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A B S T R A C T

As device dimensions shrink and power densities increase in post-Moore electronics, thermal transport has 
become a critical challenge for next-generation technologies. At reduced dimensions, classical Fourier heat 
conduction becomes inadequate due to phonon confinement, interface scattering, and quantum effects. This 
review summarizes recent advances in phonon-mediated thermal transport in low-dimensional materials, 
particularly two-dimensional (2D) materials and van der Waals (vdW) heterostructures. Fundamental mecha
nisms, including phonon scattering, dimensional confinement, and interfacial thermal resistance, are discussed 
together with representative 2D systems such as graphene, hexagonal boron nitride, transition metal dichalco
genides, and black phosphorus. Particular attention is devoted to interfacial thermal transport and twist-angle- 
dependent phonon engineering in vdW heterostructures, which enable effective control of thermal transport 
through tunable interlayer coupling. Emerging phenomena, including phonon hydrodynamics and asymmetric 
thermal transport, are also highlighted. In addition, the growing role of materials informatics and machine 
learning in designing thermal functional materials is discussed. By connecting fundamental phonon physics with 
data-driven materials engineering, this review provides perspectives for thermal management, thermoelectric 
energy conversion, and next-generation energy-efficient technologies.

1. Introduction

In the post-Moore era, as device dimensions shrink and power den
sities surge, localized hotspots and inefficient heat dissipation severely 
threaten the performance and reliability of electronic components. 
Thermal management has become a critical bottleneck across a broad 
spectrum of advanced technologies, from next-generation microelec
tronics to aerospace and energy systems [1–4]. At the micro- and 
nanoscales, however, classical Fourier-based descriptions of heat con
duction break down [5]. Heat carriers such as phonons undergo 
boundary scattering, size confinement, and quantum effects, giving rise 
to transport behaviors that deviate strongly from bulk predictions.

Low-dimensional materials, such as, graphene, hexagonal boron 
nitride (h-BN), transition metal dichalcogenides (TMDs), and black 
phosphorus (BP), provide an unprecedented opportunity to explore and 
harness non-classical phenomena, offering promising routes for 
addressing diverse application needs. Moreover, a particularly exciting 
attention originates from the rise of two-dimensional (2D) van der Waals 
(vdW) heterostructures, in which atomically thin layers are vertically 

stacked without the constraint of lattice matching. These systems 
combine diverse electronic, optical, and thermal characteristics, while 
their weak interlayer interactions allow unprecedented control over 
interfacial phonon coupling. Recent studies demonstrated that vdW 
heterostructures can be engineered through stacking sequence [1,6], 
twist angle [7–10], and strain [11] to achieve tailored thermal con
ductivity ranging from ultralow values desirable for thermoelectrics to 
high interfacial thermal conductance essential for heat dissipation [4]. 
For example, in graphene/WS2 heterostructures, understanding the role 
of critical incident angles and phonon tunneling in suppressing 
cross-plane heat transport enabled the optimization of stacking se
quences, leading to the discovery of structures with ultralow thermal 
conductivity [12]. This example highlights how fundamental insights 
into phonon transport can guide rational material design and ultimately 
enable targeted thermal functionalities. Such capability establishes vdW 
heterostructures as a promising class of thermal functional materials.

The rapid development of advanced characterization and computa
tional techniques have substantially advanced our capability to probe 
and predict heat conduction properties across multi scales, such as 3ω- 
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method [13], time-domain thermoreflectance (TDTR) [14], suspended 
micro-bridge [15], optothermal Raman techniques [16] and machine 
learning algorithm [17] enable direct visualization of heat dissipation at 
nanometer resolution, while molecular dynamics (MD) simulations 
employing empirical force fields [18] and machine-learning potential 
[19–21], first-principles methods [22], and atomistic Green's function 
(AGF) methods [23] have provided fundamental phonon transport 
governed by the wave-particle duality of phonons. Together, these ad
vances provide an integrated framework for understanding and 
manipulating thermal transport at reduced dimensions. Complementing 
these physics-based approaches, materials informatics (MI) are 
emerging as powerful tools to accelerate the discovery and optimization 
of 2D materials and vdW heterostructures, with machine learning (ML) 
playing a central role. By mining large datasets and building predictive 
models, ML provides a complementary route to unravel 
structure-property relationships and guide the design of materials with 
targeted thermal performance.

In this review, we provide a comprehensive overview of thermal 
transport at reduced dimensions, with a particular emphasis on 2D 
materials and vdW heterostructures. We summarize the fundamental 
mechanisms, highlight advances, and discuss emerging data-driven 
strategies for tailoring heat flow at the atomic scale. By linking funda
mental insights with application-driven needs in microelectronics, 
aerospace, power electronics, and thermoelectrics, this review aims to 
illuminate both the challenges and opportunities of nanoscale thermal 
science in shaping the technologies of the future.

2. Fundamentals and recent advances

2.1. Heat transport in bulk scale

Heat conduction refers to the transfer of thermal energy within a 
material driven by temperature gradients, arising from the random 
motion of heat carriers such as molecules, electrons, or phonons. In this 
process, the material serves as the medium through which energy is 
transported from regions of high temperature to low temperature. The 
macroscopic description of heat conduction is commonly based on 
Fourier's law [24–26]. 

q = − κ∇T (1) 

where κ denotes the thermal conductivity and has units of [W/m-K]. 
Units of q is [Wm− 2]. ∇ is the gradient operator that works as 

∇T =
∂T
∂x

x̂ +
∂T
∂y

ŷ +
∂T
∂z

ẑ (2) 

where x̂, ŷ and ẑ are the unit vectors along coordinate directions. The 
thermal conductivity of a material fundamentally determines its ca
pacity for heat transport, with larger values indicating superior heat 
conduction capabilities.

Fig. 1 illustrates the wide-ranging thermal conductivity of materials 
at room temperature [25]. In a vacuum, insulators can display 
remarkably ultralow thermal conductivity, reaching around 
~10− 3 W/m-K. Gases also generally exhibit significantly lower thermal 
conductivity. Thermal conductivities of woods and polymers usually are 
around 0.1 W/m-K, about ten times smaller than water and glass 
[24–26]. Thermal conductivities of semiconductors (such as silicon) are 
156 W/m-K [27]. Remarkably, carbon allotropes, especially diamond, 
stand out for their exceptional thermal conductivities, surpassing those 
of highly conductive metals like copper. Notably, recently developed 
materials like cubic boron arsenide crystals demonstrate thermal con
ductivity of about 1000 W/m-K, rivaling those of diamond [28–31].

Thermal transport mainly relies on the movement and collisions of 
heat carriers within a system. The heat carriers and the mechanism of 
heat conduction for these materials are quite different. In gases as shown 
in Fig. 2 (a), gas molecules near the hot wall frequently collide with the 

solid atoms, which lead to the increase of their kinetic energy or random 
velocity. These molecules, engaged in random motion, have the poten
tial to move towards the lower temperature end. Throughout this pro
cess, they collide with molecules possessing lower random velocities 
(and thus cooler temperatures), transferring excess energy to those 
molecules. This cascading process continues for all adjacent molecules 
until it reaches those in the vicinity of the cold wall. These molecules, 
with higher kinetic energy than the atoms in the solid wall, transmit 
their excess energy to the wall through collisions. The cumulative effect 
is a pure energy flow from the hot wall to the cold wall, driven by the 
temperature disparity between the two walls. We need to note that the 
pure energy flow is a result of the random motion of molecules, and they 
don't need really transition from the hot side to the cold side [32,33].

The formation of a metal involves atoms bonding together, releasing 
some electrons from the outer orbits of the nuclei. These liberated 
electrons, unbound by interatomic forces, can traverse distances 
significantly greater than interatomic spacings until they encounter 
scattering events with atoms, other electrons, or impurities. Conceptu
ally, these free electrons can be envisioned as constituting a gas as 
shown in Fig. 2 (b). Free electrons in metals exhibit significantly high 
velocity. Consequently, heat transport in metals is primarily dominated 
by electrons [34,35].

Within dielectric solid materials and lightly/moderately doped 
semiconductors, heat propagation occurs through the vibrational mo
tion of atoms. These atoms are interconnected in the dielectric material 
through interatomic force interactions. Fig. 2 (c) is a schematic repre
sentation of the interatomic potential energy, denoted as ϕ, plotted 
against the interatomic distance, x, between two atoms. The force 
interaction between these atoms is derived from the gradient of the 
interatomic potential. 

F =
− dϕ
dx

(3) 

when two atoms are far away from each other, the electrons of one atom 
would attract the nucleus of the other atom, which leads to an attractive 
force. As the atoms draw closer, the interaction force transitions to a 
repulsive state because the electron orbits or nuclei of different atoms 
begin to overlap. The equilibrium positions of the atoms are determined 
by the lowest potential. Each solid's atom vibrates around its respective 
equilibrium position, with its motion influenced by neighboring atoms 
through interatomic potential. A simplified representation of inter
atomic interaction in crystals involves a mass-spring system, depicted in 
Fig. 2 (d). In this system, the vibration of a single atom can induce vi
brations throughout the entire system by generating lattice waves. 

Fig. 1. Thermal conductivity for different materials at room temperature.
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Quantum mechanics dictates that the energy of each lattice wave must 
be discrete, a multiple of hv (except for a small modification known as 
zero-point energy). In this context, v means lattice wave's frequency 
while h represents Planck constant (6.6 × 10− 34 J ⋅  s). This minimum 
energy, hv, of a quantized lattice wave is termed a phonon. A phonon 
state, more commonly referred to as a phonon mode, is a vibrational 
wave within a crystalline solid of a specific wavevector and frequency. 
This can be represented conveniently in the dispersion relation, which 
relates phonon mode energy to wavevector, as shown in Fig. 2 (e), for a 
diatomic chain.

The occupation of phonon is determined by the Bose-Einstein dis
tribution reproduced in equation (4), 

〈nK,p〉 =
1

exp
(

ℏωK,p

kBT

)

− 1 (4) 

Here, 〈nK,p〉 represents the number of phonons that occupy a state of 
wavevector K and polarization p. ω-Phonon state energy, ℏ-reduced 
Planck constant, kB-Boltzmann constant, and T-absolute temperature.

The heat capacity at constant volume is defined as 

CV ≡

(
∂U
∂T

)

V
(5) 

where U is the system internal energy and T is the absolute temperature. 
The contribution of phonons to heat capacity (sometimes referred to as 
lattice heat capacity) is quantified based on the lattice energy: 

Ulat =
∑

K

∑

p
〈nK,p〉ℏωK,p (6) 

The summation over wavevectors may be replaced so that the 
expression is written in terms of the change in the quantity of modes per 
change in energy level, otherwise known as the density of states Dp(ω). 

Ulat =
∑

p

∫

dωDp(ω)
ℏω

exp
(

ℏωK,p

kBT

)

− 1 (7) 

If the substitution of x = ℏω
kBT is made, Equation (4) can be used to 

determine the lattice heat capacity: 

CV,lat = kB

∑

p

∫

dωDp(ω)
x2 exp(x)

[exp(x) − 1]2
(8) 

The Debye model for the density of states relates the dispersion 
relation to the wavevector linearly via the speed of sound, which is 
constant across all polarizations, such that ω = vK. Therefore, the den
sity of states is 

Fig. 2. The mechanism of heat conduction for different phases of materials. (a) Heat carriers and conduction mechanism in gases, (b) Free electrons conceptualized 
as forming an electron gas, (c) Schematic of the interatomic potential in dielectric solids, (d) Simplified representation of interatomic interaction in crystals using a 
mass-spring system, (e) These modes are defined by wavevectors K and frequencies ω within the Brillouin zone, defined by ±π/a, (f) Optical phonons modes, 
describing vibrations in which neighboring atoms moving in alternating directions, (g) Acoustic phonons modes, describing vibrations that move nearly synchro
nously due to their low frequency, (h) Illustration of phonon particles.
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D(ω) =
dN
dω =

VK2

2π2
dK
dω =

Vω2

2π2v3
(9) 

where N represents the number of modes having a wavevector equal to 
or less than K and V represents the volume of the model system. If the 
phonon velocity is independent of polarization, then the summation in 
equation (8) can be replaced by a factor of 3. Once this is done, the 
expression becomes 

CV,lat = 9NkB

(
T
θ

)3 ∫
θ
T

0

dx
x4ex

(ex − 1)2
(10) 

where θ represents the Debye temperature, or the temperature at which 
the highest frequency acoustic phonon mode become occupied: 

θ =
ℏv
kB

(
6π2N

V

)1
3 (11) 

The Debye temperature of a material is a key characteristic that 
generally represents the upper limit for phonon excitation. At temper
atures around or below this scale, high-frequency optical modes, as 
illustrated in Fig. 2 (f), may remain weakly excited. Compared with 
acoustic modes (Fig. 2 (g)), these optical modes typically contribute less 
to heat capacity and thermal conductivity, and therefore play a sec
ondary role in heat transport. Accordingly, the Debye temperature 
provides a useful metric for describing heat storage and transport 
behavior in non-metallic materials.

2.2. Nanoscale heat transport

In contemporary devices, including computer chips, characteristic 
sizes have been scaled down to the micrometer and nanometer regimes. 
The conventional continuum models fail to capture the complexities of 
heat transport and storage phenomena at this scale [5]. However, 
nanoscale thermal control constitutes a fundamental aspect of the design 
for emerging devices in fields such as electronics, electro-optics, ther
moelectric, and photovoltaics. Therefore, researchers delve into ana
lyses and experiments grounded in nanoscale perspectives, which not 
only enhance our comprehension of thermal transport in modern tech
nologies but also find applicability in challenging scenarios, such as 
extreme temperatures and intricate structures, where traditional ap
proaches encounter difficulties.

The impact of nanoscale heat transfer research resonates across 
various engineering, materials science, and chemistry domains. A 
notable breakthrough occurred when researchers managed to suspend a 
single-walled carbon nanotube between two metal contacts, yielding an 
exceptional thermal conductivity of 3500 W/m-K [36]. This achieve
ment was previously hindered by constraints in carbon nanotube syn
thesis and nanofabrication techniques available at the time. The 
researchers attributed the observed trend to a synergistic interplay of 
Umklapp scattering and three phonon scattering processes [37]. 
Adopting a comparable methodology, a different research team gauged 
the thermal conductivity of single-layer graphene, revealing an 
impressive value of 5300 W/m-K [38]. In contrast, innovative 
non-contact laser techniques have facilitated the identification of ma
terials with exceptionally low thermal conductivity. Utilizing TDTR, a 
study delved into the thermal conductivity of WSe2, unveiling an 
extraordinarily low figure of 0.05 W/m-K [39]. Employing analogous 
techniques, other research teams have assessed the thermal conductivity 
of the fullerene derivative PCBM, pinpointing a value below 
0.06 W/m-K due to scattering mechanisms within the amorphous 
regime [40–42]. While experimental measurements provide quantita
tive values of thermal conductivity, interpreting these results requires an 
understanding of lattice vibrations, or phonons, and their scattering 
mechanisms.

Thermal conductivity due to phonons (otherwise sometimes called 
lattice thermal conductivity) is related to their velocity and scattering 
rate. As we introduced before, the energy of these harmonic vibrations is 
quantized. Each quantum of this quantized energy is referred to as a 
harmonic vibrational energy quantum, commonly known as a phonon. 
However, when the magnitude of atomic oscillations around their 
equilibrium points grows larger, the harmonic approximation (second- 
order approximation) becomes invalid. In such cases, we need to 
consider higher-order interaction terms, which include phonon-phonon 
interactions. The simplest interaction model in this scenario is the three- 
phonon process. In this model, the first phonon and the second phonon 
collide to produce the third phonon while maintaining the conservation 
of energy and momentum throughout the process: 

ℏω1 +ℏω2 = ℏω3 (12) 

ℏ q→1 +ℏ q→2 =ℏ q→3 + ℏ G→ (13) 

where G is the reciprocal lattice vector. Physically, this type of collision 
means that the influence of one lattice wave on the crystal lattice affects 
another lattice wave, thereby generating a third lattice wave. If two 
phonons collide and their combined wavevector remains within the first 
Brillouin Zone, the reciprocal lattice vector is zero. This process is called 
normal scattering, which does not generate thermal resistance [43]. If 
the combined third wavevector created by the collision of the two 
phonons escapes from the first Brillouin Zone, the reciprocal lattice 
vector is non-zero. This process is called Umklapp process. In this case, 
the resulting phonon experiences a significant change in its direction 
compared to the original two phonons, leading to large-angle scattering 
and thus generating thermal resistance. This Umklapp process is a key 
mechanism for generating heat flow, as the total wavevector of all 
phonons is no longer zero.

However, thermal transport is often not solely limited by phonon- 
phonon scattering. Instead, phonons can be scattered by defects [44,
45], interfaces [46,47], impurities [20,48], and boundaries. Addition
ally, phonons may be scattered by other heat carriers such as electrons 
and holes [49]. The overall scatter effects from different sources are 
described by Matthiessen's rule: 

1
τ =

1
τUmklapp

+
1

τimpurities,defects
+

1
τboundary

+
1

τphonon− electron
(14) 

where τ is phonon relaxation time. The boundary scattering behavior of 
phonons is influenced by relationship between characteristic length 
scales of phonons and system size.

Heat conduction is the diffusive nature of thermal energy transport 
due to the random motion and consequent collision of heat carriers 
(which are primarily phonons in semiconductors). Therefore, gases’ 
kinetic theory can be used to develop an expression for thermal 
conductivity: 

k =
1
3
CVvΛ (15) 

where v is the average phonon velocity and Λ is the average mean free 
path of all active phonons. Equation (13) can be substituted into the 
Fourier law (equation (1)) to create an equation that describes 
conductive heat flux in terms of a phonons gas [35]. 

q = −
1
3
CVvΛ∇T (16) 

Equation (14) presumes isotropic thermal transport in each direc
tion, which is the basis of understanding heat transfer in the complex 
material systems.

Recent years have witnessed remarkable progress in phonon trans
port studies in low-dimensional materials, extending beyond the con
ventional diffusive transport framework. Besides ballistic and 
hydrodynamic transport [50], emerging transport phenomena such as 
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superdiffusive heat conduction [51] and second sound [52] have 
attracted considerable attention. Recent theoretical and atomistic 
studies have demonstrated that phonon confinement and enhanced 
momentum-conserving normal scattering can induce collective phonon 
dynamics [53,54], providing new insights into the microscopic origin of 
non-Fourier heat conduction. Meanwhile, significant advances have also 
been made in the active manipulation of phonon transport through 
artificially engineered phononic structures. Phononic metamaterials, 
including metagratings and superlattice architectures [55], have been 
shown to enable asymmetric phonon transmission and directional heat 
transport, opening new opportunities for realizing phononic devices 
with tailored thermal functionalities. These recent developments not 
only deepen the fundamental understanding of collective phonon 
transport in low-dimensional materials but also provide promising 
strategies for phonon engineering and nanoscale thermal management.

2.2.1. Interfacial thermal transport
It is indicated that the microscopic structure presented at solid 

contacts are crucial factors limiting thermal transport across these 
contacts [56]. Thermal resistance at the contact layer has become a 
technical bottleneck for many modern high-tech applications, such as 
the integration and performance of large-scale integrated chips. 
Enhancing thermal transport across these contact layers can directly 
improve device performance. Due to the complexity and uncertainty of 
contact interfacial thermal resistance, the study of thermal transport 
characteristics at solid-solid contact interfaces has emerged as a chal
lenging problem in the science of thermal transport.

When two solid materials come into contact, the interfacial heat 
transfer is influenced by multiple factors. Recent studies on nano-carbon 
assemblies and thermal interface materials have highlighted that inter
facial thermal transport can be effectively regulated through interface 
engineering, underscoring the critical role of contact structure in 
determining thermal resistance [57,58]. Interfacial geometry plays a key 
role, including surface roughness [59], vacancy defects [60], lattice 
orientation [61], nano-inclusions [62], and interfacial adhesion or 
bonding [63]; Material properties also affect heat transfer, encompass
ing the thermal characteristics of the contacting materials as well as any 
interstitial media [64,65]; In addition, the interface contact status, such 
as the presence of relative sliding, can also modify thermal transport. 
Beyond these factors, load conditions (such as contact pressure and the 
history of loading), and temperature conditions (such as the average 
temperature of the contact surfaces, heat flux density and direction, and 
the history of temperature changes) also play significant roles.

Many of these factors are nonlinear, which creates coupling in
teractions that further complicate the issue. Specifically, if there are 

multiple interfaces in structure, the problem will become more complex. 
For example, in superlattices, multiple interfaces lead to constructive 
and destructive phonon interference as well as resonance effects. In 
nanostructures, there are a high density of interfaces, which could 
reflect phonons instead of letting them transmitted, leading to thermal 
resistance.

Therefore, understanding interfacial heat transfer has always been 
challenging. The initial theoretical understanding of interfacial heat 
transfer began with the Acoustic Mismatch Model (AMM) as shown in 
Fig. 3 (a) and the Diffuse Mismatch Model (DMM) as shown in Fig. 3 (b). 
The AMM assumes that phonons propagate as sound waves at the 
interface between two materials. The model assumes that phonons are 
reflected or refracted in the form of elastic waves and that the interface 
is perfect, without any defects or roughness. AMM is based on several 
key assumptions: the interface is smooth and defect-free, meaning there 
are no irregularities or roughness; Phonons are transmitted as elastic 
waves, following the laws of elastic mechanics; Energy and momentum 
are conserved, meaning that energy and momentum are conserved at the 
interface during phonon propagation; and There is angular dependence, 
meaning the reflection and refraction of phonons depend on the angle of 
incidence. AMM is mainly applicable to phonon transport at low tem
peratures and low frequencies, where the phonon wavelength is long 
and the geometric features of the interface have minimal impact on heat 
transfer. The DMM assumes that phonon transport at the interface is 
random, and phonon scattering at the interface is diffuse. This means 
that phonon reflection and transmission at the interface are no longer 
elastic and deterministic but follow statistical probabilities. The as
sumptions of this model include: The interface is rough and has defects, 
meaning the interface is no longer perfect and there is surface roughness 
and structural mismatch; Phonon scattering is random, meaning phonon 
behavior at the interface is random and follows a statistical distribution; 
energy is conserved, but momentum conservation is not required, 
meaning that the phonon momentum at the interface may change di
rection. DMM is more applicable to high-temperature conditions or 
high-frequency phonon transport, as in these conditions, the phonon 
wavelength is shorter and the microstructure of the interface signifi
cantly affects the phonon propagation path. These two models provide a 
theoretical foundation for studying and understanding heat transfer at 
the interfaces of different materials, although their applicability condi
tions differ.

The DMM and AMM are based on the phonon gas model, which as
sumes a perfectly periodic lattice. However, real interfaces often have 
significant structural disorder, conflicting with this assumption of per
fect periodicity. As a result, these models cannot account for the struc
tural details at the interface and instead calculate phonon transmission 

Fig. 3. Schematics of (a) AMM and (b) DMM.
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based solely on the phonon properties of the two materials forming the 
interface. The later-developed AGF method can consider the details of 
the interface but struggles to account for the effects of inelastic processes 
on interfacial thermal conduction and involves extensive computational 
demands. With the application of MD in interfacial heat transfer calcu
lations, the contribution of inelastic processes to interfacial thermal 
conductivity can be assessed. Richer vibrational modes, known as 
interfacial phonon states, are predicted at the interface. These states are 
entirely different from the bulk phonon properties of the materials 
forming the interface and have significant direct and indirect contri
butions to interfacial heat transfer. Recent progress has been made in the 
theoretical prediction and experimental verification of interfacial 
phonon states. However, MD calculations are based on classical me
chanics and cannot account for quantum effects, which can significantly 
impact predictions of interfacial thermal conductivity at low 
temperatures.

Although substantial progress has been achieved in understanding 
interfacial thermal transport, no existing theoretical framework can 
fully describe heat transfer across realistic interfaces. The classical AMM 
and DMM provide intuitive physical pictures for idealized coherent and 
incoherent phonon transmission, respectively, but neglect the structural 
complexity of practical interfaces. The AGF method extends the 
description by explicitly incorporating atomic-scale interfacial struc
tures and coherent phonon transport, yet its applicability is largely 
restricted to harmonic systems and becomes computationally 
demanding for realistic materials. Molecular dynamics simulations 
overcome this limitation by naturally capturing anharmonicity and in
elastic phonon scattering, enabling direct investigations of interfacial 
phonon states and their contributions to thermal transport. Neverthe
less, the classical nature of MD limits its predictive capability at low 
temperatures where quantum statistics become important.

These complementary approaches highlight that interfacial thermal 
transport cannot be fully understood within a single theoretical frame
work. Future developments are expected to integrate first-principles 
calculations, atomistic simulations, and data-driven approaches to 
bridge multiple length and time scales. In particular, machine-learning 

interatomic potentials [66] and AI-assisted multiscale modeling are 
emerging as promising tools to simultaneously achieve high accuracy 
and computational efficiency for predicting thermal transport across 
structurally complex interfaces. Such advances will not only deepen the 
fundamental understanding of interface-dominated heat conduction but 
also provide practical guidance for designing next-generation thermal 
interface materials and heterogeneous electronic devices.

2.2.2. Thermal properties of 2D materials

2.2.2.1. Thermal conductivity of 2D materials. In 2004 [67], graphene 
captured widespread attention due to its unique 2D planar structure and 
large specific surface area, which endowed it with exceptional proper
ties [68–70]. These properties enabled breakthroughs in several fields 
and triggered intensive research into 2D materials. Subsequently, a va
riety of other 2D materials have been extensively explored, including 
h-BN, SnSe, BP, MoS2, and Bi2Te3 as shown in Fig. 4. Starting from 
graphene, 2D materials have evolved into a diverse family encompassing 
conductors, semiconductors, superconductors, and insulators. Initially 
studied for their transport properties, 2D materials have permeated 
many fields, such as optoelectronic and spintronic devices, and have 
expanded into new areas such as photocatalysts, electrocatalysts, 
lithium-ion batteries, solar cells, and supercapacitors. They hold prom
ise for widespread application in next-generation information trans
mission devices and energy storage technologies. To date, various 
techniques have been developed to produce atomically thin 2D mate
rials, including mechanical exfoliation [67,76,77], liquid-phase exfoli
ation [78,79] and chemical vapor deposition [80–82]. The advancement 
of synthesizing 2D materials with high-quality and the development of 
thermal transport measurement techniques for low-dimensional mate
rials offer a solid foundation to investigate thermal properties of 2D 
materials. Hence, thermal transport in 2D materials, including few-layer 
graphene [38,83–86], h-BN [87,88], MoS2 [89,90], BP [91,92], and 
Bi2Te3 [93], has been extensively studied in recent years.

Graphene is a representative of 2D nanomaterial. A suspended 

Fig. 4. Schematic of 2D materials: (a) graphene, (b) h-BN [71], (c) BP [72], (d) MoS2 [73], (e) Bi2Te3 [74], (f) SnSe [75].

W. Ding and B. Cao                                                                                                                                                                                                                            Review of Materials Research 2 (2026) 100252 

6 



single-layer graphene's thermal conductivity has been reported as 
5300 W/m-K [38]. This value is much higher than that in highly ori
ented bulk pyrolytic graphite and diamond. However, this value is ob
tained without considering the effect of substrate and contact resistance. 
Cai et al. [85] have considered these factors and obtained thermal 
conductivity of suspended graphene as 2500 (+1000/-1050) W/m-K 
around 350 K. Studies on exfoliated graphene deposited on SiNx [94] 
or silicon dioxide [95] revealed that thermal conductivity of three-layer 
samples is 1250 W/m-K while single-layer samples is 600 W/m-K.

Apart from investigations on thermal conductivity of pristine gra
phene, various factors such as isotopic doping [96], vacancy [97,98], 
surface functionalization [99], edge configurations [100,101], size ef
fect [102–104] and strain [105,106] have also been explored. The ef
fects of these factors originate from different scattering mechanisms, 
which operate over distinct frequency ranges and thus lead to different 
impacts on thermal transport. For example, mass disorder and vacancy 
primarily scatter high frequency phonons, whereas low-frequency 
phonons are less affected by these point defects. In contrast, boundary 
scattering can suppress low frequency phonons to a great extent. In 
real-world structures, multiple scattering mechanisms often coexist. For 
instance, in a graphene nanoribbon with mass disorder, thermal con
ductivity is governed by both boundary and point defect scattering. The 
boundary scattering can suppress the high frequency phonons [107], 
while the point defects are able to cause a weak phonon localization 
effect.

The material h-BN has boron and nitrogen atoms adjacent to carbon 
in the periodic table, resulting in some similarities to carbon-based 
materials. Compared with graphene and other 2D materials, mono
layer h-BN exhibits exceptionally high chemical stability. Interest in 2D 
h-BN initially arose because bulk h-BN crystals [108] serve as 
outstanding substrates for graphene, enhancing its electronic properties 
by nearly an order of magnitude [109]. Like graphene, h-BN can exist in 
single layer, bilayer, and multilayer forms. However, in contrast to 
graphene, experimental data associated with few-layer h-BN's thermal 
conductivity remain relatively scarce. The thermal conductivity of sus
pended bilayer h-BN has been obtained by performing PDMS-assisted 
dry-transfer process, yielding a value of approximately 484 W/m-K at 
300 K [110]. This value exceeds that of bulk h-BN [111] but remains 
lower than the predicted value for monolayer h-BN [112], demon
strating a clear thickness dependence of thermal conductivity of h-BN 
[113]. Moreover, by employing an innovative suspended micro-bridge 
device equipped with U-shaped resistance thermometers, the thermal 
conductivities of multilayer mechanically exfoliated h-BN can be 
measured [87]. The results show that the thermal conductivity of 
11-layer h-BN and 5-layer h-BN is 360 W/m-K and 227~280 W/m-K, 
respectively. The lower thermal conductivity observed in thinner sam
ples is attributed to polymer residue on the h-BN surface [87].

Before the discovery of graphene, TMDs have already existed. 
Following graphene's demonstration of excellent properties, TMDs have 
regained the attention of researchers. TMDs typically have the form 
MX2, where M is a transition metal and X is a chalcogen. Due to their 
tunable and diverse nature, these materials exhibit a wide range of 
excellent properties, in some aspects exceeding those of graphene. 
Among TMDs, MoS2 has garnered tremendous interest due to its po
tential applications in electronic and optoelectronic devices [114,115]. 
Notably, its band gap is strongly dependent on layer number. For 
example, in bulk form, MoS2 possesses an indirect band gap of 1.3 eV. In 
monolayer form, MoS2 has a direct gap of 1.8 eV [116]. Similar to 
graphene and h-BN, TMDs can exist in monolayer, bilayer, and multi
layer forms. The thermal conductivity of supported monolayer MoS2 has 
been reported to be 62 W/m-K [117]. However, another study has 
exfoliated monolayer MoS2 from bulk material, and analyzed its 
temperature-dependent Raman spectra, reporting a thermal conductiv
ity in the range of 30.5~38.5 W/m-K [118]. Sahoo et al. [89] has syn
thesized multilayer MoS2 using chemical vapor deposition method and 
measured its thermal conductivity. Their results indicate that the 

thermal conductivity of an 11-layer MoS2 is approximately 52 W/m-K at 
300 K. The effect of thickness on the thermal conductivity of MoS2 has 
also been investigated. Experimental results indicate that, the thermal 
conductivity decreases with increasing thickness. The reason can be 
clarified in this way: with the increase of thickness, the group velocity 
decreases and phonon scattering rate increases, which lead to the reduce 
of thermal conductivity [119]. WS2 is another representative TMD. Due 
to its structural similarity to MoS2, its thermal conductivity is expected 
to be comparable [118]. This has been verified by using optothermal 
Raman technique, which reports a thermal conductivity of 32 W/m-K for 
WS2 [120]. The slight thermal conductivity difference between WS2 and 
MoS2 originates from the different phonon frequency variation due to 
distinct atomic masses of W and Mo. Furthermore, for multilayer WSe2 
with disordered stacking, a remarkably low cross-plane thermal con
ductivity of 0.05 W/m-K has been measured using TDTR [121].

After the successful synthesis of monolayer black phosphorus (BP) in 
2014, it attracted renewed attention in the field of 2D materials. Unlike 
graphene, phosphorene possesses a puckered lattice structure, in which 
phosphorus atoms are arranged in an anisotropic configuration, giving 
rise to distinct armchair and zigzag directions. This structural feature 
originates from out-of-plane puckering, which breaks in-plane symme
try and leads to pronounced anisotropic properties [122]. Moreover, the 
electronic properties of phosphorene are both layer-dependent [123,
124] and edge dependent [125]. Phosphorene exhibits unique thermal 
transport behavior compared with other 2D materials such as graphene 
or TMDs. For example, Ong et al. studied the thermal transport in 
single-layer phosphorene using first-principles calculations and the 
non-equilibrium Green's function method, and showed that the thermal 
conductance along zigzag directions is approximately 40% higher than 
along armchair direction at 300 K [126]. Furthermore, strain can 
effectively modulate thermal transport anisotropy. Uniaxial tensile 
strain applied along zigzag direction enhances the thermal conductance 
in that direction, whereas strain applied along the armchair direction 
reduces the thermal conductance along the zigzag direction. This pro
nounced orientation-dependent thermal transport behavior has also 
been verified by MD simulation [127,128], first-principle calculations 
[129,130].

Overall, the thermal conductivity of 2D materials is governed not 
only by intrinsic lattice properties but also by dimensionality, defects, 
interfaces, and external perturbations. These factors provide versatile 
routes for phonon engineering while simultaneously posing challenges 
for quantitatively predicting thermal transport in realistic devices.

2.2.2.2. Thermal properties characterization of 2D materials. To under
stand the microscopic origin of the thermal conductivity discussed 
above, accurate characterization techniques are indispensable. Recent 
advances in ultrafast optical and electrical measurements have therefore 
played a crucial role in revealing phonon transport mechanisms in 2D 
materials.

Accurate characterization of thermal transport in 2D materials re
quires experimental techniques capable of probing heat transfer across 
ultrafast temporal and nanoscale spatial scales. Existing methods (the 
summary table comparing these experimental methods is shown in 
Table 1) can generally be divided into optical-based and electrical-based 
techniques. Optical methods, including TDTR [140], Raman thermom
etry [132], and thermoreflectance thermal imaging (TTI) [147], employ 
optical heating and detection to investigate thermal conductivity and 
interfacial heat transport. TDTR provides high temporal resolution and 
sensitivity, but typically requires a metallic transducer layer. Raman 
thermometry is noncontact and suitable for atomically thin materials, 
although its accuracy depends on reliable optical absorption calibration. 
TTI enables multi-timescale thermal imaging and simultaneous extrac
tion of multiple thermal parameters, while its spatial resolution is 
limited by LED-based heating. In contrast, electrical-based methods such 
as the suspended micro-bridge technique directly measure intrinsic 
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thermal transport through Joule heating and electrical thermometry, 
but require complex device fabrication. Benefiting from their comple
mentary advantages, these techniques have greatly advanced the un
derstanding of phonon transport in 2D materials.

In TDTR measurements [147], as illustrated in Fig. 5 (a), the laser 
pulse generated by a Ti:sapphire laser is divided into pump and probe 
beams. The pump beam is intensity-modulated to periodically heat the 
sample surface, while the probe beam detects the surface temperature 
oscillation after a controlled delay time introduced by an electrically 
driven stage. The thermal response phase as a function of delay time can 
then be obtained. In a typical RTDTR measurement, shown in Fig. 5 (b), 
the laser spot position is precisely controlled to achieve 
high-spatial-resolution mapping of thermal resistance. Fig. 5 (c) presents 
the RTDTR map and statistical analysis for the heterobilayer with twist 
angle θ = 50◦. The thermal resistance of the heterobilayer region (R0) 
was determined by Gaussian fitting of the histogram distribution, and 
the measurement uncertainty was quantified by the standard deviation 
of the fitted peak. Using the dual-wavelength flash Raman method, as 
illustrated in Fig. 5 (d), Zhang et al. [16] measured the thermal con
ductivity of suspended and supported monolayer WS2 over 200–400 K. 
In this technique, one pulsed laser was used to heat the sample, while 
another pulsed laser monitored the transient temperature rise through 
Raman spectroscopy. By varying the delay time between the two laser 
pulses, the complete transient temperature evolution within one heating 
cycle could be reconstructed. Prior to the thermal conductivity mea
surements, the relationship between temperature and Raman peak shift 
was calibrated under 532 nm excitation over 100–500 K, as shown in 
Fig. 5 (e). This calibration enabled accurate temperature extraction and 
ensured that the temperature rise remained below 50 K, allowing radi
ative heat loss to be neglected. The thermal conductivity was then ob
tained by fitting the normalized transient temperature curves, as shown 
in Fig. 5 (f). In addition, Fig. 5 (g) shows that the E1

2g (Γ) mode exhibits a 
blue shift in supported WS2, suggesting that substrate coupling enhances 

the restoring force of the in-plane vibrational mode and modifies the 
phonon dispersion relation. Using suspended micro-bridge method, 
Sheng et al. [15] have achieved reversible manipulation of phonon 
transport in a monolayer MoSe2-WSe2 heterojunction by modulating 
phonon thermal conductivity through the switching of bias voltage. As 
illustrated in Fig. 5 (h), two gold sensors were employed simultaneously 
as heaters and thermometers. A large current was applied to one sensor 
to heat the sample, while a smaller current was used in the other sensor 
to monitor the resulting temperature rise. The thermal conductivity was 
then extracted by fitting the measured temperature signals with 
finite-element simulations of heat conduction. Fig. 5 (i) presents the 
SEM image of the monolayer MoSe2-WSe2 lateral heterostructure, and 
Fig. 5 (j) shows the thermal conductivity variation under different bias 
voltages. Liu et al. [148] have proposed a multi-pulse TTI combining 
with structure function algorithm, achieving simultaneous measurement 
of the thermal conductivities, specific heat capacities, and TBRs of 
microscale heterostructures. As illustrated in Fig. 5 (k), the testing sys
tem employed an LED to heat the sample surface and a detector to collect 
the reflected signal. To achieve an approximately ideal step response, a 
signal generator with a rise time of 20–100 ns was used. To enable 
measurements over a broad time range, a multi-pulse heating strategy 
was adopted, as shown in Fig. 5 (l). The early-stage thermal response 
was measured using short heating pulses, while the later-stage response 
was obtained using long heating pulses. By combining multiple datasets, 
a high-temporal-resolution transient thermal response spanning from 
tens of nanoseconds to hundreds of milliseconds was achieved. Fig. 5
(m) presents the transient temperature rise measured by TTI.

Although significant progress has been achieved in thermal charac
terization, rare experimental technique can simultaneously achieve ul
trahigh spatial resolution, ultrafast temporal resolution, and 
comprehensive thermal-property extraction. Future advances are ex
pected to integrate complementary characterization techniques with 
data-driven analysis to enable more accurate measurements of phonon 

Table 1 
Comparison of thermal characterization techniques.

Technique Category Principle Spatial 
Resolution

Temperature 
Resolution

Measured 
Quantity

Mapping 
Capability

Typical 
Applications

Main Limitation

SThM [131] Temperature 
Mapping

Probe-sample heat 
exchange

20-100 nm 0.01-0.1 K T, local κ, 
local q

Yes 
(Scanning)

Nanoscale 
hotspots

Tip-induced 
thermal resistance 
and slow scanning

Raman [132] 
Thermometry

Temperature 
Mapping

Temperature- 
dependent Raman 
peak shift

0.5 μm 1-5 K T Yes 
(Scanning)

2D materials, 
GaN, HEMT, 
SiC MOSFETs

Low temperature 
sensitivity

Transient Raman 
Thermometry [16,
133]

Temperature 
Mapping/Property 
characterization

Time-resolved Raman 
response under pulsed 
heating

0.5 μm 1 K T, κ, alpha Yes 
(Scanning)

Graphene, 
MoS2, h-BN, 
Nanowire

Required pulsed 
laser system

Thermoreflectance 
Imaging [134–136]

Temperature 
Mapping

Temperature- 
dependent reflectivity 
variation

0.2-0.5 μm 0.2 K T Yes (Full- 
field)

CPU/GPU/ 
HBM, hotspot 
mapping

Reflectivity 
calibration required

Time-Resolved TR 
Imaging [137]

Temperature 
Mapping

Ultrafast full-field 
thermorefectance 
imaging

0.2-0.5 μm 0.1 K T, transient 
thermal 
response

Yes (Full- 
field)

HBM, transient 
hotspot 
evolution

High 
instrumentation 
complexity

3 Ω Method [138,
139]

Thermal Property 
Characterization

Third-harmonic 
thermal response from 
periodic Joule heating

0.1-10 μm 0.01 K κ, G/TBC No Thin film, TIM, 
dielectric layer

Requires 
microfabricated 
heaters

TDTR [140,141] Thermal Property 
Characterization

Pump-probe 
thermoreflectance

1 μm 0.2 K κ, G/TBC, 
Cp

No Interfaces, 
TIM, Advanced 
packaging

Femtosecond laser

FDTR [140,142] Thermal Property 
Characterization

Frequency-domain 
thermoreflectance

1 μm 0.1-0.2 K κ, alpha, G/ 
TBC

No Multilayer 
structures

Complex thermal 
modeling

T-type [143] MEMS Thermal 
Bridge

Suspended sample 
attached to heater 
forming T geometry

100 nm — κ No Nanowires, 
CNTs, polymer 
fibers

Complex device 
fabrication

H-type [144,145] MEMS Thermal 
Bridge

Dual suspended 
islands connected by 
sample

100 nm — κ,G No Graphene, 
MoS2, 2D 
materials

Alignment and 
fabrication 
challenges

Suspended Thermal 
Bridge [83,146]

MEMS Thermal 
Bridge

Direct heat-flow 
measurement across 
suspended sample

100 nm — κ,G/TBC No Graphene, h- 
BN, vdW 
materials

MEMS fabrication 
required
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transport.
While thermal conductivity measurements provide macroscopic 

transport properties, they cannot directly reveal the underlying trans
port mechanisms. Recent theoretical and experimental studies have 
therefore shifted from measuring thermal conductivity to identifying 
collective phonon transport phenomena, including hydrodynamic 
transport and coherent phonon transport.

Phonon hydrodynamics has recently emerged as an important topic 
in the study of thermal transport in 2D materials, providing a collective 
transport picture beyond the conventional particle-like phonon diffusion 
framework. Analogous to classical fluid hydrodynamics, phonon hy
drodynamics describes the macroscopic collective motion of phonons 
when momentum-conserving normal (N) scattering processes dominate 
over momentum-destroying resistive (R) processes, such as Umklapp 
and defect scattering. Under such conditions, phonons can establish 
local equilibrium through frequent N scattering, leading to fluid-like 

heat transport phenomena, including second sound and phonon Pois
euille flow. The concept of second sound, originally proposed in su
perfluid helium as a wave-like propagation of thermal energy, has since 
been extended to crystalline solids and is regarded as one of the most 
representative signatures of hydrodynamic phonon transport. According 
to Peierls’ theory, thermal transport in solids can evolve through 
different regimes with decreasing temperature, including kinetic, Ziman 
hydrodynamic, Poiseuille hydrodynamic, and ballistic regimes, 
depending on the competition among Umklapp scattering, normal 
scattering, and boundary scattering. In recent years, low dimensional 
materials with reduced phase space for Umklapp scattering and excep
tionally long phonon mean free paths have provided an ideal platform 
for observing phonon hydrodynamic behaviors. Particularly in 2D ma
terials, the unique phonon dispersion and strong normal scattering open 
new opportunities for realizing hydrodynamic heat transport even 
beyond conventional cryogenic conditions.

Fig. 5. Experimental measurement method of thermal properties for 2D materials (a-c) Time domain thermal reflectance method for twisted MoS2/WS2 hetero
structure [147], (d-g) Dual-wavelength flash Raman method for measuring the thermal conductivity of monolayer WS2 [16], (h-j) Suspended micro-bridge method 
for thermal conductivity measurement of 2D lateral heterostructure [15], (k-m) Multi-pulse TTI for achieving simultaneous measurement of the thermal conduc
tivities, specific heat capacities, and thermal boundary resistances (TBRs) of microscale heterostructures [148].
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Using density-functional perturbation theory and an exact solution of 
the Boltzmann transport equation, Cepellotti et al. [149]. Revealed that 
momentum-conserving N scattering dominates over U scattering in 
several 2D materials, including graphene, h-BN, MoS2, graphene, and 
fluorographene, over a wide temperature range extending up to room 
temperature, as shown in Fig. 6 (a). Unlike conventional 
three-dimensional solids, this unusual scattering hierarchy enables hy
drodynamic phonon transport regimes, such as Poiseuille and Ziman 
flow, as well as wave-like heat propagation (second sound) in graphene, 
h-BN, and graphene. In graphene ribbons, dominant N scattering facil
itates collective phonon flow and enhances thermal conductivity beyond 
the ballistic limit, as shown in Fig. 6 (b). As temperature increases, the 
system gradually evolves from the Poiseuille regime to the Ziman hy
drodynamic regime, while the conventional kinetic regime dominated 
by Umklapp scattering is largely absent in these 2D materials. Using a 
microscale experimental platform in Fig. 6 (c) combined with 
first-principles-based kinetic theory, researchers experimentally 
demonstrated phonon Poiseuille flow in suspended isotopically purified 
graphite ribbons with a width of 5.5 μm up to 90 K [150]. In the hy
drodynamic regime, collective phonon motion gives rise to a parabolic 

heat-flux profile, analogous to viscous fluid flow in confined channels. 
The thermal transport properties were measured using a μ-TDTR 
pump–probe technique on graphite ribbons with different widths. 
Conventional identification based on the temperature dependence of 
κ/T2.5 was found insufficient to distinguish hydrodynamic transport 
from ballistic transport, especially in narrow ribbons in Fig. 6 (d). 
Therefore, the ratio of thermal conductivity to ballistic thermal 
conductance (κ/Gballistic) was proposed as a more reliable criterion. For 
the 1.3 μm-wide ribbon, κ/Gballistic decreases monotonically with tem
perature, indicating a transition from ballistic to diffusive transport in 
Fig. 6 (e). In contrast, wider ribbons exhibit signatures of phonon 
Poiseuille flow, providing strong evidence for hydrodynamic phonon 
transport in graphite.

Using a phonon hydrodynamics strategy, researchers [151] realized 
directional heat transport rectification in isotopically enriched graphite 
by designing a micrometer-scale Tesla valve structure within a 
90 nm-thick graphite crystal in Fig. 6 (f). Thermal transport measure
ments revealed a clear directional dependence of thermal conductivity, 
with a maximum thermal diodicity of 15.2% observed at 45 K in Fig. 6
(g). The temperature-dependent thermal diodicity shows that below 

Fig. 6. Phonon hydrodynamics in 2D materials (a) Thermal transport regimes in two- and three-dimensional (3D) materials, (b) Average linewidths of normal (N), 
Umklapp (U) and isotopic (I) scattering processes in infinite suspended sheets of graphene [149], (c) Illustration of phonon Poiseuille flow in graphite ribbon, (d-e) 
The ratio of thermal conductivity over T2.5 as a function of temperature for graphite ribbons with various widths and the ratio of thermal conductivity over Gballistic as 
a function of temperature [150], (f-h) A graphite thermal Tesla valve driven by hydrodynamic phonon transport [151].
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20 K the ratio between forward and reverse thermal conductivity re
mains close to unity, indicating symmetric ballistic phonon transport. As 
temperature increases, momentum-conserving normal (N) scattering 
becomes dominant, enabling collective phonon flow characteristic of the 
hydrodynamic regime. Around 45 K, phonon hydrodynamic fluxes are 
established within the asymmetric Tesla valve channels while resistive 
Umklapp scattering remains weak in Fig. 6 (h). Owing to the geometric 
asymmetry of the Tesla valve, phonons propagate more efficiently in the 
forward direction, whereas stronger resistance is induced in the reverse 
direction, leading to higher forward thermal conductivity. This work 
demonstrates the potential of exploiting collective phonon hydrody
namics for thermal rectification and advanced thermal management in 
microscale and nanoscale devices.

2.2.2.3. Collective phonon transport in 2D materials. Besides hydrody
namic phonon transport, another important manifestation of collective 
phonon behavior is coherent phonon transport, in which the wave na
ture and phase correlation of phonons play a significant role in heat 
conduction [152,153]. Unlike the conventional phonon gas model that 
treats phonons as independent particles, coherent transport arises from 
constructive or destructive interference between phonon wave packets 
and becomes particularly important in periodically structured materials, 
superlattices, and phononic metamaterials when the phonon coherence 
length is comparable to the characteristic structural dimensions.

Recent theoretical developments have considerably advanced the 
understanding of phonon coherence. Zhang et al. proposed a generalized 
heat conduction formalism that naturally incorporates both particle-like 
and wave-like phonon behaviors through coherence time and phonon 
lifetime, providing a unified framework beyond the conventional 
phonon gas model [53]. Furthermore, direct atomic simulations 
demonstrated that thermal phonons consist of ensembles of coherent 
elastic wave packets, leading to intrinsic and mutual coherence effects 
that moderately enhance phonon relaxation times and thermal con
ductivity [54]. More recently, an analytical framework incorporating 
spatial coherence was developed to accurately describe phonon trans
mission across multi-interface heterostructures. The study revealed that 
spatial coherence has little influence on a single interface but becomes 
essential for accurately predicting phonon transmission and 
wave-packet evolution in complex multilayer structures [154]. These 
advances suggest that coherent phonon transport represents another 
important collective transport regime and provides new opportunities 
for manipulating thermal transport through interface engineering and 
phononic metamaterial design.

Collectively, these studies demonstrate that phonon transport in low- 
dimensional materials extends well beyond the conventional diffusive 
picture. Future efforts should focus on bridging hydrodynamic trans
port, coherent transport, and nonequilibrium phonon dynamics to 
establish a unified framework for collective phonon transport.

2.2.2.4. Asymmetric thermal transport and thermal devices based on 2D 
materials. Beyond understanding collective phonon transport, 
increasing efforts have been devoted to exploiting these thermal trans
port mechanisms for thermal functional devices. Among them, asym
metric thermal transport has emerged as one of the most representative 
applications.

Asymmetric thermal transport, also known as thermal rectification 
[155,156], refer to the diode-like behavior of heat flux, in which the 
magnitude of heat flux depends on the direction of thermal transport. 
This phenomenon has attracted considerable attention because of its 
potential applications in thermal management, phononic devices, and 
energy-saving systems. Previous studies have demonstrated thermal 
rectification in various asymmetric nanoscale systems, including struc
tures with asymmetric geometries [144,157,158], mass gradient [159], 
and porous or compositionally inhomogeneous materials [160,161]. In 
these systems, asymmetric heat transport generally originates from 

mechanism such as direction-dependent overlap of phonon spectra 
under reversed temperature gradients [162], asymmetric phonon bal
listic transport and boundary phonon scattering [157,163], as well as 
the coupled dependence of thermal conductivity on both temperature 
and spatial position [164]. Compared with conventional bulk materials, 
2D materials provide a unique platform for realizing asymmetric ther
mal transport due to their atomic-scale thickness, strong phonon sensi
tivity to interfacial coupling, and high flexibility in structural design. In 
particularly, the arbitrary stacking and assembly of different 2D mate
rials enable the construction of diverse vdW heterostructures with 
tunable interfacial interactions and symmetry breaking [12,165]. These 
characteristics make 2D materials highly promising for investigating 
thermal rectification phenomena and developing next-generation 
nanoscale thermal devices.

For in-plane lateral heterostructures, asymmetric thermal transport 
has been experimentally demonstrated in monolayer MoSe2-WSe2 
lateral heterostructure systems, as shown in Fig. 7 (a) [160]. Due to the 
intrinsic asymmetry of the lateral heterointerface and the mismatch of 
phonon transport across the junction, heat conduction from MoSe2 to 
WSe2 is significantly more efficient than that in the reverse direction, 
resulting in a thermal rectification factor approaching 96% under 
high-bias conditions in Fig. 7 (b). Furthermore, the rectification effect 
can be effectively tuned by varying the interface orientation angle, 
highlighting the important role of interfacial symmetry and phonon 
coupling in regulating directional heat transport. Besides lateral heter
ostructures, vertically stacked vdW heterostructures also exhibit 
remarkable asymmetric heat transport in the out-of-plane direction. A 
representative example is the trilayer MoS2/MoSSe/WSe2 vdW hetero
structure in Fig. 7 (c) ~ (e), which achieves strong thermal rectification 
within an atomically thin structure of less than 5 nm [134]. By con
trolling the asymmetric stacking sequence and interfacial twist angles, 
the variation in interfacial thermal conductance under opposite tem
perature gradients can exceed 100% in Fig. 7 (g) ~ (h). The asymmetric 
heat transport behavior originates from the different contributions of 
in-plane and out-of-plane phonon modes at the heterointerfaces, while 
twist-angle engineering further regulates phonon coupling and inter
layer heat transport. Meanwhile, one field-effect transistor (FET) device 
with a MoS2/MoSSe/WSe2 trilayer on top of two thin gold electrodes 
was fabricated and the surface temperature distribution of the device 
was measured by using a non-contact transient thermal image method. 
The average temperature rises above the heating electrode, as shown in 
Fig. 7 (i), demonstrated that it exhibited a favorable linear relationship 
with heating power, which originates from the asymmetry in interfacial 
thermal conductance. Both lateral and vertically stacked 2D hetero
structures provide effective routes for achieving asymmetric thermal 
transport through interfacial and structural engineering [134,160,166].

In summary, significant progress has been made in realizing thermal 
rectification in 2D heterostructures. However, further improvements in 
room temperature rectification efficiency and large-scale integration of 
thermal devices remain essential for practical applications. Future ad
vances in interface engineering, twist-angle engineering, and phononic 
metamaterials are expected to accelerate the development of program
mable thermal-functional devices and broaden their applications in 
nanoscale thermal management and phononic computing.

2.2.3. Thermal properties of vdW heterostructures
Materials scientists often combine different materials to form het

erojunctions, which can exhibit enhanced performance arising from 
synergistic interactions between their constituent components. Such 
heterojunctions integrate materials with distinct properties and may 
lead to performance exceeding the sum of individual contributions. A 
well-known example is the PN junction transistor, which revolutionized 
modern electronics. The PN junction is a heterojunction made of two 
different types of semiconductor materials. Heterojunctions have 
attracted significant research interest due to their unique physical 
phenomena. However, despite their advantages, their practical 
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realization remains challenging. When materials with significantly 
different lattice constants are combined, numerous defects can arise, 
degrading interfacial quality and device performance. A common 
strategy to address this issue is to introduce a buffer layer to accom
modate films with different lattice constants. However, buffer layers 
may introduce additional interfacial defects and variability in thermal 
and electronic properties. As a result, high-quality heterojunctions are 
typically limited to materials with good lattice matching, which con
strains the range of feasible material combinations.

Recently, with advances in micro-nano technologies, researchers 
have developed approaches to assemble 2D materials layer by layer, 
forming so-called vdW heterostructures. In these systems, strong 

covalent bonds ensure the in-plane stability of 2D crystals, while 
comparatively weak vdW forces are enough to hold the layers together 
in a stack. Unlike conventional heterostructures, lattice matching is no 
longer a strict requirement in vdW heterostructures, enabling the inte
gration of dissimilar 2D materials through layer-by-layer stacking. This 
unique characteristic allows for the design of heterostructures with 
tailored functionalities by combing materials with diverse properties. 
The experimental demonstration of multilayer vdW heterostructures is a 
recent achievement [167–169]. Remarkably, these atomic-scale struc
tures perform much better than anticipated. Additionally, the vertical 
stacking of 2D materials possessing various electronic, optical, and 
magnetic properties allows for the creation of a wide range of vdW 

Fig. 7. Asymmetric thermal transport in 2D heterostructure (a-b) Thermal rectification across lateral MoSe2/WSe2 heterostructure [160], (c-d) Asymmetric thermal 
transport characterization across interlayer interface of multilayer heterostructure based on suspended micro-bridge measurement, (f-h) Asymmetric interlayer 
thermal conductance with twisted angle, (i-k) Asymmetric thermal transport in multilayer heterostructure device based on transient thermal image method [134].
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heterostructures. The varied characteristics of different heterostructures 
offer unparalleled possibilities for various applications [170]. Examples 
include vertical field-effect transistors (VFETs) (Fig. 8 (a) and (b)), ul
trasensitive infrared photodetectors (Fig. 8 (c)), Light-Emitting Devices 
(LEDs) (Fig. 8 (d)), spin-filtering devices (Fig. 8 (e) and (f)), which are 
difficult to achieve in traditional material heterostructures.

Moreover, 2D materials possess a high surface-to-volume ratio, 
enabling interfacial properties to play a dominate role in the overall 
system design. Beyond materials composition in vdW heterostructures, 
stacking order [1,6,177], interlayer rotation [7,8] and cross-plane strain 
[11] have also been shown to be effective strategies for engineering 
thermal conductivity of vdW heterostructures. For example, Using a 
combinatorial experimental approach, Aditya et al. [177] have probed 
nine graphene-MoS2 heterostructures constructed by distinct sequence, 
and identified an optimized superlattice with ultralow thermal con
ductivity comparable to that of air, as shown in Fig. 9 (a). The effect of 
rotation angle on interfacial thermal transport of graphene/h-BN het
erostructures has been investigated by using MD simulation [7]. It was 
reported that the thermal conductance reaches as high as 509 
MW/(m2K) at 500 K in the absence of rotation, and as decreases 
monotonically with increasing rotation angle, as shown in Fig. 9 (b). The 
influence of cross plane strain has also been investigated [11], showing 
that thermal conductance can be tuned from 50% to 350% of its original 
value through modulating cross-plane strain, as illustrated in Fig. 9 (c).

Among various modulation strategies, interlayer twist offers a 
nondestructive and controllable approach to tailoring the physical be
haviors of 2D vdW systems and uncovering emergent phenomena [178]. 
The relative rotation between adjacent layers introduces lattice 
mismatch and gives rise to moiré patterns, which can significantly 

modify interlayer coupling and reconstruct the phonon and electronic 
band structures. Analogous to twistronics in electronic systems, “twist
onics” has recently emerged as a promising concept for manipulating 
phonon behaviors through interlayer twist engineering. By altering 
phonon dispersion, scattering processes, and interlayer interactions, 
twist engineering provides an effective route to regulate thermal 
transport in 2D materials. Consequently, increasing efforts have been 
devoted to exploring the twist-angle-dependent thermal transport 
properties of representative 2D vdW materials.

It has been reported that large-area vdW MoS2 thin films with 
random interlayer rotations (r-MoS2) exhibit ultralow thermal conduc
tivities in the cross-plane direction (57 ± 3 mW m− 1K− 1), comparable to 
that of ambient air (~26 mW m− 1K− 1), as shown in Fig. 10 (a) and (b). 
Homogeneous non-equilibrium molecular dynamics (HNEMD) simula
tions suggest that this anomalously low thermal conductivity originates 
from the strong suppression of transverse acoustic (TA) modes and the 
overdamping of longitudinal acoustic (LA) modes, which together 
severely hinder heat transport along the cross-plane direction [8], as 
shown in Fig. 10 (c). In contrast to the conventional understanding of 
homogeneous materials, Zhang et al. [147] reported a significant 
enhancement of interfacial thermal conductance in twisted MoS2/WS2 
heterostructures, as shown in Fig. 10 (d). This enhancement was 
attributed to efficient optical-to-acoustic phonon conversion through 
inelastic scattering, which introduces additional transport channels that 
compensate for the intrinsic phonon mismatch at the heterogenous 
interface. Hu et al. [179] further investigated the twist-angle depen
dence of thermal transport in Gr/h-BN bilayer heterostructures. The 
simulation setup is illustrated in Fig. 10 (f). As shown in Fig. 10 (g), the 
thermal conductivity exhibits a pronounced nonmonotonic dependence 

Fig. 8. Applications of 2D vdW heterostructures. (a) VFETs [171], (b) Flexible VFETs [172], (c) Photodetectors [173], (d) LEDs [174], (e) Magnetic tunneling 
junction [175] and (f) Spin tunneling FET device [176].
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on twist angle, reaching a maximum at 17.9◦, where the conductivity is 
enhanced by approximately 125% compared with the untwisted 
AA-stacked structure. This anomalous enhancement was attributed to 
enhanced in-plane basal phonon transport resulting from weakened 
interlayer coupling and suppressed anharmonicity at intermediate twist 
angles. Although these studies establish twist engineering as an effective 
strategy for tailoring phonon transport, the underlying microscopic 
mode-resolved phonon transport mechanisms remain insufficiently un
derstood. To address this issue, Ding et al. [23] investigated interlayer 
thermal transport in twisted graphene using mode-resolved atomistic 
Green's function. The thermal conductance was found to strongly 
dependence on rotation angle, with the highest value at 0◦ and the 
lowest at 10◦. Mode-analysis further revealed that twisting particularly 
suppresses high-frequency phonons with large incidence angles, as 
shown in Fig. 10 (h).

Taken together, these studies demonstrate a paradigm shift in ther
mal transport engineering of vdW heterostructures, from conventional 
material selection toward interface engineering. Stacking sequence, 
twist angle, and strain provide complementary approaches for 

reconstructing phonon dispersion, tuning interlayer coupling, and 
regulating phonon scattering. Among them, twist engineering has 
emerged as one of the most powerful and versatile strategies because it 
enables reversible and nondestructive control of phonon transport 
without modifying chemical composition. Nevertheless, several funda
mental challenges remain. The microscopic origin of twist-dependent 
phonon transport is still under debate, and the reported twist-angle 
dependences often vary among different material systems due to dif
ferences in interface quality, transport regime, and theoretical meth
odology. Moreover, the enormous design space generated by diverse 2D 
materials, stacking configurations, twist angles, and external stimuli 
remains largely unexplored. Future advances are expected to integrate 
first-principles calculations, machine-learning-assisted high-throughput 
screening, and advanced thermal characterization techniques to estab
lish universal structure-phonon transport relationships and accelerate 
the rational design of thermal-functional vdW heterostructures.

Looking forward, the combination of twist engineering, strain engi
neering, external electric fields, and machine-learning-guided inverse 
design is expected to enable programmable thermal transport in vdW 

Fig. 9. Strategies for engineering phonon transport: (a) stacking order [177], (b) interlayer rotation [7] and (c) cross-plane strain [11].
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heterostructures. Such developments may facilitate the realization of 
next-generation phononic devices, thermal logic circuits, and intelligent 
thermal management systems.

2.3. MI for vdW heterostructures

MI offers a revolutionary approach to accelerate the discovery of 
materials with targeted properties. By integrating simulations or 
experimental data with ML techniques, MI enables the exploration of 
complex, multiscale relationships that are difficult to capture using 
traditional approaches. ML encompasses several learning paradigms, 
including supervised, unsupervised, semi-supervised, and reinforcement 
learning [180]. In supervised learning, the dataset includes features 

referred to as the independent variables and a target or dependent 
variable. In contrast, unsupervised learning lacks a target variable. 
Semi-supervised learning involves training data where only some ex
amples have target labels. In reinforcement learning, the model is 
trained on data with minimal labeling, but it uses a system of rewards 
and penalties based on the algorithm's output. ML methods are widely 
applied to tasks such as classification, regression, clustering, and opti
mization, as illustrated in Fig. 11. Classification and regression are 
predictive tasks, where the former aims to predict a discrete class label 
and the latter predicts a continuous value. Clustering algorithms group 
data points into clusters based on similarity, maximizing intra-cluster 
properties and minimizing inter-cluster differences. In addition, opti
mization techniques, including evolutionary algorithms such as genetic 

Fig. 10. Twisting-induced thermal conductivity modulation and phonon transport mechanism. (a) Schematic of an r-MoS2 film with random crystalline orientation, 
and HAADF-STEM image of a cross-section of an N = 10 r-MoS2 film on AlOx coated with Al, with an interlayer spacing of 6.4 Å, (b) Experiment and MD simulation 
results of κ(T) of MoS2 and r-MoS2 films [8], (c) TA phonon dispersion curves of r-MoS2 along the Γ-A direction. The dotted lines denote the acoustic curves cor
responding to bulk MoS2, and lifetime of LA and TA phonons parallel to the Γ-A direction in bulk and r-MoS2. The dashed line is the LA mode vibration period derived 
from the dispersion curve [8], (d) The interlayer interfacial thermal conductance across various twisted 2D homo/heterostructure materials [147], (e) The atomic 
configuration of twisted MoS2/WS2 [147], (f) The atomic configuration of twisted graphene/h-BN [179], (g) Room-temperature lattice thermal conductivity of 
twisted Gr/h-BN, computed using both HNEMD and BTE methods [179], (h) Mode-resolved phonon transport in twisted graphene [179].
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algorithms and particle swarm optimization. Hyperparameter tuning 
aims to improve a ML model's effectiveness by finding optimal settings 
for its hyperparameters. These methods provide a foundation for 
modeling complex relationships in materials systems.

The core of materials science relates is processing-structure- 
property-performance relationships. As illustrated in Fig. 12, this 
framework exhibits a many-to-one relationship from processing to per
formance, indicating that different processing routes may lead to similar 
material performance, and a one-to-many relationship from properties 
to structure, implying that a given property can arise from multiple 

underlying structures. In this framework, the left-to-right mapping 
corresponds a forward problem, where material properties are predicted 
from processing and structure, typically formulated as data-driven 
model. For example, to predict properties of vdW heterostructures, a 
forward model has been constructed through 2D material dataset, 
theoretical calculations, and supervised ML methods [181] as shown in 
Fig. 13 (a). In contrast, the right-of-left mapping corresponds to an in
verse problem, aiming to identify or design material with desired 
properties. This inverse design problem is often formulated as an opti
mization task. For instance, an artificial neural network model has been 

Fig. 11. ML methods.

Fig. 12. The relationships between processing, structure, property, and performance in materials science and engineering, along with the role of MI in unraveling 
these connections through both forward and inverse modeling approaches.
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constructed and employed to identify eight types of 2D materials with an 
accuracy exceeding 90% [183]. By combining Bayesian optimization 
with NEMD simulations, Hu et al. [1] achieved an optimized graphe
ne-MoS2 heterostructure exhibiting ultralow thermal conductivity 
approaching to that of air, as shown in Fig. 13 (b). In addition, ML-based 
approaches can also be used to extract physically meaningful de
scriptors. Gabriel et al. [182] have demonstrated that descriptors 
derived from formation energy and convex hull data in the C2DB 2D 
materials database can effectively classify materials within specific 
structural families, as shown in Fig. 13 (c).

In addition, recent advances in data-driven materials research have 
enabled not only the discovery of structures with extreme thermal 
properties but also the development of systematic phonon regulation 
strategies, as illustrated in Fig. 14. Ding et al. [165] introduced a 
human-AI collaborative framework to study heat conduction in 2D vdW 
heterostructures. In this work, a self-learning entropic population 
annealing method combined with mode-resolved AGF calculations was 
employed to construct a globally representative and nearly complete 
thermal conductivity dataset over the entire configurational space. Such 
a comprehensive dataset enables analysis beyond localized phonon 
scattering mechanisms, allowing for full-spectrum phonon regulation, in 
which phonon transport is selectively suppressed across a broad range of 
phonon frequency and incidence angles. Using this dataset, ultralow 
thermal conductivity configurations on the order of 0.02 W/m-K were 
identified. Furthermore, physically interpretable descriptors were 
extracted to elucidate how specific stacking sequences govern fre
quency- and angle-dependent phonon transmission. By coupling ultra
low thermal conductivity design with a complete and interpretable 
dataset, this work highlights a general strategy for full-spectrum phonon 
engineering and provides a valuable foundation for uncovering uni
versal thermal transport in low-dimensional materials.

3. Conclusions and future perspectives

In summary, research on microscale and nanoscale thermal transport 
has significantly advanced the understanding of heat conduction beyond 
the classical Fourier framework, revealing the critical roles of phonon 
scattering, dimensional confinement, interfacial coupling, and quantum 
effects in low-dimensional systems. The rapid development of advanced 
experimental characterization techniques and atomistic simulation 
methods has established a comprehensive framework for probing and 
interpreting thermal transport phenomena in 2D materials and vdW 
heterostructures. Representative 2D materials, including graphene, h- 
BN, transition metal dichalcogenides, and black phosphorus, exhibit 
highly tunable thermal transport behaviors arising from their unique 
phonon dispersions, anisotropic structures, and strong sensitivity to 
defects, strain, stacking order, and interlayer interactions. Furthermore, 
vdW heterostructures provide an unprecedented platform for engi
neering heat transport through twist-angle modulation, interfacial 
coupling, and structural asymmetry, enabling emerging phenomena 
such as phonon hydrodynamics, asymmetric thermal transport, and ul
tralow thermal conductivity. These capabilities establish vdW hetero
structures as a representative class of thermal functional materials, 
whose thermal properties can be deliberately tailored through structural 
design.

Despite these advances, several important challenges remain. Cur
rent theoretical and experimental studies often focus on isolated scat
tering mechanisms or limited structural configurations, making it 
difficult to establish a unified understanding of full-spectrum phonon 
transport across complex multiscale systems. In particular, accurately 
correlating microscopic phonon behaviors with macroscopic thermal 
responses under realistic device conditions remains a major challenge. 
In addition, interfacial thermal resistance, non-equilibrium phonon 
dynamics, and coupled transport involving electrons, spins, and ions 
continue to limit the predictive design of next-generation thermal 

Fig. 13. ML in vdW heterostructures. (a) Schematics of combining the MD and Bayesian optimization [181], (b) Schematic of combining the MD and Bayesian 
optimization [1], and (c) schematic of data-driven process to discover and design materials [182].
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materials and devices. Future research is expected to increasingly 
combine advanced characterization, multiscale simulations, and MI to 
achieve predictive and physically interpretable thermal transport engi
neering. Data-driven approaches integrating ML with atomistic simula
tions and experimental datasets offer new opportunities for uncovering 
hidden structure-property relationships and accelerating the discovery 
of materials with tailored thermal functionalities. Particularly, the 
construction of comprehensive and representative thermal transport 
databases may enable the transition from case-by-case studies toward 
generalized and statistically robust design principles. At the same time, 
developing physically interpretable machine-learning frameworks will 
be essential for transforming data-driven models from purely predictive 
tools into platforms for mechanism discovery and phonon engineering.

Future progress in nanoscale thermal science will likely focus on 
several key directions. First, precise manipulation of interfacial thermal 
conductance is essential for reliable heat dissipation in highly integrated 
and heterogeneous electronic systems. Second, exploiting collective 
phonon behaviors, including hydrodynamic transport and coherent 
phonon effects, may provide new pathways for controlling heat flow 
beyond conventional diffusive limits. Third, low-dimensional materials 
with extreme thermal conductivities, strong anisotropy, and tunable 
interfacial coupling will continue to drive innovations in thermal man
agement, thermoelectric energy conversion, and thermal devices. 
Finally, integrating in situ characterization, multiscale theoretical 
modeling, and physically informed data-driven methods will be crucial 
for translating fundamental phonon physics into scalable materials 
design strategies and practical technologies. Through the convergence 
of low-dimensional materials science, phonon engineering, and MI, 
nanoscale thermal transport research is expected to play an increasingly 

important role in next-generation electronics, sustainable energy sys
tems, and emerging quantum and intelligent technologies.
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