characterized by a distinct frequency,
mean free path, and group velocity. The contribution of these
modes to the total x is governed by their spectral nature,
where the transport of a single phonon results from multiple
scattering mechanisms, including boundary scattering and
anharmonic phonon-phonon interactions. This spectral
nature becomes even more critical when analyzing inter-
facial thermal transport. The mismatch in the VDOS between
two materials acts as a frequency-dependent filter, selec-
tively allowing certain phonon modes to propagate while
reflecting others. For instance, high-frequency phonons are
usually seen as diffusely scattered due to surface roughness
or atomic mixing,>®> whereas low-frequency phonons may
transmit quasi-ballistically.*** Therefore, to engineer inter-
faces with ultra-low or ultra-high conductance, a “spectro-
scopic” perspective is needed. Precisely understanding
which phonon modes contribute most to the thermal trans-
port, and which are bottlenecked at the interface, is the
prerequisite for rational material design, enabling the tailor-
ing of phonon spectra to match specific thermal management
needs.

In this review, we provide a comprehensive examination of
thermal transport across material interfaces, bridging the gap
between fundamental physics and practical applications.
We note that several excellent reviews have summarized inter-
facial thermal transport from different perspectives, includ-
ing the historical development of Kapitza resistance'” and
thermal boundary resistance,'®>' theoretical and computa-
tional methods®*?” and nanoscale thermal-transport experi-
ments and metrology.”®*>* These reviews provide valuable
foundations for understanding interfacial heat transfer. Dis-
tinct from these previous works, the present review focuses on
interfacial thermal transport spectroscopy. Rather than treating
interfacial thermal conductance only as an integrated scalar
quantity, we emphasize how spectral information, including
phonon frequency, phonon mode, mean free path, and spatial
localization, can be resolved by modern computational and
experimental approaches. The following discussion is orga-
nized into four primary sections: (i) the fundamentals of
interfacial thermal transport, (ii) the existing computational
modeling techniques, (iii) experimental spectroscopy methods,
and (iv) emerging data-driven approaches in interfacial trans-
port. Following this technical overview, we offer a forward-
looking perspective on interfacial thermal transport from both
simulation and experimental standpoints, as well as their
synergistic integration.
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Il. Fundamentals of interfacial thermal
transport

Heat transfer across interfaces has attracted the attention of
scientists for centuries since the initial observation of intrinsic
resistance of heat transfer from a solid body to the surrounding
gas through the two-phase interface.*® The interfacial heat
transfer was then extended by Poisson in 1835, in which the
heat flux across the interface can be defined as

J = hAT (1)

where the heat flux J is defined as the energy transport per unit
time across the interface per unit area. In eqn (1), AT denotes the
temperature drop across the interface'® and & is the pheno-
menological transport coefficient (i.e., TBC). Correspondingly,
the thermal boundary resistance (TBR) is defined as the inverse
of TBC. Later in 1941, the thermal resistance at the interface was
demonstrated by Kapitza through experimental observations,
i.e, a temperature drop at the interface of solid and liquid
helium.'® Since then, the thermal resistance is also termed the
Kapitza resistance, which has been extended and broadened
both experimentally and theoretically in the following decades.
However, it is noted that the TBR becomes loosely defined when
applied to a macroscale system, in which the temperature drop
may not appear as sharp or abrupt as expected. Instead, there is
a phenomenological length we can define for quantifying the
temperature discontinuity. In this circumstance, the TBR at ideal
interfaces with no thickness (e.g., atomically sharp and abrupt
temperature drop) becomes the TBR of the interfacial regions
(e.g., several atomic layers in the near interface region with a
temperature gradient).

Considering phonons as the primary heat carriers, we first
revisit the fundamentals of heat transfer across ideal interfaces
to establish a clear understanding of the underlying physical
mechanisms. When phonons encounter an interface, the inci-
dent and reflected modes on both sides contribute to the net
heat flux.'® As described in eqn (2), this heat flux is defined as
contributions from each phonon modal energy, integrated over
the entire frequency spectrum and accounting for the transmis-
sion probability across the interface'®

Vzhwm SO [f (@ Ta) = flo, Te)] (2)

where V is the volume, 7 is the reduced Planck constant, w; is
the phonon frequency specified by the phonon mode 4 of two
interfacial sides, vi is the phonon group velocity normal to
the interface, ‘}HB is the phonon transmission coefficient, and
fis the phonon distribution function on two sides A and B. The
distribution function is usually treated as an equilibrium Bose-
Einstein distribution f(w,T) = (¢"”*" — 1)"" where kg is the
Boltzmann constant. Based on eqn (1) and (2), we can then
express the interfacial thermal conductance (ITC) G as

Zha) vLCAHBaf(wlv ) (3)
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Therefore, the determination of the phonon transmission
coefficient is central to solving the problem of interfacial
thermal transport.

A. Acoustic mismatch model and diffuse mismatch model

There are two primary empirical models used to approximate
the phonon transmission coefficient, i.e., the acoustic mismatch
model (AMM)*® and the diffuse mismatch model (DMM).>* The
AMM treats phonons as waves traveling through a continuous
medium and ignores inelastic scatterings. It assumes a perfect
and geometrically smooth interface where phonons undergo
specular reflection (mirror-like) or refraction following Snell’s
law. In the AMM, each material can be described by an acoustic
impedance Z = pc, where p is mass density and ¢ is sound
velocity.®® The angles of incident and transmitted phonons
should follow sin 64/cy = sinfg/cy where 6, and 0y denote the
incident angle and refracted angle on each side, respectively. The
corresponding phonon transmission is then given by

4Z A Zyg cos 04 cos O
Z cos O + Zg cos GA)2

A—B __
AMM — (

(4)

By incorporating the Debye model for isotropic solids (i.e.,
= ck) and accounting for distinct longitudinal and transverse
sound velocities, the ITC estimated by AMM is then given by

1 U)thf afl(wg, T)
Gamm = 4752; IAJO Twa (5)

where I, is the accumulation of all the incident phonon modes
satisfying the Snell’s law, and is calculated as

/2
i
0

AMM generally predicts the lower boundary of ITR (or the
upper bound of ITC) for long-wavelength phonons, and there-
fore it can usually explain the thermal transport at very low
temperatures, a regime where low-frequency and long-wave-
length phonons dominate the total transmission function.
Nevertheless, AMM overestimates thermal transport mainly
because the ignored phonon scatterings at the interface.*”*®

The need to account for the interfacial scattering and the
contribution of high-frequency phonons necessitated the for-
mulation of the DMM.?! In contrast, DMM assumes that the
interface is rough and disordered. When a phonon hits the
interface, it “forgets” where it came from and scatters diffusely
(randomly) into either material. The probability of a phonon
transmitting to side B or reflecting to side A depends only on
the phonon density of states (PDOS) of each side, no longer on
the incident angle anymore, given by

. Z): (ks 5(e)]?
o () = > [k;L,B(cu)]z + ; [k/‘uA(CU)}Z v

2

D (0, 4) cos 04 sin 05 d0 (6)

in which k is the wave vector. Eqn (7) considers the exact
phonon dispersion including the transmission contribution
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from both acoustic and optical phonon modes. The ITC then
becomes®’

1
MM = ST o (Gt v () |k
P K)A >

(8)

where v;(k; 4) is the group velocity normal to the interface, and
fis the equilibrium vibration distribution, i.e., Bose-Einstein
distribution.

The DMM is further extended to include inelastic scatterings
to approximate the ITC.*™**> However, we note that the wave
nature of low-frequency phonons is ignored in DMM, which
may lead to an underestimation of the transmission of low-
frequency phonons.** Later on, a mixed mismatch model
(MMM), incorporating the DMM- and AMM-based transmis-
sion through a specular parameter p, is proposed to estimate
interfacial phonon transmission.>*** The specular parameter
p depends on both the interfacial roughness # and the wave-
length of phonons 2.>*** Meanwhile, the conventional AMM
and DMM apply bulk phonon properties to calculate phonon
transmission and ignore real interfacial physical properties,
such as interfacial adhesion,*>™ interfacial modes,*® " inelas-
tic scatterings,”>>* 3561 Even though these
models ignore specific interfacial details, they demonstrate a
strong and clear physical picture of interfacial phonon trans-
mission. In the following, we will review recent progress in
characterizing interfacial thermal transport, covering advances
in both computational modeling (Section III) and experimental
methodologies (Section IV) (Fig. 1).

and nanostructures.

[ll. Computational modeling

A. Atomic Green’s function

The atomistic Green’s function (AGF)**®° is derived based on

the phonon-gas model (PGM)®”7° and solves the phonon
transport properties in the reciprocal space. In the harmonic
AGF, we assume that there are no phonon-phonon interactions
and the center of harmonic AGF becomes the calculation of the
harmonic dynamic matrix, which is derived from the local
potential energy surface when atoms are at their equilibrium
positions.®®”! To solve this problem efficiently, the harmonic
matrix of the entire system is usually decomposed into five
parts, including two semi-infinite leads, the interface region,
and corresponding interactions between the leads and the
interfaces.®®”! Then, the phenomenological phonon energy
transmission function I',gr can be calculated by coupling the
Green’s function of these isolated parts. We note that I'agr
inherently includes both the transmission coefficient of each
single phonon (e.g., C’,‘*B in eqn (2)) and the phonon number
flux (group velocities v}~ times the PDOS),***® rendering the
ITC in the Landauer form”>

_ b oo T)
GAGF = ﬁJO thFAGF(u% T)dw 9)
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in which § is the cross-sectional area of the interface. With
eqn (9), the AGF has been used to study the thermal transport
across various interfaces, e.g., Si/Ge,**”* h-BN/graphene,”*”®
Si/CoSi,”” and carbon nanotube (CNT) junctions.”® By accu-
rately calculating the interfacial force constant matrix, it is
feasible to consider the effect of atomistic structures on inter-
facial thermal transport, such as roughness,*>”® grain bound-
aries®>®*®! and disordered layers.**®* This makes AGF an
effective tool for designing interfacial structures with targeted
interfacial thermal transport properties. For instance, Yang
et al.®>®* showed phonons above ~3 THz were reflected at
a-Si/c-Si interfaces, which is consistent with experiments,** and
that mass distribution at Si/Ge interfaces enhanced sub-4 THz
transmission but hindered 5-8 THz phonons as shown in
Fig. 2(a) and (b). Ju et al.*® used AGF with Bayesian optimiza-
tion to identify optimal interfacial structures at Si/Si and Si/Ge
interfaces, showing high-frequency phonons (>3 THz) were
most sensitive to structure. Ju and Liang®® also found that
phonon interference in Si/Ge nanocomposites could enhance
the ITC by up to 19.1%.

However, these early AGF studies only considered elastic
scattering and ignored inelastic phonon scatterings.>>”377%78784
Most recently, the anharmonic phonon scatterings, i.e., three-
phonon scatterings, have been incorporated into the AGF
framework by including anharmonic phonon-phonon self-
energies in the non-equilibrium Green’s function (NEGF).?”~®°
The anharmonic self-energies can be derived from third-order
or even higher-order interatomic force constants and incorpo-
rated into the Green’s function of the device region. Using these
NEGF calculations, Dai and Tian®” found that anharmonicity
facilitated the energy exchange among phonons and assisted
those blocked phonons in the harmonic limit to propagate
across the interface via inelastic scatterings, e.g., these phonons
with frequencies above 10 THz contributed to the interfacial
heat current across the Si/Ge interface. Guo et al.’®%° also
reported that these high-frequency phonons (w0 > ®cutoff) at
the Si/Ge interface can contribute to ITC at elevated tempera-
tures [Fig. 2(c)]. By including the inelastic scatterings, they
demonstrated that the ITC enhancement was about 10% at

This journal is © the Owner Societies 2026

room temperature and reached about 20% at 600 K [Fig. 2(d)].
Nevertheless, considering higher-order anharmonicity in AGF,
such as four-phonon scattering,’®*" remains extremely difficult
due to the high computational cost. Besides, it becomes
challenging to quantify the phonon transport properties of
complex systems, e.g., metal-organic frameworks (MOF),”>"*°
superionic crystals,'**%" hybrid crystals'® """ and hetero-
structures,® "> ysing the AGF method due to the unaccep-
table computational cost and memory requirement.

B. Molecular dynamics simulations

Meanwhile, molecular dynamics (MD) simulations directly
trace atomic trajectories in real space, and have been used to
quantify interfacial thermal transport.''®''” Over the past
decade, many methods have been proposed to characterize
the spectrally-decomposed energy transmission across inter-
faces within the framework of MD simulations.?® These include
time domain normal mode analysis (TDNMA),"*®'* Green-
Kubo modal analysis (GKMA),"**"*! time domain direct decom-
posed method (TDDDM),"* frequency domain direct decom-
posed method (FDDDM)'**'** and spectral heat current (SHC)

method.>**2*

Furthermore, multi-carrier effects, such as the
electron-phonon (EP) coupling, may be incorporated by introdu-

cing the multi-temperature model into MD simulations.**™*°
There are two main ways to quantify interfacial thermal
transport in MD simulations, including equilibrium MD (EMD)
and nonequilibrium MD (NEMD). The EMD simulations utilize
the system heat current fluctuations as the input to calculate
transport coefficients based on the Green-Kubo formula,**°
and the ITC is given by
GEMD = (10)

o teso - ostonar
in which kg is the Boltzmann constant, T is the temperature,
Qs is the heat flux fluctuation across a cross-section with an
area of S, and () denotes the time autocorrelation. It is noted
that one should perform a long enough time integral to obtain
converged thermal transport properties. By integrating the
phonon normal mode decomposition into the heat flux Qs,
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i.e., the Green-Kubo modal analysis (GKMA),*>'2*1317133 ope
can further calculate the modal ITC through auto- or cross-
correlation of mode heat flux in the EMD simulations. EMD
simulations inherently assume that the system is periodic, which
are typically employed to determine the apparent thermal con-
ductivity of bulk materials. Therefore, the ITC calculated based on
EMD simulations includes the contribution from the two contact-
ing bulk parts rather than the pure interfacial region. Meanwhile,
resolving modal thermal transport using GKMA is particularly
computationally demanding. This is because GKMA requires the
phonon eigenvectors of the entire system as input, and the
computational complexity of calculating the modal heat flux
cross-correlation function increases significantly,***2%1317133

In contrast, NEMD simulations provide a more efficient
method to determine the interfacial phonon transmission.
In NEMD simulations, an explicit heat flow is artificially
generated under an imposed temperature gradient, allowing
transport coefficients to be calculated via Fourier’s law>*

l QNEMD

S AT (11)

GNEMD =
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where Qngmp iS the heat current across a cross-section
with area of S and AT is the temperature difference at the
interface.

Analyzing phonons in NEMD primarily involves calcula-
ting their contribution to Qngmp Or AT, as shown in eqn (11).
The modal heat current across an imaginary or real inter-
face can be computed in the framework of NEMD simula-

tions, 1 120:13L132,1347138 4 o the time domain direct decomposi-
tion method (TDDDM),

122

Niet MRight

>

ieLeft jeRight

Q"SI'DDDM(/'L) — ‘71(/17 l) _

<au,.(,)

GU,-(I)H
o7 (1) i)

orj(1)
(12)

in which v{4,t) denotes the velocity of atom 7 under vibrational
mode 2."*° By assuming the same temperature gradient for all
phonon modes, the modal interfacial thermal conductance is
then given by

101PPM )

S AT (13)

Gtpppm (4) =
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where S and AT are the cross-section area and interfacial
temperature difference, respectively. Furthermore, the tem-
perature difference can be decomposed into contributions at
the modal level. For instance, Feng et al.'*>'*” observed a
nonequilibrium temperature distribution between acoustic
and optical phonons near the two interfacial sides. This dis-
parity results in distinct contributions from each mode to the
overall temperature difference across the interface and the
corresponding modal ITC.

At the same time, the spectral heat current (SHC) across an

imaginary or real interface in NEMD simulations is given
by54,1237125,140

N

i€left jeright %0

oU;

J

(14)

and the spectral heat current across a control volume in NEMD
simulations can be written in the form of (ie., frequency
domain direct decomposition method, FDDDM"*?)

QFPDDM () — ZZ Z Z

noos o8 <$ Sp—1 < Sn

SR 1 iot 0 0
X Z Z ZJO Cj(t)e*dr - (rxx fr_v’g>

a=1 f=o+1

By assuming the same temperature gradient or temperature
drop for all phonons, we also obtain the spectral ITC across a
real interface

108"(w)

S AT (16)

GNeMD (@)

A detailed derivation of the modal and spectral decompo-
sed ITC including eqn (12)-(16) can be found in our previous
review.?’

It is noted that TDDDM, FDDDM, and SHC methods are
within the framework of NEMD simulations and therefore
include the size effect in the calculated results,'>*!'?3141,142
The size effects should be tested in TDDDM, FDDDM, and
SHC calculations to obtain converged results. Meanwhile,
FDDDM and SHC can only calculate the frequency-dependent
thermal transport properties and therefore the frequency-
dependent ITC. TDDDM can compute mode-level thermal
transport properties. However, the required input of vibrational
eigenvectors in TDDDM strongly limits its application in
complex systems with large unit cells.'®” It is worth noting that
the calculated spectral thermal transport properties in NEMD
simulations also depend on the choice of thermostats.'*’
Li et al.**® showed that the local temperature was controlled
better using the Langevin thermostat compared to that with the
Nosé-Hoover thermostat. Hu et al.*** found that the Langevin
thermostat behaved like a thermalizing boundary for phonons
and provided mode-level thermal-equilibrium phonon outlets.
However, the Nosé-Hoover chain thermostat and velocity
rescaling method behaved like biased reservoirs and would

This journal is © the Owner Societies 2026
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provide spatially uniform heat generation and mode-level none-
quilibrium phonon outlets. Therefore, the thermostat used to
generate the heat flux in NEMD simulations should be chosen
carefully.* >4

Recently, Fan et a extended the spectral heat current to
the framework of homogeneous nonequilibrium molecular
dynamics (HNEMD), in which the heat current time correlation
function is defined as

5(0)
0 ne

= . oU;

K(x) = #0)( 5

— 87’1']'
i j#FI g

The spectral heat current in HNEMD simulations can then

be expressed as

Z 146

17)

+00

Ginvoo) =2Re| | “K(erae|  as)

—00

Therefore, the spectral thermal conductivity along the inter-
ested direction in HNEMD simulations is

_ 1 Ounewn(@)
T VF, T (19)

’zHNEMD(w)

where T is the temperature, V is the system volume and F.
is a vector that determines the driven force in HNEMD
simulations.'*¢148

Once the frequency-dependent heat current is obtained, the
phonon transmission function can be then estimated based on
the Landauer theory."**™'>' In the Landauer theory, the heat
current spectrum from the left lead to the right lead through a
junction connecting two leads at two different equilibrium
heat-bath temperatures (i.e., Ty, and Tg) is written in the form of

Qo) = holm(w) — nx(w)]I'(0)

where n is the equilibrium phonon distribution function at
heat-bath temperatures and has the classical limit form of
Ny orr(®) = kT orr/f® in molecular dynamics simulations, in
which I'(w) is the phonon transmission function. The spectral
ITC G(w) is then written as

holn () — nr(@)] - T'(w)

(20)

Glo) = S(Ty. — Tx)
_ hoAn(o) - T'(w) (21)
B SAT
_hwdn(w) - I'(o) dassical limit kI (@)
T sor ~ S

It should be noted that eqn (21) is only valid when the
temperature gradient is kept in the linear regime. The phonon
transmission function in NEMD simulations can be calcu-
lated using

Q(w)

Ho) =187

(22)

However, MD follows the classical Boltzmann distribu-
tion'> and inherently assumes all vibrations are occupied,
which overestimates the calculated ITC at low temperatures
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as shown in eqn (21). Quantum corrections combined with the
SHC method™**>"?*'>® have been proposed to correct the ITC
under physically realistic conditions. By incorporating the
Bose-Einstein distribution into the Landauer formalism,”**%*
the quantum-corrected ITC can be calculated as

1 (T afBose—Einstein(w T)
=—| v :
Goc ZnSJO @ aT

I'(w, T)do (23)
where S is the transverse area of the unit cell, fgose-ginstein(?,T)
is the Bose-Einstein distribution, and I'(w,T) denotes the
temperature-dependent spectral phonon transmission calcu-
lated via eqn (22).

It is worth noting that MD simulations inherently incorpo-
rate all orders of anharmonicity, and the spectral ITC [eqn (10)-
(22)] computed within MD frameworks naturally includes
all elastic and inelastic processes.>*'?*>'?412313L,133,135 pqp
instance, Siiskilahti et al.>* separated elastic and first-order
inelastic contributions at Ar/heavy-Ar interfaces [Fig. 3(a)—(c)],
and they found the first-order inelastic scatterings can enhance
phonon transmission across the entire frequency spectrum
[Fig. 3(b)], thereby leading to an increase in ITC at elevated
temperatures (e.g., ~40% at 30 K in [Fig. 3(c)]). This enhance-
ment is further amplified when full-order inelastic scatterings
are considered [Fig. 3(d) and (e)]. As reported by Xu et al.,'>
inelastic scatterings enhance phonon transmission across the
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full spectrum and contribute ~80% to the corrected ITC
[Fig. 3(f)]. Zhou and Hu'** further resolved the full three-
phonon scattering processes at the Ar/heavy Ar interface, and
showed that third-order processes became significant above 30 K.
They also identified that these emergent interfacial modes
(~12 THz) contributed ~11% to the room-temperature ITC
of Si/Ge interfaces, consistent with Gordiz and Henry* and
experiments."® Feng et al."*® also reported that interfacial modes
boosted inelastic transport, contributing over 50% to ITC at room
temperature, with optical modes contributing equally or more
than acoustic modes, using modal heat current'** and modal
temperature.”” These significant inelastic contributions to
ITC are further reported in many other systems, such as
Al/Si, 136138155 GaN/metal,”® GaN/ZnO,”* GaN/AIN,"”'*® and
Au/graphene.’®® Recently, Xu and Zhou'®® suggested the signifi-
cance of elastic and inelastic vibrational scatterings at the inter-
faces was determined by the competition between the similarity of
vibrational density of states (VDOS) and the anharmonicity of the
interface."® For contacts with similar VDOS such as SiC/Si
interfaces,'®" they demonstrate a strong modal coupling across
the interface leading to a high contribution to ITC (>80%) from
the elastic scatterings. Instead, for these interfaces with dissimilar
VDOS such as Ar/h-Ar and Si/Ge, the ratio of ITC contributed by
inelastic vibrational scatterings can be quantitatively character-
ized by the interfacial anharmonic ratio (IAR)."®
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Fig. 3 Spectral phonon transmission across an Ar/heavy-Ar interface computed using SHC within NEMD simulations, illustrating the role of inelastic
scatterings. Thermal conductance spectrum considering (a) elastic scatterings only and (b) first-order inelastic scatterings. (c) Corresponding thermal
conductance as a function of temperature. (d) Phonon transmission considering full-order inelastic scatterings calculated using eqn (22) and
(e) quantum-corrected thermal conductance spectrum by applying the Bose—Einstein distribution [eqn (23)]. (f) The total and harmonic thermal
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These spectrally resolved phonon transmissions accessible
within MD frameworks enable the design of complex structures
and even the inclusion of liquid phases, which lie beyond the
capabilities of AGF or DMM methods. For example, Zhou
et al.""® showed ITC decreased with rough-interface thickness
but increased for mass-graded interfaces, with FDDDM"*?
spectral analysis confirming long-wavelength phonons passed
through graded layers. Xu et al.°* tuned Si/4H-SiC ITC from
~300 to ~1000 MW m~> K~ ' via nanopatterns, identifying
competing phonon-boundary scattering and transport channel
mechanisms. These MD results successfully explained the
nonmonotonic nanostructure-mediated ITC tuning observed in
experiments.®%*¢2

Moreover, spectral analysis has been employed to probe
solid/liquid interfacial thermal transport,'*>'%*"'*” which is of
growing importance for liquid cooling'®®*™'”! and phase-change
applications."””>™"”> 1t is known that the ITC at solid-liquid
interfaces can be tuned via surface structures,'’®'®* bonding
strength,'®>'%% and adhesion energy.'®**%° However, owing to
the development of spectral analysis methods, quantitative

characterization of the ITC spectrum across solid/liquid

PCCP

interfaces has become possible only recently. The interfacial
heat current across solid/liquid interfaces is statistically iden-
tical on both sides’®>'®° as shown in eqn (14). Thus, the
spectral heat flux across solid/liquid interfaces can be calcu-
lated using the solid side only. Based on this strategy, Sdaski-
lahti et al."*® found modes above 5 THz did not contribute at
solid-Ar/liquid-Ar interfaces, with out-of-plane vibrations dom-
inating for hydrophobic interfaces and transverse vibrations for
hydrophilic interfaces. Li and Qiu'®® demonstrated a nonmo-
notonic pressure-dependent ITC at metal/water interfaces
[Fig. 4(a)-(c)]. At the Cu/water interface, the ITC increased
monotonically with pressure, driven by the gradual filling of
the first adsorbed water layer, with enhanced transmission of
almost all the vibrational modes [Fig. 4(a)]. In contrast, at the
Pd/water interface, the ITC first increased due to the progres-
sive filling of water molecules up to a critical pressure of
2.17 GPa and then decreased owing to the reduced vibrational
overlap and the lower metal-water distance (than the equili-
brium distance) at high pressures [Fig. 4(b) and (c)].
Furthermore, Xu et al.'®*'®*'%” ysing NEMD simulations,
revealed the role of surface functionalization with self-assembled
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monolayer (SAM)'*'*** in enhancing the ITC across solid/liquid
interfaces [Fig. 4(d)-(i)]. They showed that SAMs can significantly
enhance vibrational energy transmission across solid/liquid inter-
faces at low frequencies (e.g., 0-4 THz for the Au/water interface
[Fig. 4(d) and (g)])- This enhancement can be attributed to a
collaborative effect including wettability control [Fig. 4(e)] and
vibrational couplings [Fig. 4(f)]. This strategy can be further
extended to other refrigerants, e.g., R1234yf [Fig. 4(g)-(i)], and
SAMs can improve the interfacial thermal conductance signifi-
cantly (~7 times) between the liquid and substrate.'®*

While molecular dynamics (MD) simulations can yield
detailed insights by resolving spectral interfacial thermal trans-
port, they often lead to misleading comparisons with experi-
ments due to inaccuracies introduced by the interatomic
interactions. Meanwhile, MD simulations are inherently restric-
ted to the nanoscale regime, which creates a gap between the
fundamental physics they capture and their practical utiliza-
tion. For instance, MD simulations lack predictive capability
for thermal transport at the mesoscale, a length scale more
relevant for many real-world applications.

C. Microscale and mesoscale modeling

The disconnect between scales is becoming particularly acute
in modern microelectronics, e.g., addressing heat dissipation
has become increasingly urgent due to the rapid iteration of
high-performance hardware serving artificial intelligence. MD
and AGF calculations based on atomistic simulations remain
constrained by the system size and therefore cannot be directly
used to quantify transport across microscale architectures.
Recently, these dynamics of phonons captured by atomistic
simulations (i.e., anharmonic lattice dynamics or AGF calcula-
tions with inputs from first-principles or MD simulations) have
been transferred into mesoscale Boltzmann transport equation
(BTE),"**2°° and subsequently used for predicting system-level
thermal transport properties.”®’ In these mesoscale simula-
tions, the phonon transport is modeled by solving the multi-
dimensional BTE using a solver such as Green’s function,>’*%
lattice Boltzmann methods (LBM),***>°® finite element method
(FEM)>°”*°® and discrete ordinates method (DOM).>****® Two
comprehensive reviews have thoroughly examined the compu-
tation of submicron thermal transport using the mesoscale
phonon BTE.>**"

However, it should be noted that interfacial thermal trans-
port is usually simplified in these methodologies. Specifically,
the ITR is treated as a boundary condition, often implemented
using a simplified model with appropriate parameterization.
For instance, the DMM [eqn (7)] is adopted to describe inter-
facial phonon scattering within mesoscale frameworks, which
assumes phonons are either completely diffusely transmitted or
reflected at the interface.”’® As a practical example, Hu et al.
developed the GiftBTE solver, which employs an explicit DOM
with second-order spatial accuracy.'®” This approach demon-
strates excellent computational efficiency and enables realistic
3D simulations of real electronic devices [Fig. 5(a)]. Unlike
large-scale simulations, where heat transport is treated as
purely diffusive, phonon nonequilibrium at the microscale
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can be well characterized in the BTE solvers, e.g., the localized
hotspot with elevated temperatures in a FIinFET, as illustrated
in Fig. 5(a). This capability can be further extended to mimic
Joule heating effects in complex microelectronic architectures,
including silicon-based FinFETs*'> and gate-all-around field-
effect transistors (GAAFETs)'® [Fig. 5(b)]. Building on the
GiftBTE, Shang et al. subsequently developed JAX-BTE*'? using
a similar methodology, but with a GPU-accelerated implemen-
tation. This advancement significantly improves the computa-
tional efficiency of solving the mesoscale phonon BTE at
submicron scales without sacrificing accuracy, as shown in
Fig. 5(c) and (d). Moreover, JAX-BTE incorporates artificial
intelligence acceleration techniques, such as the DeepONet
model** (a neural network model) and physics-informed
neural networks (PINNs).>"®

To date, a sophisticated treatment of interfacial conditions
at the mesoscale remains an unresolved challenge. Current
approaches rely on the parameters from analytical phonon
transmission functions or a prescribed phonon transmission
spectrum from atomistic simulations. Such strategies serve to
reduce the complexity of solving multiscale phonon transport
problems while maintaining a balance between computational
efficiency and accuracy. For instance, the AMM is appropriate
for smooth, well-bonded interfaces at low temperatures or in
regimes dominated by long-wavelength phonons, where elastic
and nearly specular transmission is expected. The DMM is
suitable for rough, disordered, or high-temperature interfaces
where phase memory is largely lost and diffuse scattering
dominates. In mesoscale BTE or device-level simulations,
simple interfacial boundary conditions can provide useful
predictions when they are calibrated against experiments or
atomistic calculations and when the detailed spectral distribution
is not the main target. However, this simplification usually comes
at a cost. For instance, interfacial microstructural details,®®°*
roughness,”>*® and inelastic scattering processes®>> are neglec-
ted in the DMM. At the same time, the phonon wave-like effect
in the near-interface region®'®?'® and interfacial localized
modes®®>"*'? are also disregarded during mesoscale simulations.
These omissions may lead to significant deviations in predicting
the thermal response of systems where the ITR constitutes the
dominant bottleneck.

IV. Experimental spectroscopy
techniques

Experimental spectroscopy techniques have been developed to
probe thermal energy transport across both spatial and tem-
poral scales, ranging from femtoseconds at the nanometer
scale to microseconds at the micrometer scale. In general,
these techniques can be classified into two categories based
on their underlying principles, i.e., steady-state and transient
measurements. As the names imply, steady-state methods
detect a constant signal response such as the spatial distribution
of temperature to extract thermal transport coefficients. These
methods include thermal bridge method,****' electron beam
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self-heating metho photothermal Raman metho
and recently developed steady-state scanning transmission elec-
tron microscopy coupled with electron energy-loss spectroscopy
(STEM-EELS).>*” In contrast, transient methods collect time-
dependent responses, such as the decay of temperature within a
specific time window, which are then input into a thermal model
to determine the transport properties. These methods include 3w
method,***?*° frequency-domain thermoreflectance (FDTR),>*****
time-domain thermoreflectance (TDTR),****** laser flash Raman
spectroscopy,>3>23 237
the need to resolve heat carrier dynamics directly at interfaces

and electron beam thermal waves.”’" Given
where fine temporal and spatial resolution is required, the
following discussions will focus primarily on FDTR, TDTR and
steady-state STEM-EELS methods.

A. Frequency-domain thermoreflectance

FDTR method has been widely used to characterize the inter-
facial thermal transport.”**>*"?38=24! The schematic of FDTR is
shown in Fig. 6(a).>** In this approach, a pump-probe configu-
ration is utilized to excite the sample and monitor the resulting
changes in thermoreflectance signal. A pump laser (typically
continuous wave), modulated at frequencies ranging from
kHz to MHz, is focused onto the sample surface through a
microscope objective, thereby generating a periodic heat source
with a Gaussian spatial distribution. The probe beam is

This journal is © the Owner Societies 2026

collinearly aligned with the pump beam to detect the corres-
ponding small, periodic temperature oscillations via variations
in reflectivity at the heated spot. Prior to FDTR measurements,
a thin metal transducer film is typically deposited on the
sample surface. The transducer is chosen to efficiently absorb
the modulated pump beam, minimize unwanted probe beam
heating, and provide a large thermoreflectance coefficient at
the probe wavelength.**>*** The amplitude and phase lag of the
probe signal with respect to the pump modulation are measured
using a lock-in amplifier as a function of modulation frequency,
and the relevant thermal parameters are subsequently extracted
by fitting the measured phase response to an appropriate heat
conduction model. Briefly, the heat conduction equation of each
layer is first given for a real multilayer system, given by

oy |
lar

in which «; and k., are the in-plane and out-plane thermal
conductivity, respectively. T and C|, are the temperature and
volumetric heat capacity, respectively. Taking the Fourier trans-
form and Hankel transforms, eqn (24) can be rewritten as:

*T oT

K O _
o = Car

ror (24)

0*0(w, k, z
K:% = (1:k* + Cpi)0(, k, 2) (25)
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The solution to eqn (25) is given by:

(Hn,b > B cosh(gd) —% <0n,t ) 26)
no —kK.gqsinh(qd) cosh(qd) Ins

in which ¢” equals (i,k* + Cpiw)/x, and d is the thickness of the
layer. For a multilayer system [Fig. 6(b)], the solution becomes

0, 0, A B\ /0,
() wn()-( D))
Jo S C DJ\h

When the bottom layer can be treated as adiabatic or semi-
infinite, the surface temperature is then given by 0, = —D/Cf,,
and the final measured phase signal is given by:

S(H(w))

)]
W + d)syslem

¢ =tan™! (28)
in which H(w) is the inverse Hankel transform of surface
temperature, given by

A 00 -D _kz 2 2
o k(_) exp{M}dk

Hw) =571 K< 8

(29)

A typical phase fitting and its sensitivity are shown in
Fig. 6(d). The desired thermal properties of materials can be
acquired from the fitting.

Numerous studies have been conducted using the FDTR method
to measure the thermal properties of materials,'08109242,244-247
However, typically, this technique only provides a general value of
thermal properties but lacks the spectral information which
requires further analysis by other methods.”*"****! For instance,
Warzoha et al.*** compared the thermal boundary conductance
(TBC) at various solid-solid interfaces and found that the TBC
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can be effectively characterized by the ratio of the elastic moduli of
the adjacent materials. This correlation can be rationalized by the
closer vibrational density of states contributed by low-frequency
modes, given that materials with similar elastic moduli typically
exhibit comparable acoustic group velocities."** Furthermore,
Wang et al.” used the FDTR method to investigate the thermal
transport across interface with complex materials, ie., the gold/
HKUST-1 interfaces [Fig. 6(d) and (e)]. A tuneable ITC was
observed by changing the water adsorption of HKUST-1. The
ITC of gold/HKUST-1 without adsorbed water molecules is
5.33 MW m > K !, which can be further largely increased to
~35 MW m 2 K" with the adsorbed water molecules [Fig. 6(¢)].
Combined with MD simulations, further spectral analysis is
provided. Adsorbed water molecules activate more high-freq-
uency vibrations which can participate in the interfacial heat
transfer, resulting in the high ITC [Fig. 6(e)]. Besides the MD
simulations, the theoretical models including DMM and AMM
are commonly used for the spectral understanding of interface
thermal transport.”>> Freedman et al.”>® employed the FDTR
method to measure the ITC between Au,Cu,_, and Au,Pd,_, alloy
films and sapphire substrates. DMM is used to predict and
explain the experimentally observed variation of ITC with alloy
composition. Through the calculation of phonon dispersion and
transmission coefficients, the variation of ITC with alloy composi-
tion is attributed to elastic scattering between high-frequency
phonons from Pd and Cu and phonons in sapphire.

Besides solid/solid interface measurements, the thermal
properties of solid/liquid interfaces can be measured using
FDTR.>*’72*° The FDTR is further used to detect the solid/liquid
interfacial thermal transport.'*%*%°% For example, Meng et al.>*°
established the continuous wave FDTR (CW-FDTR) and deve-
loped the two-way heat conduction model to characterize the
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solid-liquid interface thermal resistance. Both the thermal con-
ductivities of water, ethanol, and hexadecane and the thermal
resistance between them and the transducer can be well mea-
sured. In addition, based on the same pump-probe measurement
principle, Jiang et al.>**>°® proposed a differential square-pulsed
source (DSPS) method to investigate the interface thermal trans-
port which can measure wider range of solid/liquid interfaces
with high sensitivity compared with the FDTR method.

Beyond static material property correlations, advances in
thermoreflectance techniques have enabled direct experi-
mental access to the transition between ballistic and diffusive
phonon transport. Regner et al.>®” demonstrated a breakdown
in diffusive phonon transport by introducing high-frequency
surface temperature modulation, an approach known as broad-
band frequency-domain thermoreflectance (BB-FDTR), as illu-
strated in Fig. 7(a). As shown in Fig. 7(b), the surface
temperature oscillation can be correlated with the thermal
penetration depth, which is tuned by the heating frequency,
i.e., a crossover between ballistic and diffusive phonon trans-
port regimes can thus be clearly observed. Consequently, by
systematically varying the heating frequency, one can identify
the mean-free-path-dependent contributions of phonons to
thermal transport,”®”*°® as shown in Fig. 7(c). However, the
implications of such ballistic transport effects on interfacial
thermal transport remain experimentally unexplored. Similarly,
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the contribution of phonon mean free paths to interfacial
thermal conductance has yet to be investigated using BB-FDTR.

B. Time-domain thermoreflectance

The TDTR and FDTR methods share a similar heat transport
model and measurement configuration.?**?%*2”% The key dis-
tinction lies in their respective measurement domains.
In TDTR, the laser modulation frequency is held constant while
the signal is recorded as a function of the delay time 7, whereas
in FDTR, the delay time is fixed and the modulation frequency
is swept over a broad range.”*® Hence, the fitting curves
obtained from the two methods are markedly different.

In TDTR experiments, the pump and probe laser pulses
arrive at the sample surface with an ultrashort pulse width,
typically less than 300 fs. Under a small temperature excursion,
the thermophysical properties of the sample can be assumed
to remain constant, and the heat-transport system can be
regarded as a linear time-invariant one. For such a system,
the response to multiple inputs is the superposition of the
responses to each individual input. To improve the signal-to-
noise ratio, the pump pulse train is usually modulated by an
electro-optic or acousto-optic modulator and the periodic
surface-temperature response from the reflected probe signal
is demodulated with a lock-in amplifier. The transfer function

b
(b) L 3 T T T T
oK <«— Ballistic — Transitional — Diffusive —»
ER
SOy L 4
g3 2
5 E. ATspre
ge 1 °
E5 [eee®
25 -
B ATs,Fourier =q Lp /(\/2kbulk)
2 9 . . . .
0 1 2 3 4 5

Normalized penetration depth, Lp/MFP

© .

n
a
[=]

n
o
=]

o
o

A
100

0.8

G (MW m2K"")

200 300
Temperature (K)

400

| 0 417K, Ky =100 Wm™ K~'
0 311K, ko= 143Wm™ K™
B 155K, Ky =350 W m™" K~!
A 81K, kpy = 1,200 W m™ K™!
[— Esfarjani and Chen? PRB, 2011
— Minnich et al.", PRL, 2011

0.6

k/k!l.llk

0.4

0.2
300 K

100 K

60 K
1 L N L N |

1072

Fig. 7
various transport regimes (from the ballistic to diffusive). Amplitude of the

10° 10?
L,, MFP (um)

(a) Schematic of BB-FDTR technique used to measure phonon MFP spectra. (b) Spatial variation of the temperature oscillation amplitude for

surface temperature oscillation is shown here. (c) Measured mean free paths

with their accumulative thermal conductivities and the thermal conductance. The panels are from Regner et al.?%” Copyright@2013 Springer Nature.

This journal is © the Owner Societies 2026

Phys. Chem. Chem. Phys., 2026, 28, 21808-21842 | 21819



PCCP

of the whole linear time-invariant system can be expressed as
Z(wy), and the output of the lock-in amplifier can be written as:

Aei(w;;ﬁd)) _ Z(wo)eiwot (30)

where e is the reference signal, w, is the modulation

frequency of the pump pulse, A is the signal amplitude, and
the phase term is a function of the delay time between the
pump and probe pulses, which contains information about the
thermophysical properties of the sample.

The transfer function Z(w,) can also be represented by the

frequency-domain response of the pulsed signal H(w):*"*

_ ﬂQQprobe

Z(CO()) T2

Z H(wy + kag)e®s (31)

k=—00

where Q is the power of each pump pulse, Qprobe is the power of
each probe pulse, and the constant term f includes the
thermoreflectance coefficient and the electronic gain of the
detection system. wy is the sampling frequency, also known as
the repetition rate of the laser pulses. 7 is the delay time
between the pump and probe pulses. The term H(w) received
by the lock-in amplifier corresponds to the surface thermal
response generated under periodic thermal excitation at @,
which has the same form as eqn (29) introduced in the FDTR
section.

Fig. 8a shows the TDTR-measured signal in the SAM-
modified Cu/diamond system. In these measurements, it is
found that a weak van der Waals interface can have a higher
ITC than the strongly covalently bonded Cu/diamond interface
(Fig. 8b), but this unique phenomenon was not observed in
coppet/silicon and copper/sapphire systems.?”* Similar to the
FDTR measurements, with the help of molecular dynamics, this
unique enhancement is ascribed to the strong bridging effect of
a highly vibrationally mismatched interface. SAMs can also be
used to modify solid-liquid interfaces, thereby altering surface
wetting conditions®>”*>"2”® and consequently regulating interface
heat transfer at the solid-liquid interface."®*>*”” Ge et al.'®®
employed TDTR method to measure the ITC of Au/water and
Al/water interfaces by coating surfaces with different types of
SAMs, ranging from hydrophobic to hydrophilic surfaces.
Hydrophilic surfaces exhibit higher ITC than hydrophobic
surfaces. Following this observation, Shenogina et al.'®*
proposed a linear relationship between the ITC and adhesion
energy by calculating surfaces modified with various SAMs
exhibiting different contact angles. Although this trend has also
been reported in other experiments and simulations!#>19%275:279
and is ascribed to the bonding effect, the important role of
vibrational coupling at the interface is ignored.'¢*'6%167:191,280
Recently, Li et al.*®' used TDTR to measure the dynamical switch-
ing of ITC across molecular junctions under an electric field,
revealing the modulation of interface bonding effects on ITC. In
addition to measuring the cross-plane thermal conductivity «, and
interfacial thermal conductance G by “standard” TDTR, several
advanced TDTR configurations have been developed over the
past decade to measure specific thermal properties. Early TDTR
analyses generally assumed in-plane isotropic heat conduction,
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which is appropriate for extracting cross-plane thermal con-
ductivity under axisymmetric heating conditions. Although
the TDTR signal is intrinsically most sensitive to heat flow
in the cross-plane direction, properly designed configurations
can provide access to in-plane thermal transport. One repre-
sentative example is the beam-offset TDTR configuration.”®>
Unlike conventional concentric-beam TDTR, beam-offset
TDTR intentionally breaks the in-plane symmetry by laterally
displacing the pump and probe spots. As shown in Fig. 9(a),
the pump beam is scanned across the probe beam, and the
full width at half maximum (FWHM) of the out-of-phase signal
Vour at @ negative delay time is compared with thermal-model
calculations to extract the in-plane thermal conductivity
along the scanning direction. In such measurements, a NbV
transducer with lower thermal conductivity than Al is often
preferred, because it reduces lateral heat spreading within
the transducer and increases the sensitivity of the measured
FWHM to heat spreading in the substrate, thereby lower-
ing the uncertainty in the extracted in-plane thermal
conductivity.**?

However, for fully three-dimensional anisotropic materials,
beam-offset fitting can become computationally demanding
because the loss of in-plane symmetry requires a fully aniso-
tropic heat-transport model. To address this challenge,
Li et al.*®* developed an asymmetric-beam time-domain ther-
moreflectance method (AB-TDTR). As shown in Fig. 9(b), this
method introduces an elliptical laser spot to measure aniso-
tropic heat transport along arbitrary cross-plane or in-plane
directions. Instead of relying on a circular beam or scanning
the pump beam across the probe beam, AB-TDTR introduces an
elliptical laser spot to intentionally break the in-plane symme-
try of the temperature field. The elliptical beam is positioned
on the sample surface with a well-defined major axis y and
minor axis x, and the sample is rotated so that the in-plane
thermal-transport direction to be measured is aligned with the
major axis. The resulting asymmetric temperature distribution
enhances the directional sensitivity of the TDTR signal and
provides a more efficient route for extracting anisotropic ther-
mal conductivity than conventional beam-offset fitting in fully
anisotropic systems.

Because the in-plane symmetry is absent in anisotropic
materials, it is more convenient to rewrite eqn (24) in Cartesian
coordinates rather than cylindrical coordinates. The heat diffu-
sion equation in Cartesian coordinates can be written as:

or _PT _PT PT PT
AR Ay A Sy G
Cogr = Kga H Bga + Kga 2K 50
2 : (32)
PT T
b)) A
ety o TN g0:

When the orthogonal Cartesian axes are selected along
the principal thermal-transport directions of the material,
the off-diagonal elements of the thermal-conductivity tensor
vanish, namely K, = K, = K;; = 0.
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Physical Society.

In this case, the surface temperature change in Fourier
space can be expressed as:

D\ A
T (kv ky) = (76)2—Tiexp

where k, and k, are the spatial-frequency variables in Fourier
space, W, is the 1/¢* radius of the pump beam along the
x direction, and wy, is the 1/e* radius of the pump beam along
the y direction. 4, is the power absorbed, and 4 is the reflected
probe power. Since the photodetector receives the total

( WO,xzkx2 + WO,y2k)>2> (33)

8
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reflected signal over the entire area covered by the probe beam,
the frequency-domain response function of the whole system
can be written as:

AoAs[(* [ D
H(w) = 42 JJ_OO c
2 2\7 2 2 2\7 2
Wox~ + W k= + (woy” + ws,,7 ) ky
xexp( ( 0x S’x) al g ( 02 S ) ! )dk,\»dk},
(34)
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denoted by “/” and alloy films.

With the full consideration of anisotropic heat conduction
processes, TDTR can be used to accurately determine the
thermal resistance across buried interfaces. It has been widely
used to study how interfacial bonding, molecular layers, surface
wettability, and vibrational coupling regulate interfacial
thermal conductance. As shown in Fig. 8(c), Li et al.>® revealed
a strongly orientation-dependent thermal boundary resistance
in Al/black phosphorus interfaces using TDTR, demonstrating
that interfacial heat transport was closely linked to the aniso-
tropic phonon band structure and mode-dependent phonon
transmission.

Beyond the measurement of diffusive heat conduction pro-
cesses, TDTR can also be used to study non-Fourier heat-
transport behavior. When the heating size or thermal penetration
depth becomes comparable to the phonon mean free path, long-
mean-free-path phonons cannot undergo sufficient scattering
within the local heating region to establish local thermal equili-
brium. As a result, the apparent thermal conductivity measured by
TDTR becomes dependent on the characteristic length scale.
Based on this principle, Hu et al>*® fabricated nanopatterned
metallic heaters to reduce the heating size in conventional TDTR
from the micrometer scale to the nanometer scale as shown in
Fig. 9(c). By using the suppression of thermal conductivity caused
by quasi-ballistic heat transport, they reconstructed the spectral
contribution of phonon mean free paths to the thermal conduc-
tivity of different materials. Size-dependent TDTR measurements
on high-quality single-crystal BAs*®” revealed a pronounced
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reduction in the effective thermal conductivity as the heating
size decreases, reflecting the onset of quasi-ballistic phonon
transport and the dominant contribution of long-mean-free-
path phonons to its ultrahigh thermal conductivity. Similar
length-scale effects can also appear in interfacial heat trans-
port, e.g., Li et al.*®® observed a strong size dependence of ITC
across bonded GaN-AIN interfaces using TDTR measurements
[Fig. 8(d)], revealing that the limited size of GaN can signifi-
cantly suppress phonon transmissivity across the interface.

The lack of direct measurements of detailed spectral infor-
mation in FDTR and TDTR methods limits the further explora-
tion of interface thermal transport. Recently, Hua et al.*?
achieved the spectral information extraction of the interface
thermal transport at Al/Si interface through the combination of
BTE and TDTR method. In TDTR, the modulation frequency of
the laser can be varied in addition to the time delay, enabling
access to richer spectral information. The experimental data,
which comprised phase and amplitude measured at modula-
tion frequencies of 2.68, 5.51, and 9.79 MHz, were fitted with
Boltzmann transport equation simulations to extract the pho-
non transmission coefficient. The obtained transmission coef-
ficient was further used to determine the spectral interfacial
heat flux as a function of phonon frequency and wavelength,
enabling direct comparison with predictions from the DMM
[Fig. 8(e) and (f)]. They found that low-frequency modes (below
4 THz) contribute more to interfacial thermal transport than
predicted by the DMM.
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In addition to probing phonon-mediated heat transport,
TDTR and related ultrafast optical techniques can provide not
only thermal information but also carrier-transport and energy-
relaxation information. Yue et al.>®*® employed transient reflec-
tivity microscopy to visualize the diffusion of photoexcited
carriers in cubic BAs and extracted a high ambipolar mobility
of approximately 1550 cm”® V~ ' s™', demonstrating that BAs
combines ultrahigh thermal conductivity with excellent carrier
transport. Li et al®*® further used ultrafast pump-probe
spectroscopy to study hot-electron relaxation in metallic 6-
TaN and found a relaxation time of about 15 ps, much longer
than that in conventional metals such as Cu and Al. These
results confirm weak electron-phonon coupling and support
the phonon-dominated ultrahigh thermal conductivity of
0-TaN.**' These examples illustrate that, with appropriate
modifications in optical excitation and signal analysis, ultrafast
optical techniques are promising for studying electron-phonon
coupling at interfaces. A useful methodological precedent is the
three-pulse photoacoustic spectroscopy developed by Liao
et al.,>**> in which a three-pulse scheme was used to generate
free carriers in silicon and directly measure carrier-induced
damping of a coherent sub-terahertz phonon mode. Similar
strategies could be extended to heterogeneous interfaces to
elucidate how carriers, phonons, and their mutual coupling
jointly govern interfacial energy transport.

Moreover, relying on the change in thermoreflectance, TDTR
can also use the temperature-dependent transient polar Kerr
rotation to detect the temperature response of a magnetic
transducer under pump-laser heating. This technique is known
as the time-resolved magneto-optic Kerr effect (TR-MOKE).?%*"
?9° In TR-MOKE, the pump beam heats a magnetic transducer
layer, and the resulting temperature-induced change in mag-
netization leads to a change in the Kerr rotation angle of the
reflected probe beam. This small polarization rotation is con-
verted into a differential electrical signal using a half-wave
plate, a Wollaston prism, and a balanced photodetector, fol-
lowed by lock-in detection. Since the TR-MOKE signal changes
sign when the magnetization direction is reversed, whereas
many parasitic signals arising from ordinary thermoreflec-
tance, scattered light, or Brillouin oscillations are largely inde-
pendent of the magnetization direction, subtracting the signals
acquired under opposite magnetization states allows a cleaner
MOKE-based temperature response to be isolated. This differ-
ential detection scheme improves the rejection of spurious
optical signals and reduces sensitivity to surface-scattering
artifacts. Fig. 9(d) shows the TR-MOKE measurement mecha-
nism and the sample structures of four representative magnetic
thin-film transducers.”®®> Beyond serving as a temperature
probe for magnetic transducers, TR-MOKE is particularly pro-
mising for studying interfacial spin-dependent heat transport.
For example, Kimling et al>** used TR-MOKE to study the
picosecond spin Seebeck effect in normal-metal/YIG bilayers,
where an ultrafast interfacial temperature difference between
metal electrons and YIG magnons drives a spin current across
the interface. The resulting spin accumulation was detected
through time-resolved Kerr rotation, enabling the interfacial
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spin Seebeck response to be isolated from bulk thermal-
gradient effects.

C. Advanced spectroscopic methods

The advancement of electron energy loss spectroscopy (EELS) in
scanning transmission electron microscopy (STEM) enables
nanoscale vibrational measurements.*>***3° A comprehen-
sive review of this technique, including the principles of
STEM-EELS, was recently provided by Xu et al.>* Here, we only
briefly introduce representative examples of its application.
In this technique, electron probes with high spatial, momen-
tum, and energy resolution are used to scan across a thin
sample, and spatially resolved EELS spectra can be acquired,
enabling the detection and observation of local vibrational
modes. Cheng et al.*®* combined both Raman spectroscopy
and EELS in STEM to investigate heat transfer at the high-
quality epitaxial Si-Ge interface [Fig. 10(a)]. The localized
interfacial phonon modes were directly observed, which con-
tribute to the interfacial heat transfer [Fig. 10(b) and (c)].
In addition, the recently developed four-dimensional EELS
(4D EELS) technique provides the opportunity for local vibra-
tional measurements with high spatial and momentum resolu-
tion, overcoming the challenge of achieving high momentum
and spatial resolution simultaneously.****%* Qi et al.**° used
the 4D EELS technique to measure the interfacial vibrations of
epitaxial cubic boron nitride/diamond heterointerface. The
local vibrational spectra and the interfacial phonon dispersion
relation were directly measured. Beyond the visualization of
interface phonon modes, by analysing the electron energy loss/
gain (EEL/EEG) signals in EELS-STEM technique, the nanoscale
temperature can be measured, which can be directly compared
with calculations. Liu et al.>®” generated a stable temperature
gradient at the AIN/SiC system and obtained record-high-
resolution spatial temperature distributions at the interface
using the STEM-EELS technique [Fig. 10(d) and (e)]. The
comparison with non-equilibrium molecular dynamics showed
that interfacial phonon modes preferentially coupled with
high-frequency bulk phonon modes during inelastic scattering.

In addition, besides the EELS-STEM method, a few works
have demonstrated that X-ray diffuse scattering and ultrafast
electron diffuse scattering can provide a time-, momentum-
and mode-resolved phonon population variations after laser
3037305 These measurements directly reveal phonon
energy changes involving phonon-phonon and phonon-electron
scattering. However, most works are limited to bulk crystalline
materials given the well-defined Brillouin zone and phonon
population. Recently, in order to extend this technique to
the frequency-resolved interfacial thermal transport regime,
Chen et al.**° coupled a machine learning method with BTE
to reconstruct the measured data of ultrafast electron diffrac-
tion and extract the frequency-dependent relaxation time and
transmission coefficients. After applying it to the Au/Si system
with real experimental data, a large discrepancy from the
diffuse mismatch model is observed around 3.26 THz, demon-
strating the ability of this method and the limitations of
the DMM.

excitation.
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V. Artificial intelligence for interfacial
thermal transport

Artificial intelligence (AI) is emerging as the fourth paradigm
of scientific research. It is primarily applied in two ways in
the field of interfacial thermal transport. On the one hand,
it can improve accuracy and efficiency compared to traditional
numerical simulations (see Section III) through a data-driven
implementation, such as using machine learning potentials in
MD simulations. On the other hand, Al models trained on
experimental data or first-principles calculations enable a rapid
prediction of ITR. This further contributes to an efficient design
of interfaces tailored to specific requirements. Here, we review
the recent Al-driven developments on interfacial thermal trans-
port from these two perspectives.

A. Machine learning potential based MD simulations

As discussed in Section III, numerous numerical methods have
been developed to investigate thermal transport at interfaces.
A key requirement for the accuracy of these methods is the
determination of a precise descriptor, such as the interatomic
interactions in MD or the potential energy surface for con-
structing the dynamical matrix in AGF. In classical MD simula-
tions, interatomic interactions are typically described by
empirical potentials, such as Tersoff**” and Lennard-Jones®*®
(L)) potentials. These potentials are usually parameterized by
fitting a fixed analytical functional form to the data from first-
principles calculations or experimental measurements. While
such explicit functional forms offer computational efficiency
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well suited to large-scale MD simulations, they often sacrifice
accuracy.

Recently, machine learning potentials (MLPs) have emerged
as a powerful tool for accurately capturing interatomic inter-
actions, combining the accuracy of first-principles calculations
with the computational efficiency of empirical potentials.
Fig. 11 illustrates the procedure for constructing an MLP. The
first step is to generate a concise and representative dataset.
Many methods are employed to efficiently produce large
ensembles of atomic-scale structures, including ab initio mole-
cular dynamics (AIMD), empirical-potential-based molecular
dynamics, random atomic displacements, strain application,
and active learning schemes. Representative structures are then
selected from these atomic configurations, either by comparing
structural similarity through approaches such as latent space
methods®*®?'° and the regularized entropy match approach,*'*
or by employing nonstandard neural network workflows
such as random network distillation.>'* Using these selected
structures, density functional theory (DFT) calculations are
carried out to obtain accurate physical quantities, including
the potential energy, atomic forces, and virial stress. The
second step is to construct a high-quality MLP. To date, a
variety of theoretical frameworks have been developed for this
purpose,®**7332 all of which involve a set of specific hyperpara-
meters. During training, these hyperparameters are tuned to
enhance the accuracy and efficiency of the MLP to acceptable
levels.>***3** Once a reliable MLP has been obtained, it can be
adopted in MLP-based molecular dynamics (ML-MD) simula-
tions for further analysis.
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ML-MD has demonstrated superior accuracy in studying
interfacial thermal transport. For example, the ITC of the Si/
diamond interface®®® and the AIN/Cu interface®*® calculated
using ML-MD shows better agreement with measurements
than those calculated by empirical-potential-based MD simu-
lations. This indicates that the MLP captures a more reliable
description of phonons at the interface. For instance,
Cheng et al.*® employed ML-MD to confirm the experimentally
detected emergence of localized modes (~ 12 THz) at the high-
quality epitaxial Si/Ge interface and demonstrated that these
interfacial modes contribute approximately 5% to the ITC. Khot
et al."*® also identified interfacial modes at Al/Si interfaces and
uncovered local phonon non-equilibrium in the phonon modes
of Al and Si in the near-interface region. The resonance of
interfacial modes is further found to increase the ITC at Si/Ge
interfaces in nanowires®'® and GaN/diamond interfaces with
carbon vacancies.**” Using ML-MD, Yue et al.>*® revealed a
transition in phonon transport from the ballistic to the diffu-
sive regime at the graphene-silicon interface with increasing
graphene thickness. Adnan et al.*>*° further examined the
thermal transport across metal (Al, Mo, Zr, Au)/diamond inter-
faces using the MLPs and found that the MLPs accurately
captured both elastic and inelastic phonon transmission
processes.

Furthermore, the MLP framework has also been extended to
the exploration of thermal transport across more complex
interfaces. By constructing an N-Ga-Al MLP, the ITC of GaN/
AIN heterostructures was found to be dramatically affected by
atomic interdiffusion and disorder*®® as well as elemental
doping.*' Sun et al. calculated the TBR of AIN/diamond’®*?
and B-Ga,0s/diamond®*® interfaces, revealing the influence
of crystal orientations and bonded atom types at interfaces.
They further investigated the effects of interlayer material,
temperature, strain, and crystal orientation on the TBR of the
Cu/diamond interface.***

In addition, the high fidelity of MLP-based MD makes it a
natural bridge in multiscale thermal simulations. Mortazavi
et al.>* proposed a multiscale modeling framework combining
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L

DFT, MD, and FEM modeling without requiring prior thermal
transport data. As shown in Fig. 12, they first performed AIMD
simulations to generate data for training moment tensor
potentials (MTP) of graphene/borophene systems. MD simula-
tions were then carried out to calculate the thermal transport
properties of the constituent materials and their interfaces.
Using these properties as inputs, FEM was employed to com-
pute the effective thermal conductivity of graphene/borophene
heterostructures, with grain boundaries and composition con-
sidered. Wu et al.**® adopted a similar procedure to investigate
thermal transport in gallium nitride (GaN)-based devices, and
found that the well-matched lattice vibrations between BAs and
GaN led to an ultrahigh ITC of 260 MW m > K ', A competition
between the grain size and the boundary resistance was also
revealed. Sun et al.**’ simulated the thermal transport in
B-Ga,0;-based heterointerfaces across multiple scales, and
found that the TBR at the B-Ga,0;/diamond interface is higher
than that at the f-Ga,05/Si and B-Ga,05/SiC interfaces. Never-
theless, multiscale simulations incorporating MLPs provide an
effective bottom-up approach for the thermal management
design of microelectronics.

Beyond studying the interfacial thermal transport at solid/
solid interfaces, a few studies have investigated solid/liquid
interfaces using MLP-based MD. Li et al**® constructed a
Cu-water MLP and calculated the ITC of Cu/water interfaces.
They obtained a value of (2.505 + 0.335) x 10° W m™2 K%,
which shows better agreement with experimental data than
results based on empirical potentials. Liang et al.**° modeled
interfacial thermal transport at the SiO,/molten LiCl-KCl inter-
face based on MLP MD simulations, and investigated the
influence of the near-surface microstructure of molten salt ions
on the interfacial thermal transport.

B. Directly predicting ITC using Al tools

In addition to these Al-implemented atomistic simulations,
AI models can be directly employed to predict the ITC at given
interfaces by constructing descriptors related to interfacial
properties. A proper descriptor determines the performance
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Fig. 12 Main steps of the proposed first-principles multiscale modeling framework to simulate the lattice thermal conductivity of graphene/borophene
heterostructures from Mortazavi et al.>*®> Copyright@2020 Royal Society of Chemistry.

of the corresponding AI model. Wang et al.>*° used the DMM to
calculate the ITR and developed an Al-prediction model with
crystal structure parameters and elemental properties as
descriptors. Their results revealed that these descriptors asso-
ciated with the energy, lattice constant, volume, and density of
crystals should play a particularly important role in determin-
ing the ITR. Tian and Chen*' applied machine learning
methods, e.g., decision trees and univariate testing, to select
descriptors in the AI model for predicting ITR. They identified
the five most important descriptors which were related to film
thickness, specific heat capacities of the film and substrate,
and the density of the substrate. Song et al.>>* further analysed
the importance of 39 descriptors in the AT model for predicting
ITR based on an experimental dataset®>*** [Fig. 13(a)]. They
demonstrated that the number of descriptors could be reduced
to seven without compromising accuracy. Five of these seven
descriptors are strongly correlated with the bonding strength,
which is related to the vibrational properties of the two
contacting parts.

With properly chosen descriptors, efficient AI models can be
constructed and subsequently used to screen material datasets
for pairs with a target ITR. For instance, Foss et al.>>> developed
streamlined predictive models based on a dataset derived from
2D-3D Boltzmann mesoscale phonon simulations, enabling
the optimal selection of 2D-substrate pairings to maximize
the heat transfer. Al-Fahdi et al.**® developed a reliable con-
volutional neural network (CNN) model [Fig. 13(b)] to identify
promising substrates for cooling p-Ga,O;. Among the 32716
candidate structures, YN and MgO ranked as the top two in
terms of ITC when used as substrates for -Ga,0;. Meanwhile,
they further revealed a strong correlation between the ITC and
the overlap of phonon VDOS [Fig. 13(c)]. Wu et al.>**3%%3%7
constructed ITR predictive models based on experimental data,
focusing on high-ITR predictions. They identified Bi/Si as a
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promising heterostructure for thermoelectric applications,
owing to the ultra-low thermal conductivity induced by its
high ITR.

Furthermore, predictive models with interfacial features can
be used to guide the design of interfaces between two materials.
For example, Yang et al.**® developed a prediction model for
the ITR at the interface between graphene and hexagonal boron
nitride (hBN), requiring knowledge of the system temperature,
the coupling strength between the two layers, and the in-plane
tensile strain. Rustam et al.**® proposed a scalable Bayesian
optimization framework that leverages the dynamic spawning
of MD simulations to optimize the ITC at the Si/Al interface.
As shown in Fig. 13(d) and (e), the introduction of a two-layer
intermixed region rich in silicon yields a maximum ITC
enhancement of 50%. Jin et al*®® constructed prediction
models based on MD data for Si/Ge heterostructures, offering
distinct guidelines for ITC optimization through interfacial
structural parameters (random nanostructuring/roughness
density, height, and angle) and contact area. Ju et al.*® devel-
oped a framework that combines the atomistic Green’s func-
tion with Bayesian optimization to achieve the minimum ITC at
the Si/Ge interface via nonintuitive interfacial structures. The
resulting low ITC originates from a degree-of-freedom-induced
balance between Fabry-Pérot wave interference and interfacial
particle scattering in aperiodic structures. Guo et al.*** imple-
mented a novel deep learning (DL) encoder-decoder CNN
coupled with MD simulations to investigate thermal transport
across solid/liquid interfaces. Their approach maps the tem-
perature distribution across the computational domain based
on the solid-liquid interface geometry obtained from MD,
offering a promising tool for designing the solid/liquid inter-
faces with targeted ITC.

While AI has significantly advanced research on interfacial
thermal transport, numerous challenges remain. For ML-MD,
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most efforts have focused on simple interfaces composed of
structurally simple materials. However, many interfaces are
much more complex in practical applications. For instance,
surface modification with large organic molecules is a popular
strategy for enhancing ITC at solid/liquid interfaces, resulting
in a complex interface that combines a disordered liquid
phase, large molecules, and ordered/disordered solids. Gen-
erating an accurate MLP for such an interface is both difficult
and computationally expensive. It is therefore essential to
develop strategies for efficiently training MLPs for complex
systems. One potential solution lies in devising a coupling
scheme that bridges two independent MLPs, each describing
one part of the overall system. Such an approach would take
advantage of the wide array of MLPs already trained on simple
systems.

For Al-based predictions, one major challenge lies in acquir-
ing large volumes of accurate data, which are typically gener-
ated through experiments, DFT-based empirical models, and
MD simulations. However, experimental data depend heavily
on sample quality, while DFT-based empirical models (e.g.,
DMM and AGF) are constrained by their approximations. MD
simulations are limited by the accuracy of interfacial potentials
and become computationally prohibitive when MLPs must be
trained for a vast range of materials. A possible solution is to
develop AI models guided by the underlying physical principles
of interfacial thermal transport, as incorporating such

This journal is © the Owner Societies 2026

principles enables the construction of accurate models with
substantially less data.

VI. Perspectives and future challenges

Recent computational and experimental advances have shifted
the understanding of interfacial thermal transport from a
scalar ITC or ITR picture to a mechanism-resolved picture,
e.g., spectral and modal level phonon transmission. On the
one hand, analytical models such as AMM and DMM provide
useful limiting cases for specular and diffuse phonon transmis-
sion, while AGF/NEGF and MD simulations reveal how specific
interfacial features, including mass grading, roughness, inter-
diffusion, anharmonicity, localized interfacial modes, and
solid/liquid molecular ordering, selectively modify different
spectral heat-carrying channels. On the other hand, measure-
ments such as TDTR and FDTR provide reliable integrated ITC
values and identify trends associated with bonding strength,
elastic mismatch, surface chemistry, and molecular adsorption,
whereas advanced spectroscopic techniques such as STEM-
EELS directly visualize localized interfacial vibrations and
nanoscale temperature fields. These results collectively show
that interfacial heat transfer is governed by the selective trans-
mission, reflection, and conversion of phonons across fre-
quency, mode, momentum, and spatial scales. Furthermore,
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these understandings provide practical guidance for interface
optimization. For instance, to enhance ITC, interfacial structures
can be engineered to improve spectral matching, strengthen
interfacial bonding, introduce graded transition layers, or use
molecular bridges to activate otherwise weakly transmitting
modes. Conversely, to suppress ITC, one can introduce vibra-
tional mismatch, disorder, roughness, or interfacial architec-
tures that block dominant heat-carrying channels. Although
these strategies do not provide a universal recipe for modulat-
ing ITC in every system, they offer general principles and useful
starting points for rational interface design.

A. Bridging the gap between simulation and experiment

Despite the remarkable progress that has been made in recent
decades, a persistent gap remains between computational
modelling and experimental characterization of interfacial
thermal transport. On the simulation side, atomistic methods
such as AGF and MD provide detailed spectral information,
including mode-resolved transmission coefficients, inelastic
scattering contributions, and the role of interfacial microstruc-
ture, while these results are inherently limited by their approxi-
mations. AGF relies on the accuracy of interatomic force
constants, and the computational cost for a complex interface
becomes extremely large. MD simulations depend critically on
the fidelity of interatomic potentials, where empirical poten-
tials often introduce quantitative inaccuracies, while machine
learning potentials remain computationally expensive to train.
Furthermore, MD simulations are restricted to nanoscale sys-
tems and follow classical statistics, leading to overestimated
phonon populations at low temperatures. Mesoscale BTE sol-
vers extend the accessible length scale but simplify the inter-
face as a boundary condition described by analytical models
such as the DMM, thereby neglecting interfacial microstruc-
tural details, localized modes, and wave-like phonon effects in
the near-interface region.

On the experimental side, FDTR and TDTR provide highly
accurate measurements of the overall ITC but yield limited
spectral information without additional modelling. The
extracted ITC represents a frequency-integrated quantity,
making it difficult to directly validate the spectral predictions
from simulations. Recent efforts have begun to connect this
gap. For instance, Hua et al.** combined TDTR measurements
at multiple modulation frequencies with BTE simulations to
extract frequency-dependent phonon transmission coefficients
at Al/Si interfaces, revealing discrepancies with DMM predic-
tions at low frequencies. Similarly, Chen et al>°® coupled
machine learning with ultrafast electron diffraction to recon-
struct frequency-resolved relaxation times and transmission
coefficients at Au/Si interfaces, again demonstrating deviations
from the predictions of DMM. Furthermore, machine learning
potentials have significantly improved the agreement between
MD-predicted ITC values and experimental measurements for
systems such as Si/diamond®*® and the AIN/Cu**® interfaces.

Nevertheless, systematic and quantitative benchmarking
between simulation and experiment remains scarce. Experi-
mental measurements are expected to provide spectral and
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mode-resolved information that can be directly compared with
atomistic predictions, while simulations must incorporate rea-
listic interfacial conditions including disorder, roughness,
interdiffusion, and multi-carrier effects at length scales acces-
sible to measurement. The multiscale simulation framework, in
which machine learning potentials feed into mesoscale BTE
solvers with physically informed boundary conditions derived
from AGF or NEGF calculations, represents a promising path-
way toward this goal. Meanwhile, it is important to develop a
standardized benchmark system, i.e., a well-characterized inter-
face with known atomic structure, composition, and interfacial
bonds. Such benchmark systems enable both high-fidelity
simulations and precise experiments to be performed and
directly compared. Only through such synergistic integration
can the field move from qualitative understanding to truly
predictive design of interfacial thermal transport.

B. Interfacial thermal transport under extreme conditions

Most studies of interfacial thermal transport, including both
computational and experimental investigations, have been con-
ducted under ambient or near-ambient conditions. However,
many technologically important applications require interfaces
to function under extreme environments where the thermal
transport physics may differ substantially from the well-studied
ambient regime.

At elevated temperatures, anharmonic phonon-phonon
interactions become increasingly significant. As demonstrated
by NEGF calculations at Si/Ge interfaces,®® the contribution of
inelastic scattering to ITC grows from approximately 10% at
room temperature to 20% at 600 K, and MD simulations
suggest even larger enhancements when full-order inelastic
processes are considered.'*"'*> At sufficiently high tempera-
tures, higher-order scattering processes (i.e., four-phonon and
beyond), phonon renormalization, and structural instabilities
at interfaces may qualitatively alter the transport picture.
Yet computational tools that can capture these effects remain
limited: AGF with four-phonon scattering is computationally
prohibitive,®”*® while MD simulations at high temperatures
face challenges related to potential stability and the breakdown
of the quasi-harmonic framework used for quantum correc-
tions. Experimentally, TDTR and FDTR measurements at high
temperatures are complicated by transducer degradation, inter-
diffusion at the interface, and thermal radiation backgrounds.
Likewise, under high pressure conditions, the interfacial
thermal transport can be profoundly modified. Li and Qiu*®®
demonstrated a nonmonotonic pressure dependence of ITC at
metal/water interfaces, where the interplay between molecular
filling, vibrational overlap, and equilibrium bond-length com-
pression produces competing effects. For solid/solid interfaces,
pressure can modify the interfacial contact area, bonding
strength, and phonon spectra of the constituent materials
simultaneously. Systematic studies correlating pressure-dependent
ITC with spectral phonon properties remain lacking.

In addition, interfaces exposed to radiation, which are rele-
vant to nuclear energy systems, space electronics, and ion-beam-
processed semiconductor devices, present another frontier.
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Radiation can introduce point defects, amorphous layers, and
compositional mixing at interfaces, all of which modify the
phonon transmission spectrum. While MD simulations can
model radiation-damaged interfaces, the lack of validated intera-
tomic potentials for defectrich interfacial regions and the
absence of systematic experimental measurements of ITC in
irradiated systems limit current understanding.

In general, addressing interfacial thermal transport under
extreme conditions requires advances on multiple fronts,
including the development of interatomic potentials (particu-
larly machine learning potentials) trained on high-temperature
and high-pressure configurations, the extension of experi-
mental platforms to operate reliably under extreme conditions,
and the formulation of theoretical frameworks that can capture
the interplay between anharmonicity, defects, and structural
evolution at interfaces far from equilibrium.

C. Interfacial thermal transport in next-generation
technologies

The fundamental understanding developed in the preceding
sections must ultimately serve the practical imperative of
thermal management. As device architectures evolve toward
unprecedented power densities and heterogeneous material
integration, interfacial thermal resistance is rapidly transition-
ing from a secondary concern to the dominant thermal bottle-
neck in next-generation technologies. For instance, GaN and
Ga,03-based power devices generate localized heat fluxes
exceeding 1 kW cm >, making near-junction thermal manage-
ment the primary performance limiter.'*> In GaN-on-diamond
heterostructures, the ITC at the GaN/diamond boundary gov-
erns effective heat extraction. Spectral analyses reveal that mid-
frequency phonons (2-8 THz) dominate the interfacial heat flux
but are severely hindered by amorphous interlayers and lattice
mismatch. Looking forward, rational interface engineering
guided by spectral design principles and ML-accelerated
screening of interlayer compositions will be essential for realiz-
ing diamond’s thermal potential in next-generation RF and
power devices.

At the package level, TIM performance is governed not only
by fillers’ conductivity but critically by thermal resistances at
multiple filler-matrix and filler-substrate contacts. MD studies
have shown that surface functionalization with SAMs can
enhance solid/liquid ITC by nearly an order of magnitude
through collaborative wettability and vibrational coupling
effects, preferentially boosting low-frequency (0-4 THz) phonon
transmission.'®'*! This spectral insight provides a design
principle, i.e., molecular bridges should be engineered to
match the dominant spectral contributions at each specific
contact, enabling spectrally tailored interlayers that bridge the
vibrational mismatch between dissimilar materials.

Furthermore, direct liquid cooling for high-performance
computing places renewed emphasis on solid/liquid interfacial
transport. The sensitivity of ITC to molecular-level structure
of the first adsorbed layer and its vibrational coupling to
the substrate, including nonmonotonic pressure dependence
observed at metal/water interfaces, highlights the delicate
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optimization required. In batteries, thermal resistance at elec-
trode/electrolyte/collector interfaces governs temperature uni-
formity and safety margins. Unlike static semiconductor inter-
faces, battery interfaces evolve during cycling through degradation
and interphase growth. Understanding how ITC co-evolves with
electrochemical aging, potentially through MLP-based MD simula-
tions on interfaces at various degradation states, represents an
emerging frontier bridging thermal physics with electrochemistry.

Across all these domains, translating fundamental under-
standing into engineering practice requires confronting the gap
between idealized simulated interfaces and the complex,
imperfect interfaces in real devices, featuring roughness, resi-
dual stresses, oxide layers, and processing defects that are
expected to modify ITC by factors of two to ten. The multiscale
pipeline combining ML-MD, AGF, and mesoscale BTE solvers
provides the computational infrastructure for this translation.
When coupled with Al-driven optimization, this pipeline can
transform interfacial thermal engineering from empirical art
into predictive design, ultimately enabling thermal-aware
device workflows where interfacial properties are predicted
and optimized with the same confidence currently afforded to
electrical performance.

VII. Summary

In this review, we provided an examination of thermal transport
across material interfaces from the perspective of spectral
phonon physics, bridging fundamental theory, computational
methodology, experimental characterization, and data-driven
approaches. The central thesis throughout is that interfacial
thermal transport is inherently a spectral phenomenon, i.e., the
mismatch in vibrational density of states between dissimilar
materials acts as a frequency-dependent filter that selectively
transmits, reflects, or scatters phonons across the boundary.
Understanding and manipulating this spectral selectivity is the
key to engineering interfaces with targeted thermal properties.

We began by establishing the theoretical foundations
through AMM and DMM, which provide complementary phy-
sical pictures of phonon transmission at idealized interfaces.
While these analytical models capture essential physics, they
neglect critical features of real interfaces, motivating the devel-
opment of more sophisticated computational approaches. The
AGF method offers rigorous, frequency-resolved transmission
calculations within the harmonic and weakly anharmonic
regimes, while MD simulations, equipped with spectral decom-
position techniques such as FDDDM, SHC, and TDDDM,
naturally incorporate full anharmonicity and enable the study
of complex interfacial geometries including rough, nanostruc-
tured, and solid/liquid boundaries. The extension to mesoscale
BTE solvers bridges the gap between atomistic physics and
device-scale thermal predictions, though the treatment of inter-
faces within these frameworks remains simplified.

On the experimental front, FDTR and TDTR techniques
have matured into powerful tools for measuring interfacial
thermal conductance with high precision. Recent innovations,
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including BOFDTR for probing ballistic-to-diffusive transitions,
beam-offset and asymmetric-beam configurations for aniso-
tropic transport, and coupling with BTE fitting for extracting
spectral transmission, are beginning to provide the frequency-
resolved experimental data needed to validate atomistic pre-
dictions. Meanwhile, STEM-EELS has enabled the direct visua-
lization of interfacial phonon modes at the atomic scale,
offering unprecedented spatial resolution of vibrational proper-
ties at buried interfaces.

At the same time, the emergence of artificial intelligence has
introduced transformative capabilities to this field. Machine
learning potentials combine near-first-principles accuracy
with the computational efficiency required for large-scale MD
simulations of realistic interfaces, yielding ITC values in signifi-
cantly better agreement with experiments than those obtained
from empirical potentials. Data-driven predictive models,
trained on carefully selected descriptors derived from material
properties, enable rapid screening of material combinations
for targeted interfacial thermal resistance, accelerating the
discovery and optimization cycle.

Despite this substantial progress, several critical challenges
remain. The gap between idealized simulated interfaces and
the complex, imperfect interfaces encountered in real devices
continues to hinder quantitative prediction. Systematic bench-
marking between simulations and experiments on well-
characterized reference systems is urgently needed. In addition,
the behavior of interfaces under extreme conditions of tem-
perature, pressure, and radiation remains poorly understood.
Furthermore, the translation of spectral design principles into
practical thermal management solutions for next-generation
electronics, power devices, and energy systems requires a truly
multiscale framework that seamlessly connects atomistic phy-
sics to device-level performance.

Looking forward, the convergence of machine learning
potentials, mesoscale solvers with physically informed bound-
ary conditions, and advanced experimental techniques capable
of extracting spectral information promises to transform inter-
facial thermal engineering from an empirical endeavor into a
predictive science. By establishing the quantitative relationship
between interfacial atomic structure and frequency-dependent
phonon transmission, and by leveraging Al to navigate the vast
design space of possible interfacial configurations, the com-
munity is poised to achieve rational design of interfaces with
prescribed thermal functionalities, addressing one of the most
pressing bottlenecks in modern thermal management.
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