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Abstract: Phonon engineering in two-dimensional (2D) materials provides a 
method to regulate heat transfer for information processing and thermal 
management beyond conventional electronics. In 2D materials, phonon spectra, 
mean free paths (MFPs) and scattering channels can be strongly modified by 
dimensionality, defects, interfaces and external fields. This review summarizes the 
thermal conductivity of representative 2D materials, and outlines the main 
experimental techniques used to measure thermal transport. It then discusses 
phonon engineering strategies in 2D materials, including asymmetric geometric 
design, defect engineering and chemical functionalization, van der Waals 
heterostructures, twist-angle moiré superlattices and external-field or strain-based 
modulation, highlighting how these approaches reshape phonon transport. The 
review also surveys thermal devices based on 2D materials, such as thermal 
rectifiers, thermal transistors, thermal memories and other functional elements for 
thermoacoustic generation, thermal camouflage and thermal sensing, and compares 
their operating principles and performance. Finally, this review identifies the 
remaining challenges for achieving integrated thermal circuits and practical 
applications, and emphasizes the need for deeper understanding of phonon 
transport, further optimization of device structures and wider use of data-driven 
approaches in materials and device design. 
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1. Introduction 

As the third major energy modulation domain after electronics and photonics, phonon engineering focuses 
on phonons as the primary subject of study [1]. Phonon engineering means actively controlling the generation, 
transport, and interactions of lattice vibrations (phonons) in order to manipulate heat flow like electrons, enabling 
information processing and functional devices [2]. A phonon is the quantized representation of a lattice vibration. 
Similar to photons, phonons carry the energy and momentum of sound waves [3]. Therefore, the ability to control 
phonons is of great significance for tuning the intrinsic properties of materials. 

Unlike electrons, phonons are bosonic energy carriers and cannot be directly controlled by the polarity of an 
electric field, which makes it challenging to develop effective methods of phonon regulation [4]. Firstly, electrons 
obey the quantum-mechanical Schrödinger equation, whereas lattice vibrations follow the classical Newtonian 
equation of motion; as a result, electrons can occupy positive or negative eigen-energy states, while phonon modes 
have only non-negative eigen-frequencies. Secondly, electrons possess various atomic orbitals (s, p, d, f), but 
phonons have only three vibrational polarization directions. Thirdly, electrons are spin-1/2 fermions that obey 
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Fermi-Dirac statistics, whereas phonons are spin-0 bosons following Bose-Einstein statistics. Electrons carry 
charge and spin and thus couple directly with electric or magnetic fields, whereas phonons are charge-neutral 
spinless excitations which makes conventional electromagnetic gating ineffective for phonon control and 
necessitates alternative modulation methods. However, this simplified distinction does not mean that phonons are 
always devoid of angular-momentum-related characteristics. Under suitable symmetry conditions, certain phonon 
modes can possess circular polarization, carry angular momentum, and exhibit chirality [5]. In magnetic systems 
with broken time-reversal symmetry, phonons may acquire nonzero angular momentum, whereas in nonmagnetic 
two-dimensional crystals with broken inversion symmetry, phonons at specific high-symmetry points can display 
definite chirality and pseudoangular momentum [6]. These chiral phonons have been linked to helicity-dependent 
optical response, intervalley scattering, and symmetry-selective phonon excitation, revealing that phonon 
regulation can in some cases go beyond conventional control. 

Despite these differences, both electrons and phonons in a periodic crystal are described by Bloch 
wavefunctions, meaning that analogous band-structure engineering principles can be applied to control phonons. 
In practice, this implies that by designing suitable materials and nanostructures, one can tailor phonon dispersion 
and scattering to achieve desired functional outcomes. For example, phononic crystals can create phonon band 
gaps to filter or confine heat-carrying modes, and suitably engineered interfaces or asymmetric structures can 
produce nonlinear effects such as thermal rectification and transistor-like gating of heat flow. 

The rapid development of modern electronic technology has led to serious thermal management challenges 
because a large fraction of the input energy is dissipated as heat [7]. Phonon engineering aims to convert part of 
this dissipated heat into a controllable signal and provides a basis for non-electronic information processing [8]. 
In recent years, advances in nanoscale heat transport have led to the proposal and partial experimental 
demonstration of thermal logic devices such as thermal diodes [9,10], thermal transistors [11], thermal logic  
gates [12] and thermal memory elements [13]. These devices are expected to complement conventional electronic 
components in applications including self-powered computing under extreme conditions and advanced thermal 
management [14]. As the silicon semiconductor industry approaches scaling limits and the historical trend 
described by Moore’s law slows [15]; phonon-based functions such as thermal rectification offer additional 
freedom for controlling heat flow in nanoscale devices and can help improve the thermal performance of integrated 
circuits [16–18]. 

Two-dimensional (2D) materials, with atomic-scale thickness, provide distinct benefits for phonon 
engineering [19]. The phonon spectrum of 2D materials has low-dimensional properties, with a flexible out-of-
plane acoustic mode, with dispersion relations of acoustic and optical branches that vary from those in bulk 
materials. The in-plane thermal conductivity of suspended monolayer graphene at room temperature may exceed 
3000 W/(m·K) [20]. 2D materials have markedly anisotropic thermal transport characteristics: the in-plane thermal 
conductivity much surpasses that of the out-of-plane direction, providing them with an inherent advantage for 
thermal insulation [21]. Moreover, 2D materials possess ultrathin and flexible characteristics, facilitating their 
transport and integration into heterogeneous systems [22,23]. For example, 2D materials may function as adaptable 
thermal interface materials for chip cooling, integrating strong thermal conductivity with mechanical flexibility [24]. 
The varied family of 2D materials provides an extensive array of adjustable thermal characteristics [25]. The low-
dimensional phonon properties, anisotropy, and facile integration provide 2D materials an optimal platform for 
phonon engineering. Analogous to logic components in electrical circuits, thermal logic devices employ the 
regulation of heat flow to perform comparable purposes, including thermal rectifiers, thermal transistors, thermal 
logic gates, and thermal memory devices [26]. With the growth of phonon engineering research, the above thermal 
devices have moved from theoretical models toward actual demonstrations, setting the basis for novel thermal 
computing and thermal management technologies [27,28]. As summarized in Figure 1, phonon engineering in 2D 
materials aims to manipulate heat flow using device concepts, including thermal rectifiers, thermal transistors, 
thermal memories and other thermal devices. 

This review has briefly outlined the development of phonon engineering based on 2D materials, focusing on 
the latest advances in phonon regulation at the 2D scale and the realization of thermal functional devices from 
theoretical, computational, and experimental perspectives. It also presents an insight on future developments  
and practical applications of phonon engineering, aiming to broaden researches on phononic devices and logic-
thermal circuits. 
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Figure 1. Schematic diagram of the strategies for phonon engineering and thermal devices in 2D materials. 
Copyright 2012, Springer Nature [29]. Copyright 2022, AAAS [30]. Copyright 2021 IOP Publishing [31]. 
Copyright 2017, Springer Nature [32]. Copyright 2017, Springer Nature [33]. Copyright 2015, Wiley-VCH [34]. 
Copyright 2011, Wiley-VCH [35]. Copyright 2008, AIP Publishing [13]. Copyright 2018, Springer Nature [36]. 

2. Thermal Conductivity of 2D Materials 

Phonon-engineering modulation should be reflected through measurable physical quantities, among which 
the most direct is the thermal conductivity κ, as well as closely related parameters such as interfacial thermal 
conductance and thermal boundary resistance. Understanding the intrinsic κ of different 2D materials and the 
factors that govern it helps establish the physical basis of phonon engineering. Compared with studies on electrical, 
optoelectronic, and catalytic properties, investigations of the thermal properties of 2D materials started relatively 
late. In thermal transport, the atomic-scale thickness and large specific surface area of 2D materials make surface 
and interfacial effects particularly pronounced, leading to phonon-transport behavior with strong dimensional 
effects and anisotropic characteristics. In solids, heat is mainly carried by two types of carriers: electrons and 
phonons. For most 2D materials, especially intrinsic semiconductors or insulators, the carrier concentration is 
typically low, and the electronic contribution to thermal conductivity is much smaller than that of phonons. Even 
in semimetallic materials such as graphene, lattice vibrations remain the dominant heat carriers at room 
temperature [37]. Therefore, elucidating phonon propagation, scattering, and interactions, and developing 
phononics-based engineering approaches, are central to understanding and regulating thermal conduction in  
2D materials. 

The Boltzmann transport equation (BTE) has been successfully employed to investigate phonon-dominated 
heat transport [38]. Within the BTE framework, the lattice vibrational energy that contributes to thermal transport 
can be regarded as a phonon gas obeying the Bose-Einstein distribution; accordingly, phonons are treated in a 
particle-like manner. Due to intrinsic phonon-phonon scattering and scattering by other centers, the phonon 
distribution function relaxes toward its equilibrium form. Under the relaxation-time approximation, the thermal 
conductivity of a material can be approximately expressed as: 

𝜅 ൌ െ
𝐽

∂𝑇/ ∂𝑧
ൌ
1
3
𝐶𝑣𝑙 (1)

where J is the heat flux density, ∂T/∂z is the temperature gradient along the z direction, v is the phonon group 
velocity, C is the phonon volumetric specific heat, and l is the phonon mean free path. Equation (1) provides that 
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a high thermal conductivity originates from a large specific heat, a high phonon propagation speed, and a long 
phonon mean free path. 

In 2D materials, 𝐶 and 𝑣 mainly reflect the intrinsic lattice characteristics and phonon-spectrum structure of 
a given material, whereas 𝑙 is highly sensitive to extrinsic factors such as defects, boundaries, interfacial coupling, 
substrate effects, and interlayer interactions. This relation establishes the physical basis of phonon engineering: 
practical engineering strategies ultimately operate by tailoring 𝐶, 𝑣, and 𝑙. The phonon spectrum and phonon group 
velocity of 2D materials exhibit characteristics distinct from those of three-dimensional bulk solids. Because the 
periodicity of atomic layers is broken along the out-of-plane direction, the in-plane and out-of-plane vibrational 
modes become more differentiated in their energy and group-velocity distributions, and the out-of-plane branches 
in the phonon spectrum are softened. Moreover, most 2D materials possess an out-of-plane flexural acoustic 
branch, whose low-frequency density of states is relatively high and may, under certain conditions, make an 
important contribution to heat transport [39,40]. 

Accordingly, we first summarize the intrinsic 𝜅 landscape of representative 2D materials, which is primarily 
governed by their intrinsic phonon spectra. 2D materials exhibit a remarkably wide range of intrinsic κ, which 
naturally enables them to play different roles in thermal devices. The intrinsic κ of 2D materials spans multiple 
orders of magnitude: at room temperature, κ can vary from ultrahigh values of >3000 W/(m·K) down to  
<10 W/(m·K), covering the entire κ range of conventional bulk materials. 2D materials exhibit a huge range of 
thermal conductivities, which naturally leads to different suitable roles in thermal devices [41]. Carbon-based 2D 
materials and h-BN typically have high thermal conductivities and are widely regarded as ideal platforms for heat 
conduction and dissipation [42]. Some transition metal dichalcogenides (TMDCs) and layered halides have κ of 
<100 W/(m·K), making them more suitable as thermal resistors, thermoelectric materials, or the low-κ side in 
thermal rectifiers [43]. 

The primary origin of this exceptionally wide spread in κ lies in the differences in phonon transport. 2D 
materials with stiff bonding networks and light constituent atoms can sustain phonons with high group velocities, 
thereby exhibiting ultrahigh in-plane thermal conductivity. In contrast, 2D materials composed of heavier atoms 
with softer lattices and stronger anharmonicity tend to experience more frequent phonon scattering, which 
substantially suppresses κ. Structural anisotropy is another important factor: in some layered materials, the lattice 
exhibits pronounced anisotropy, leading to markedly different thermal conductivities along different 
crystallographic directions. As shown in Figure 2a, 2D materials can be divided into three categories by different 
thermal conductivities. The first category is high κ 2D materials whose κ exceeds that of copper. They exhibit 
heat-transport capability superior to conventional metals, and are represented by graphene [44] and h-BN [45], as 
well as structurally related systems such as diamane [46] and h-Bas [47]. The second category consists of medium-
κ 2D materials with κ between about 10–400 W/(m·K), such as MoS2 [48] and BP [49], which combine moderate 
band gaps with intermediate thermal conductivity and are suitable for a variety of functional applications. The 
third category includes low-κ 2D materials with κ below 10 W/(m·K), whose ultralow thermal conductivities make 
them attractive for thermoelectric energy conversion and heat-blocking purposes [50–52]. 

 

Figure 2. Thermal conductivities of representative 2D materials and commonly used methods for thermal 
conductivity measurements. (a) Range of room-temperature thermal conductivities of representative 2D materials, 
from ultra-high κ to ultra-low κ systems. (b) Techniques for measuring κ in 2D materials: Raman optothermal, 
TDTR, 3ω and thermo-bridge method. 
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Thermal conductivity research also provides the methodological basis for subsequent phonon engineering 
and thermal device design. As shown in Figure 2b, measuring κ in 2D materials is more challenging than in bulk, 
requiring techniques including thermo-bridge [32,53], 3ω [54,55], Raman optothermal [56–58] and time-domain 
thermoreflectance (TDTR) [59,60]. Even for the same 2D material, reported κ values often differ by over 50%, 
due to whether the sample is suspended, the degree of substrate coupling, interfacial thermal resistance, and 
differing assumptions in data analysis models [61]. Therefore, this section will review κ of representative 2D 
materials and briefly introduce the main nano-scale measurement methods for thermal conductivity. 

Phonon scattering governs phonon transport behavior. In the following, the dominant scattering channels in 
2D materials and how they jointly determine 𝑙 are discussed, giving rise to different transport regimes and 
providing practical knobs for phonon engineering. Across different length scales, phonons with different scattering 
mechanisms and MFPs contribute differently to heat conduction, giving rise to distinct transport regimes and 
enabling diverse phonon-modulation strategies. As illustrated in Figure 3, the MFP is determined by the combined 
effect of multiple scattering processes. In 2D materials, the dominant mechanisms can be categorized into three 
types: phonon-phonon scattering, phonon-impurity scattering, and phonon-boundary scattering. 

 

Figure 3. Phonon scattering mechanisms. (a) Phonon-boundary scattering; (b) Phonon-impurity (dislocation) 
scattering; (c) Phonon-phonon scattering. 

Phonon-phonon scattering: This process obeys energy conservation and is commonly classified into Normal 
processes, in which the total phonon momentum of the system is conserved, and Umklapp processes, which 
effectively relax phonon momentum. In Umklapp scattering, the phonon momentum can be reversed or 
substantially changed after the scattering event, leading to a pronounced reduction in the phonon MFP. Because 
Umklapp scattering introduces thermal resistance, it is the primary mechanism limiting lattice thermal conductivity 
at elevated temperatures. At high temperatures, when Umklapp processes dominate over other scattering channels, 
the phonon thermal conductivity can be written as: 

𝜅 ൌ 𝐴
𝑀𝜃𝛿ଷ𝑛

ଵ
ଷ

𝛾ଶ𝑇
 (2)

where M is the average atomic mass in the crystal, θ is the Debye temperature, δ is the lattice size, n is the number 
of atoms per unit cell, and γ is the Grüneisen parameter, and T is the temperature. In 2D materials, stronger 
anharmonicity corresponds to a larger 𝛾, resulting in a lower phonon thermal conductivity. 

Phonon-boundary scattering: For nanoscale samples or few-layer crystals, the phonon MFP is constrained by 
the lateral size or thickness of the specimen. When the characteristic dimension becomes comparable to the 
intrinsic MFP, boundary scattering becomes prominent, leading to pronounced size effects in thermal conductivity. 
Moreover, when a 2D material forms an interface with a substrate or another material, phonons may be scattered 
at the interface due to acoustic mismatch, interfacial roughness, or weak van der Waals coupling. Such interfacial 
scattering gives rise to thermal boundary resistance and reduces the effective thermal conductivity. 

Phonon-impurity scattering: Point defects (e.g., vacancies and dopant atoms), line defects (e.g., dislocations), 
as well as microstructural features commonly found in 2D materials such as grain boundaries and wrinkles, can 
all act as scattering centers. These defects typically scatter high-frequency phonons more strongly. The strength 
of phonon-impurity scattering is therefore closely tied to material quality; even a small amount of impurities can 
lead to a substantial suppression of thermal conductivity [62]. 

In addition to phonon-phonon, boundary, and impurity scattering, phonon lifetimes in 2D materials can also 
be limited by scattering with electrons. This channel is usually weak in intrinsic or lightly doped semiconducting 
2D materials, where lattice thermal transport is dominated by anharmonic phonon-phonon scattering and extrinsic 
structural scattering. However, when the carrier population is significantly altered by electrostatic gating, chemical 
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doping, intercalation, or strong photoexcitation, phonon-electron scattering can become an additional channel that 
shortens phonon lifetimes and modifies the lattice thermal conductivity. Recent work has emphasized that the 
strength of this effect depends sensitively on carrier density, screening, symmetry, and dimensionality [63]. 

Phonon-electron scattering should be regarded as a supplementary scattering channel in 2D materials rather 
than a universally dominant one. Existing studies show that it can be quantitatively important in selected systems. 
From the viewpoint of phonon engineering, this means that carrier density, electrostatic environment, and 
nonequilibrium excitation can also be regarded as practical methods for tuning phonon lifetimes in 2D materials [64]. 
Recent reviews on 2D materials have noted that electron-phonon interaction can significantly affect lattice thermal 
conductivity in certain materials even near room temperature, especially when carrier concentration becomes 
sufficiently high [65]. 

Thermal transport in 2D materials arises from the combined influence of their distinctive phonon spectra and 
multiple scattering mechanisms. The magnitude of thermal conductivity and its dependence on temperature, 
thickness, and other parameters are jointly determined by intrinsic anharmonic phonon interactions and extrinsic 
constraints such as size, layer number, and interfacial coupling. A deep understanding of these microscopic 
mechanisms provides the theoretical basis for achieving directional and programmable control of thermal 
conductivity via phonon-engineering strategies. 

Reducing a material from a 3D bulk to a 2D thin layer can have complex effects on its thermal conductivity, 
including two possible trends of enhancement or suppression depending on the material type and the heat transport 
direction. For example, in terms of in-plane thermal conductivity, different materials show opposite thickness-
dependent behaviors: in highly thermally conductive 2D materials like graphene and h-BN, a monolayer’s in-plane 
κ is higher than that of multilayers or the bulk [66,67]. Whereas, for layered materials like SnSe2, thinning down to 
nanometer thickness significantly reduces κ, which is favorable for insulation and thermoelectric applications [51]. 
These findings suggest that making a material two-dimensional is itself a powerful phonon engineering approach, 
which can make high-κ materials even higher and low-κ materials even lower, enabling tuning of thermal 
conductivity. In addition, the thermal conductivity of 2D materials can be modulated by various external factors. 
The following are several key factors and representative advances: 

Point defects and grain boundaries: Defects are efficient phonon scatterers, so even low concentrations of 
point defects can strongly reduce thermal conductivity. Simulations show that about 1% carbon vacancies in 
graphene may already reduce κ by nearly two orders of magnitude [62]. Grain boundaries act as extended defects 
and likewise enhance scattering; in polycrystalline graphene the thermal conductivity drops sharply as grain size 
decreases, falling to only a few hundred W/(m·K) when the grains are a few hundred nanometers [68]. Increasing 
grain size by optimized growth or annealing can restore κ toward the single-crystal limit. Controlling defect 
concentration and grain size during synthesis is therefore crucial when high thermal conductivity is required [69]. 

Mechanical stress and strain: Applied stress or strain changes lattice constants and the phonon spectrum and 
thus affects heat transport. In general, tensile strain softens the lattice and lowers phonon velocities, which reduces 
thermal conductivity. For graphene and monolayer WS2, theory and experiment both indicate a clear decrease in 
κ with increasing tensile strain, with reductions of several tens of percent at moderate strain levels [70,71]. The 
main reason is enhanced scattering of low-frequency acoustic phonons in the distorted lattice [72]. Non-uniform 
stress can therefore be used as a reversible and relatively fast way to tune κ, but in flexible devices repeated bending 
may degrade thermal performance and should be evaluated [51,73]. 

Substrate coupling and interfacial thermal resistance: Because 2D materials are extremely thin, interfacial 
thermal resistance has a strong influence on the effective thermal conductivity in supported or stacked structures. 
At the graphene-SiO2 interface, phonon spectrum mismatch leads to large thermal resistance and a marked 
suppression of the measured in-plane κ [74]. Using substrates with smoother interfaces and higher thermal 
conductivity, such as h-BN, can improve heat spreading; transferring graphene from SiO2 to h-BN has been shown 
to significantly increase its room-temperature κ [75]. Similar issues arise at metal-2D interfaces, where poor 
thermal contact can limit the performance of 2D thermal interface materials. Interface engineering that strengthens 
phonon coupling, for example through suitable interlayers, is therefore an important element of phonon 
engineering [76].  

External field modulation: External fields provide ways to dynamically tune phonon transport beyond static 
structural design [73]. Optical excitation can create non-equilibrium phonon populations or resonances and thereby 
modify heat conduction. Electric fields or currents influence κ through electron-phonon interactions and 
electrostatic stress; in graphene, gate control of carrier density has been predicted and partly observed to alter 
phonon scattering [77]. In magnetic 2D materials, a magnetic field can change spin order and spin-phonon coupling 
and thus adjust thermal transport. Although these effects are mostly at the exploratory stage, external-field control 
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is regarded as a promising route toward active and reversible phonon-based components such as thermal diodes 
and transistors [78]. 

In summary, various external factors provide abundant means to modulate the thermal conductivity of 2D 
materials. From a materials design perspective, these factors are concrete implementation pathways of phonon 
engineering. In designing 2D-material-based devices, fully leveraging and combining the above modulation 
methods can greatly expand the applications of 2D materials in thermal management and thermal functional 
devices. The mechanisms and effects of each factor differ, and must be balanced against specific application 
requirements. For example, for scenarios requiring high thermal conductivity, one should minimize 
impurities/defects, maximize isotopic purity, and choose excellent substrates; whereas when insulation or 
directional heat flow is needed, one can employ doping/defects or external fields to lower thermal conductivity in 
specific directions. By optimally combining the above strategies, one can achieve comprehensive control of heat 
transport performance in 2D materials from the atomic scale to the device scale. 

3. Phonon Engineering Methods in 2D Materials 

Various approaches to modulating the intrinsic thermal transport of 2D materials provide the foundation for 
phonon engineering. This section discusses specific strategies for phonon engineering in 2D materials, focusing 
on how the generation, propagation and scattering of phonons can be controlled through the design of material 
structure, and outline how these approaches modify phonon transport and support the operation of thermal devices. 
Phonon engineering in 2D materials can be organized into three conceptually distinct yet complementary routes. 
(1) Scattering engineering manipulates the phonon MFP spectrum by tuning resistive scattering channels, directly 
controlling l. (2) Spectrum engineering reshapes phonon dispersion and mode participation, tuning the distribution 
of v and the spectral weight in C, and often altering selection rules and hybridization. (3) Topological and 
nonequilibrium engineering targets directionality, robustness, switchability, and nonlinear response, enabling 
device-level functionalities that cannot be captured by a single scalar κ. 

3.1. Scattering Engineering 

In most 2D materials at room temperature, the lattice heat capacity does not vary dramatically, and the 
baseline group velocity is largely fixed by bonding and mass. Therefore, a dominant lever for tuning κ is to 
engineer the MFP spectrum l by controlling resistive scattering. Microscopically, the total scattering rate can be 
viewed as a combination of intrinsic anharmonic (Umklapp) scattering and extrinsic channels: 

𝑙ିଵ ൌ 𝑙୙
ିଵ ൅ 𝑙ௗ௘௙

ିଵ ൅ 𝑙௕ௗ
ିଵ ൅ 𝑙௜௡௧

ିଵ ൅ 𝑙௘ିଵ ⋯ (3)

where defects, boundaries, interface, strain-modulated anharmonicity, and electron contribute in mode-dependent 
manners. Scattering engineering thus offers a direct pathway to reduce κ for thermal devices, or to create spatially 
asymmetric scattering profiles for rectification. 

3.1.1. Asymmetric Geometry Design 

Introducing geometric asymmetry in the shape or boundaries of 2D materials is one of the fundamental 
strategies for controlling phonon transport. Non-equilibrium molecular dynamics simulations first revealed 
thermal rectification effects in asymmetric graphene nanoribbons such as trapezoidal or triangular shapes: heat 
flow propagates more easily in the direction where the ribbon gradually narrows, while heat transport in the 
opposite direction is suppressed [79]. For example, Yang et al. observed a thermal rectification ratio as high as 
~350% in a trapezoidal monolayer graphene nanoribbon, whereas a symmetric rectangular nanoribbon of 
comparable size showed only ~70%, as shown in Figure 4a [80]. The physical mechanism was attributed to the 
match/mismatch of phonon spectra at the hot and cold ends: when the wide end is the heat source, the phonon 
power spectra of the atomic layers at both ends overlap strongly, and the broadband phonon modes excited at the 
wide end can propagate unimpeded. In contrast, when the narrow end is the heat source, a clear mismatch emerges 
between the phonon spectra in high-frequency and low-frequency ranges, so coherent phonon transport is 
suppressed [81]. As shown in Figure 4b, subsequent studies expanded the forms of geometric asymmetry, 
including triangular and trapezoidal nanoribbons in monolayer/bilayer graphene [82], Y-shaped three-branch 
junctions [83], U-shaped bent structures [84], branched nanoribbons [85], etc. Simulation results showed that a 
monolayer triangular graphene nanoribbon can achieve ~120% thermal rectification at ~180 K, and with perfect 
edges the rectification effect diminishes with increasing size but still remains around 25% at tens-of-nanometers 
scale [79]. Introducing additional degrees of freedom such as multiple layers also has a significant impact: a bilayer 
graphene Y-junction exhibited better rectification efficiency than the corresponding monolayer structure [80]. 
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Asymmetric structures can break the symmetry of heat conduction, with maximum rectification ratios in 
simulations reaching several-fold or more [85]. This is because altering the geometry often localizes certain 
phonon modes or induces an uneven distribution of phonon scattering, thereby producing direction-dependent 
thermal transport properties. 

 

Figure 4. Phonon engineering via asymmetric geometry in 2D materials. (a) Schematic of trapezoidal graphene 
nanoribbons and the corresponding thermal rectification as a function of the opening angle θ. Copyright 2009, AIP 
Publishing [80]. (b) Schematic of a graphene Y-junction, together with the heat flux J versus temperature bias ΔT 
and the rectification ratio as a function of ΔT. Copyright 2011, Royal Society of Chemistry [83]. (c) Side and top 
views of a few-layer MoS2 membrane, with a comparison of the experimental κ of the pristine and nanopatterned 
MoS2, with the simulated κ. Copyright 2024, AAAS [86]. (d) Graphene supported on a substrate with a stiffness 
gradient, and the effective κ as a function of the stiffness gradient. Copyright 2019, Elsevier [87]. (e) SEM images 
of monolayer MoS2 samples transferred by PMMA, and the thermal rectification coefficients extracted from the 
measurements. Copyright 2020 American Chemical Society [88]. 

Experimentally, micro/nanofabrication techniques have been used to demonstrate proof-of-concept 2D 
material thermal diodes. In early work, macroscopic reduced graphene oxide (rGO) paper devices were cut into 
triangular and asymmetric double-rectangular shapes, showing a clear one-way heat flow behavior: in a triangular 
rGO paper with apex angle 60°, the ratio of forward vs. reverse heating power was 1.28, corresponding to a thermal 
rectification ratio of ~28% [29]. In suspended monolayer graphene devices, Wang et al. patterned large-area 
graphene into various asymmetric structures via electron-beam lithography, and used integrated H-type 
microbridge sensors to precisely measure their thermal transport [32]. The fabricated samples included graphene 
strips with asymmetric local nanopores and graphene wedges with gradually varying width. These showed an 
average thermal rectification of ~26% at room temperature. After introducing nanoscale pore defects or geometric 
tapering on one side did a unidirectional heat-flow difference appear, however, the initial symmetric samples 
showed no rectification. Beyond graphene, thermal rectification has also been experimentally observed in other 
2D materials [89]. In 2020, Yang et al. used focused ion beam cutting to pattern monolayer and multilayer MoS2 
films into asymmetric shapes and measured their in-plane thermal conductivity with suspended microelectrode 
devices that acted as integrated heaters and thermometers [88]. For three monolayer MoS2 samples with different 
geometries, they reported thermal rectification ratios of 10–13%, 11–14% and 69–70%, respectively, as shown in 
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Figure 4e. These experimental results are consistent with the simulation mechanism: when the wide end is the heat 
source, the stronger edge scattering at the narrow end makes heat flow more easily from the wide end to the narrow 
end. In summary, asymmetric geometric design modifies the phonon spectrum and scattering pathways and thus 
provides an effective means to tune the thermal conductivity of 2D materials, making it one of the most 
straightforward and widely studied approaches in phonon engineering. 

3.1.2. Defect Engineering and Functionalization 

By introducing defects such as vacancies, nanopores and grain boundaries, or by adding chemical functional 
groups into the lattice, phonons can be effectively scattered, which reduces thermal conductivity and can also 
enable directional control of heat flow. This type of defect engineering exploits the sensitivity of phonons to 
disruptions of lattice periodicity: impurity atoms and structural imperfections break the coherent propagation of 
phonons and shorten their mean free paths. Strategies based on doping, vacancies and nanoprecipitates have 
already been used in 2D thermoelectric materials to enhance performance by strengthening phonon scattering [90]. 
In 2D materials, functionalization methods such as hydrogenation and nitridation likewise modify bond strength 
and atomic mass and thus adjust the phonon spectrum. Fully hydrogenated graphene, which effectively introduces 
light atoms into the lattice, has been shown by experiments and first-principles calculations to have a much lower 
thermal conductivity than pristine graphene [91,92]. 

Local functionalization can further be used to construct interfaces with discontinuities in the phonon bands 
and thereby achieve thermal rectification. Rajabpour et al. simulated graphene-graphane heterojunctions with 
triangular, T-shaped and other junction geometries and found that differences in the overlap of phonon states on 
the two sides of the interface are responsible for rectification: when heat flows from graphene to graphane,  
the reduced overlap of the phonon density of states at the interface hinders cross-interface phonon transport and 
leads to lower thermal conductivity in that direction [93]. After optimization of the interface angle and size, such 
partially hydrogenated structures still maintained rectification ratios of about 20–30% at length scales of several 
tens of nanometers. 

Yuan et al. introduced silicon substitutional functionalization at one end of a graphene nanoribbon in  
another simulation, creating a partially silicon-functionalized region that forms a heterostructure with the pristine 
graphene [94]. Heat flow then preferentially propagated from the functionalized section toward the pristine section, 
with a maximum rectification ratio of about 145%, and the rectification strength could be tuned by adjusting the 
silicon content and its spatial distribution. This behavior was again attributed to differences in phonon spectrum 
overlap between the two regions: moderate functionalization introduces new localized vibrational modes and 
reduces the overlap of high- and low-frequency phonon spectra when heat flows in the reverse direction. 

Defect engineering has made progress in reducing the thermal conductivity of 2D materials. A recent 
representative work fabricated MoS2 films into periodic porous phononic crystal membranes [86]. As shown in 
Figure 4c, using focused ion beam (FIB) lithography, the researchers etched an ordered nanopore array into a 
suspended MoS2 film, and laser Raman thermometry showed its in-plane thermal conductivity to be significantly 
reduced. Because introducing pores causes relatively little degradation to charge transport, this structure lowered 
thermal conductivity while still maintaining some electrical conductivity, demonstrating effective thermal 
isolation and directional heat guiding. This indicates that by nanoscale patterning of the lattice, one can achieve 
thermal insulation in specific directions in 2D materials. Another experiment used charge injection to tune phonon 
scattering: Sood et al. reversibly intercalated and extracted lithium ions in an MoS2 film, finding that its thermal 
conductivity could be modulated within a certain range [36]. This electrochemical doping effectively introduces 
point defects and stress fields dynamically, demonstrating the real-time tunability of defect engineering. In 
summary, defect and functionalization approaches control phonon vibration modes through scattering and 
localization, and can be used both to reduce thermal conductivity and to direct heat flow. In practical devices, such 
methods are often combined with geometric design to further enhance rectification ratios or reduce effective 
thermal conductivity. 

3.1.3. Strain Engineering 

Stress and strain engineering is another important approach. For suspended 2D materials or those on flexible 
substrates, local mechanical strain can be used to modify phonon propagation. Molecular dynamics simulations 
by Gunawardana et al. showed that when tensile stress is applied to one side of a graphene nanoribbon while the 
other side remains unstressed, heat flows preferentially from the low-stress end toward the high-stress end [95]. In 
this case, tensile stress increases local phonon frequencies and reduces the effective thermal conductivity on the 
stressed side, and the resulting difference in lattice constants between the two ends produces a phonon spectrum 
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mismatch that further suppresses heat transfer in the opposite direction. Experimentally, stress gradients in 2D 
materials can be created using thermal expansion mismatch or by mechanically bending the substrate, and these 
gradients have been shown to modulate thermal conductivity. Wei et al. reported thermal rectification in supported 
graphene induced by modulating the stiffness of the underlying substrate while preserving the structural integrity 
of the graphene, so that the channel could be reused. As shown in Figure 4d, the heat flux was found to 
preferentially flow toward the stiffer region of the substrate, and the maximum rectification factor reached about 
48% according to an ideal-substrate model [87]. In addition, utilizing nonlinear vibrational states can also alter 
effective thermal conductivity. For example, in graphene/h-BN heterojunctions, an negative differential thermal 
resistance (NDTR) phenomenon has been observed, wherein as the temperature gradient increases, the heat flux 
actually decreases [92]. 

3.1.4. Phonon-Electron Scattering 

Electron scattering can also serve as a supplementary route for phonon engineering in 2D materials. In 
thermal transport, this process is usually discussed as phonon-electron scattering, while electron-phonon coupling 
(EPC) provides the broader interaction framework behind it. This route becomes particularly relevant when the 
electronic subsystem is actively tunable, for example by electrostatic gating, chemical doping, intercalation, or 
photoexcitation [63]. In such cases, modifying the carrier population changes the available electron-phonon 
scattering phase space, the electronic screening, and in some systems even the symmetry-allowed coupling 
channels, thereby altering phonon lifetimes and thermal transport. From the perspective of phonon engineering, 
the significance of this route lies in its tunability. Unlike static defect introduction, carrier-related scattering can in 
principle be modulated reversibly through gating, doping, or nonequilibrium excitation [65]. A key advantage of 
EPC engineering is that it provides access to phonon regulation through electronic control parameters. For 
example, recent work on graphene heterostructures showed that broken reflection symmetry can activate otherwise 
restricted electron-flexural-phonon coupling, revealing that interfacial symmetry design can directly tune low-
energy EPC [96]. This suggest that EPC engineering may enable active control of phonon transport in ways that 
are inaccessible through geometry or defect design alone. 

EPC engineering can also couple with other phonon-engineering strategies. For instance, strain not only 
reshapes phonon dispersion, but can also modify the phase space of electron-phonon scattering. In monolayer WS2, 
strain was predicted to induce a crossover in nonequilibrium lattice dynamics and activate chiral-phonon emission, 
illustrating that EPC can serve as a bridge between thermal transport regulation and symmetry-resolved phonon 
dynamics [97]. Interfacial systems provide another important scenario. In WSe2/hBN heterostructures, interlayer 
coupling between hBN out-of-plane modes and WSe2 out-of-plane modes was shown to enhance the effective 
electron-phonon interaction in WSe2 and accelerate electron-hole recombination.[98] From the perspective of 
phonon engineering, this means that vdWs interfaces can be designed not only to scatter phonons directly, but also 
to regulate phonon-related functionality indirectly through coupled electron-phonon processes. Such coupling may 
become relevant for future thermal devices that operate under electrical bias, optical pumping, or multifunctional 
electro-thermal conditions. 

3.2. Spectrum Engineering 

Beyond adding scatterers, phonon transport can be engineered by reshaping the phonon spectrum. This route 
directly influences the distribution of group velocities and the spectral weighting of heat capacity. In 2D materials, 
spectrum engineering is especially powerful because weak interlayer coupling, twist degrees of freedom, and 
interfacial interactions can substantially modify phonon modes that dominate heat conduction. 

3.2.1. Van der Waals Heterostructures 

Using van der Waals forces to assemble different 2D materials into heterostructures can create discontinuities 
and scattering in the phonon spectrum at interfaces, thereby tuning thermal transport properties. Vertically stacked 
heterointerface introduces cross-layer phonon scattering and localization. For example, Chiritescu et al. reported 
an extremely low out-of-plane thermal conductivity (~0.05 W/(m·K)) in disorderedly stacked layered WSe2 [99]. 
This is because differences in atomic registry between layers lead to localization of interfacial phonon modes, 
making thermal vibrations difficult to transmit across layers. Similarly, in graphene/h-BN vertical heterostructures, 
phonons of different frequencies undergo strong scattering at the interface, causing a pronounced reduction in 
overall thermal conductivity, and if the interface is engineered to be asymmetric, a thermal rectification effect can 
be produced [100]. The graphene-WS2 heterostructure with the lowest cross-plane thermal conductivity is 
identified by combining Bayesian optimization and molecular dynamics simulations [101]. The results yield an 
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optimized heterostructure with the lowest thermal conductivity of 0.048 W/(m·K), which is only 5% of the graphite 
thermal conductivity (Figure 5a). In addition, the 95% reduction is substantial compared to the 50% reduction 
achieved through modifications in rotation angle, strain, and insertion, demonstrating that the controllability by 
heterostructure is larger. In one molecular dynamics study, Chen et al. simulated heat transport in a graphene/h-
BN heterostructure and found that by constructing a bilayer with top and bottom interfaces of unequal cross-
sectional area, a thermal rectification ratio of ~30% could be achieved, as shown in Figure 5b [102]. This was 
attributed to the difference in acoustic phonon dispersion between the two materials at the interface, which leads 
to different phonon transmission probabilities in the forward vs. reverse directions [103]. Moreover, in-plane 
heterojunctions (i.e., stitching different materials within the same plane) also offer new ideas for phonon 
engineering. For example, Zhang et al. fabricated a lateral monolayer MoSe2/WSe2 heterojunction, in which heat 
flows more readily in the direction from MoSe2 to WSe2, realizing coexisting electrical and thermal rectification 
within a single atomic layer [30]. This monolayer heterojunction PN diode exhibited a clear diode-like heat 
conduction asymmetry at room temperature, providing a model for integrated thermo-electronic devices. 

Van der Waals heterostructures are particularly promising for thermoelectric energy applications. By 
introducing multiple interfaces in a 2D material, one can significantly lower the phonon thermal conductivity while 
keeping the impact on charge transport minimal, thereby achieving a high thermoelectric figure of merit (high ZT). 
For example, an alternating MoS2/WS2 nanoribbon superlattice is predicted to have a ZT at 300 K significantly 
higher than that of the pure constituents, because interface scattering reduces lattice thermal conductivity while 
the power factor remains nearly unchanged [104]. A recent review summarized various mechanisms by which  
2D heterostructures improve thermoelectric performance, including the synergistic optimization of band 
engineering and interfacial phonon engineering [105]. In summary, whether in vertical van der Waals stacks or in-
plane lattice junctions, heterostructures achieve effective heat-flow control through the phonon discontinuities at 
material interfaces. 

 

Figure 5. Phonon engineering via defects, heterostructures, moiré superlattice, and stress engineering. (a) 
Structures of the graphene-WS2 superlattice and thermal conductivities for superlattice and optimized 
heterostructure. Copyright 2024, American Chemical Society [101]. (b) In-plane Gr/h-BN heterostructures with 
armchair and zigzag interfaces, showing steady-state temperature profiles and interfacial temperature drops under 
forward and reverse thermal bias. Copyright 2016, Elsevier [102]. (c) Bilayer graphene model with twist angles, 
together with the in-plane κ as a function of twist angle. Copyright 2023, Elsevier [106]. (d) Scalable in situ CVD 
synthesis of twisted multilayer moiré SnSe2 nanosheets, showing markedly reduced thermal conductivity compared 
with regular multilayer structures. Copyright 2025, American Chemical Society [52]. 

3.2.2. Moiré Superlattice Modulation 

Stacking multiple 2D layers with a specific twist angle creates a moiré-periodic superlattice that induces 
unique changes in the phonon dispersion, providing a novel approach to modulate thermal conductivity [107,108]. 
For example, in twisted bilayer graphene, as the relative rotation angle between the two layers varies from 0° to 
60°, its in-plane thermal conductivity is not monotonic but reaches a minimum around ~15° and 45°. The thermal 
conductivity of the bilayer graphene first decreases and then increases with a period of 30° [106]. Simulation 
studies indicate that at ~15° twist, compared to AB stacking or a fully uncorrelated stacking, the enhanced 
Umklapp scattering due to interlayer coupling leads to a reduced in-plane thermal conductivity; as the angle 
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increases further, the interlayer periodicity gradually restores symmetry and the thermal conductivity rises again. 
Similarly, twisting can significantly affect interlayer heat transport, with the cross-plane thermal conductance 
reaching a minimum around 30°, as shown in Figure 5c. Notably, at very small twist angles (e.g., the ~1.1° “magic 
angle”), not only do electronic bands develop flat dispersion and exhibit exotic phenomena like superconductivity, 
but phonon transport may also become anomalous: one theory predicts a local minimum in thermal conductivity 
at ~1.08°, thought to be related to low-energy phonon modes in the moiré supercell [109]. The twist angle is a 
continuously tunable parameter, allowing one to adjust thermal transport properties within the same material 
system by changing the rotation angle. For instance, one simulation compared the thermal conductivity of single-
layer and twisted bilayer graphene at several specific angles, and found that in all twisted cases the bilayer’s 
thermal conductivity was lower than that of both monolayer and AB-stacked bilayer, confirming the general trend 
that twisting suppresses heat conduction [110]. This is because twisting breaks phonon degeneracies and 
introduces additional scattering, limiting the effective propagation of long-wavelength phonons. As shown in 
Figure 5d, the thermal conductivity of the Moiré structure SnSe2 is reduced by approximately 50% compared to 
the regular structure, despite their similar thickness [52]. 

Beyond reducing thermal conductivity, moiré superlattices also offer possibilities for directional phonon 
propagation and band structure engineering. For example, Chen et al. achieved an artificially tuned phonon-
polariton spectrum by twisting bilayers of an anisotropic crystal α-MoO3 [111]. For graphene, a recent 
experimental work used twist angles to create a phonon “polarizer”: researchers measured the anisotropy of heat 
flow at different twist angles and found that when bilayer graphene is stacked at a specific angle, it can selectively 
hinder phonons of one polarization from transmitting, thereby controlling the direction of heat flow [112]. 
Furthermore, emergent phonon modes in moiré superlattices may strengthen interactions with other quasiparticles. 
One striking example is that superconductivity in twisted bilayer graphene is thought to be related to strong 
phonon-electron coupling: it has been suggested that low-energy phonons arising in the moiré pattern may act as 
the mediating glue for electron pairing [113]. From a phonon engineering perspective the twist angle can 
macroscopically tune the phonon spectrum, thereby affecting the material’s thermal conductivity and other 
physical properties. Looking forward, by varying the twist angle to adjust the lattice thermal conductivity of 2D 
materials, it may be possible to develop tunable thermal switches and on-demand thermal conductivity structures, 
providing new design degrees of freedom for thermal management and phononic devices. 

3.3. Topological amd Nonequilibrium Engineering 

Besides tuning phonon transport through geometry, defects, and interfaces, an emerging route is to engineer 
the band topology of phonons. In a periodic lattice, phonons are collective excitations with well-defined crystal 
momentum, and their modes can be organized into bands, similar to electrons. This makes it possible to introduce 
geometric-phase concepts, such as Berry phase and Berry curvature, into lattice vibrations. The key point is that 
phonon transport can be controlled not only by scattering and mean free paths, but also by the global band structure 
and its topology [114]. Moreover, device-level phonon engineering often requires qualitatively new transport 
features: directional or robust channels, external-field switchability, and nonlinear nonequilibrium response. 

3.3.1. Topological Phononics 

Topological phononics focuses on designing phonon band structures that host nontrivial topological 
invariants. When a phonon bandgap carries a nontrivial invariant, boundary-localized modes can appear at edges 
or at interfaces between two regions with different topology. This is the phononic version of bulk-boundary 
correspondence [115]. These edge or interface modes are expected to be robust against certain types of disorder, 
because eliminating them would require closing the bulk gap or changing the invariant. In device language, topology 
provides a state protection mechanism that is fundamentally different from simply reducing defect density. 

A common starting point is the one-dimensional dimerized chain model, which illustrates how band inversion 
leads to in-gap end states [116]. Although this model is not specific to 2D materials, it sets the conceptual 
foundation: topology is switched by a parameter that controls the ordering of bands, and the boundary states appear 
when the system enters the nontrivial phase. In real material design, the parameter can be bond strength 
modulation, mass contrast, or structural distortion. This logic is directly transferable to 2D lattices. 

For two-dimensional systems, the honeycomb lattice is a central platform because it naturally supports Dirac-
like crossings in the phonon spectrum. If a symmetry-protected Dirac crossing is gapped by breaking an 
appropriate symmetry, the gapped bands may become topologically nontrivial. Quantum (anomalous/spin) Hall 
[Q(A/S)H] states are typical topological states for electrons. Similar states can be realized in phonon systems. A 
honeycomb lattice is an ideal platform to study the Q(A/S)H-like topological effects of phonons. Its longitudinal 
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acoustic (LA) and longitudinal optical (LO) branches cross at the BZ corners K and K′, forming a pair of 2D 
phononic Dirac cones. Figure 6 summarizes a widely used symmetry-breaking framework for 2D honeycomb 
lattices. In the pristine case, phononic bands can host Dirac-like crossings at the K and K′ valleys, which are 
protected by the combined crystal symmetries [114]. Once a gap is opened at these Dirac points, the resulting 
phonon bands may acquire distinct topological characters depending on which symmetry is broken. As illustrated, 
breaking time-reversal symmetry leads to a QAH-like phase supporting chiral edge modes along the boundary. In 
contrast, breaking inversion symmetry generates a QVH-like phase with valley-polarized interface states localized 
at domain walls where the effective mass term changes sign. Introducing a Kekulé-type lattice distortion provides 
another route to gap the Dirac cones and can yield QSH-like behavior, where pseudospin-momentum-locked 
boundary transport emerges at interfaces between regions with opposite Kekulé mass. This unified picture 
highlights a central message of topological phononics: edge or interface phonon channels can be created by 
engineering symmetry and band inversion, rather than solely by suppressing scattering. Different symmetry-
breaking mechanisms lead to different types of topological phonon phases. Breaking time-reversal symmetry can, 
in principle, produce chiral edge modes, which propagate in one direction and suppress backscattering. Breaking 
inversion symmetry while keeping time-reversal symmetry can generate valley-contrasting topology, giving 
valley-polarized interface states at domain walls where the inversion-breaking mass changes sign [117]. In 
addition, phonons can host pseudospins based on valley, layer, or sublattice degrees of freedom, enabling helical-
like boundary transport in appropriately engineered lattices. 

Topological concepts are particularly relevant to 2D materials because many of them have hexagonal 
Brillouin zones and strong valley physics. In such lattices, phonon modes near K and K′ can carry valley-
contrasting Berry curvature and exhibit circular polarization, sometimes described as chiral or valley phonons 
[118]. These features provide practical handles for selective excitation and detection, for example through 
polarization-resolved optical probes. More importantly for phonon engineering, they suggest that phonon currents 
can be structured not only by spatial pathways, but also by internal mode labels such as valley or pseudospin. 

 

Figure 6. Symmetry-breaking routes to topological phonon phases in a 2D honeycomb lattice. (a) Phononic Dirac 
cones at the K and K′ valleys in a sublattice lattice. Gapping the Dirac spectrum by different symmetry breakings 
yields distinct topological phonon states: (b) time-reversal-symmetry breaking produces chiral edge transport 
(QAH-like), (c) inversion-symmetry breaking produces valley-polarized interface modes (QVH-like), and (d) 
Kekulé distortion opens a gap with pseudospin-momentum-locked boundary modes (QSH-like). Copyright 2019, 
Wiley-VCH [114]. 
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From the perspective of thermal devices, the most direct implication of topological phononics is the 
possibility of robust phonon guiding along edges or domain walls [119]. A topological interface can act as a phonon 
waveguide that routes vibrational energy around bends and imperfections more reliably than conventional 
waveguides [120]. In principle, one-way edge channels could enable diode-like behavior in multi-terminal 
geometries [121]. In such a case, the absence of backward-propagating channels would enforce nonreciprocal 
transport within a certain frequency window. Valley-polarized boundary states suggest a phonon-filtering concept 
in which only phonons from a selected valley are transmitted. This can be translated into direction-selective routing 
in designed structures. These ideas provide a complementary strategy to conventional thermal rectification, which 
typically relies on nonlinearity and spectrum mismatch between two ends. 

However, the connection between topological phonon transport and room-temperature heat conduction 
requires careful discussion. Topological boundary modes are usually defined within a bandgap and occupy a 
limited frequency range. In contrast, thermal conduction in real 2D materials involves many branches over a wide 
spectrum and is strongly affected by anharmonic phonon-phonon scattering, especially at elevated temperatures. 
Therefore, a key challenge is to identify conditions where topological channels make a measurable contribution to 
net heat flow. Possible directions include designing gaps and boundary modes in thermally populated frequency 
ranges, enhancing mode selectivity by nanostructuring, and combining topology with nonequilibrium or coherent 
phonon generation. In this sense, topological phononics is not a replacement for scattering-based phonon 
engineering, but a higher-level design paradigm that can be integrated with geometry, heterostructures, strain 
fields, and moiré superlattices to create more controllable and fault-tolerant phonon pathways [122]. 

3.3.2. Chiral Engineering 

In addition to controlling phonon transport through defects, interfaces, strain, and moiré reconstruction, an 
emerging direction is to engineer phonon chirality. Chiral phonons refer to phonon modes with definite circular 
polarization and angular-momentum-related character, typically appearing at high-symmetry points or symmetry-
preserving paths in momentum space. Earlier studies mainly focused on nonmagnetic two-dimensional hexagonal 
lattices, where broken inversion symmetry allows phonons at valley points to acquire well-defined chirality and 
pseudoangular momentum. More recent work has shown that the symmetry conditions for chiral phonons are 
broader: in two-dimensional lattices with fourfold rotational symmetry, chiral phonons may emerge when time-
reversal symmetry is broken, while in three-dimensional chiral tetragonal crystals they can exist along C4-invariant 
paths even without explicit time-reversal-symmetry breaking [123]. 

From a phonon-engineering perspective, the significance of chiral phonons lies in the fact that they introduce 
a symmetry-selective degree of freedom beyond the conventional descriptors of heat transport such as group 
velocity and mean free path. Because chiral phonons can obey helicity- and momentum-selective excitation rules, 
they provide a route to manipulate specific phonon branches rather than only changing the overall phonon 
scattering strength. This feature is particularly attractive in low-dimensional materials, where valley physics, 
optical selection rules, and interfacial symmetry breaking are already central to electronic and optoelectronic 
functionality [5]. As a result, chiral-phonon engineering may ultimately connect thermal transport regulation with 
valleytronic, spintronic, and optoelectronic processes in a unified framework. 

Several recent studies suggest concrete pathways for manipulating phonon chirality in low-dimensional 
systems. For example, theoretical work has shown that strain can substantially modify the phase space of electron-
phonon scattering and even activate chiral-phonon emission in monolayer WS2 under photoexcitation [97]. 
Interlayer-sliding ferroelectricity in multilayer transition-metal dichalcogenides has also been proposed as a means 
to tune phonon chirality and phonon Berry curvature through stacking-dependent symmetry breaking. In addition, 
first-principles screening of two-dimensional transition-metal monocarbides has identified stable monolayers that 
simultaneously host topological and chiral phonons, indicating that chirality can be embedded into material design 
rather than treated only as a secondary excitation effect [6]. These studies suggest that chiral-phonon engineering 
may become a realistic extension of phonon engineering through symmetry design, strain control, magnetic order, 
and interlayer configuration. 

At present, the direct influence of chiral phonons on macroscopic thermal conductivity or thermal 
rectification in 2D materials is still less established than that of defect scattering, boundary scattering, or interfacial 
coupling. Nevertheless, chiral phonons are highly relevant to coupled transport scenarios involving optical 
pumping, valley-selective carrier dynamics, spin-phonon interaction, and nonequilibrium phonon populations. 
Therefore, although this direction remains at an early stage, it represents a promising frontier in which phonon 
engineering may evolve from tuning average heat flow to selectively addressing symmetry-resolved phonon modes 
and their coupled functionalities. 
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3.3.3. External Fields 

Apart from the above strategies, external fields, stress tuning, and non-equilibrium vibrations are also 
gradually showing potential for modulating phonon transport in 2D materials. In terms of external fields, using 
electric, magnetic, thermal, etc., fields to influence phonon scattering and spectral distribution is an emerging 
direction. For example, by applying an electric field or electrochemical bias to change a material’s carrier 
concentration, one can enhance phonon-carrier scattering and lower lattice thermal conductivity. In the experiment 
by Lu et al. on the perovskite oxide SrCoO2.5, they electrochemically inserted/extracted oxygen and hydrogen, 
realizing bidirectional modulation of thermal conductivity at room temperature by up to an order of magnitude [124]. 
This shows that external fields can be used to significantly alter lattice vibrational characteristics. Similarly, an 
applied magnetic field can serve as a phonon engineering tool. In materials with spin-lattice coupling, a magnetic 
field can change the spin order and magnon spectrum, thereby affecting phonon scattering selection rules. Zhang 
et al. used a magnetic field to break the symmetry of lattice heat transport and achieve a thermal rectification effect 
[78]. In that experiment, by tuning the magnetic domain structure, heat flow scattering was made stronger in one 
direction than the reverse, producing a one-way heat flow. Such magneto-phononic thermal diodes provide a new 
concept for externally-driven thermal logic devices. 

In summary, a variety of techniques, including external fields, electrochemical stress, mechanical strain, and 
non-equilibrium phonon excitation, are enriching the phonon engineering methods for 2D materials. These 
methods offer fast, reversible, and spatially selective control, helping compensate for the limited flexibility of 
static structural designs. Combining these modulation approaches or optimizing them alongside electronic and 
photonic controls, could enable more efficient and intelligent thermal management devices. 

4. Thermal Devices Based on 2D Materials 

2D materials, with their atomic-scale thickness, pronounced anisotropy and ease of integration, offer distinct 
advantages for building thermal devices. In recent years, a variety of phononic thermal devices based on graphene, 
transition metal dichalcogenides and other 2D materials have been proposed and, in some cases, experimentally 
demonstrated, including thermal rectifiers, thermal transistors, thermal memories and related functional elements. 
This section reviews representative advances in these devices, focusing on their structures, material systems, 
operating principles and performance. 

4.1. Thermal Rectifier 

A thermal rectifier is one of the earliest widely discussed concepts in 2D thermal devices and aims to achieve 
directional selectivity of heat flow analogous to an electrical rectifying diode. To realize thermal rectification in 
2D materials, researchers have designed a variety of asymmetric structures, such as nanoribbons with asymmetric 
shapes, heterojunctions and structures with uneven defect distributions [125]. In early work, Yang et al. used non-
equilibrium molecular dynamics simulations to show that a trapezoidal graphene nanoribbon can exhibit 
pronounced thermal rectification: when heat flows from the narrow end toward the wide end, the effective thermal 
conductivity is significantly reduced [80]. Further studies found that increasing the degree of shape asymmetry, 
for example by enlarging the trapezoid’s top angle, enhances rectification, while increasing the nanoribbon length 
weakens the rectification ratio [126]. In addition, asymmetric Y-shaped, branched and other three-terminal 
graphene structures have also been proposed for thermal rectification. Another class of design introduces internal 
asymmetry, such as periodic voids or mass loading on one side of the material. Hu et al. simulated edge roughness 
in triangular and trapezoidal graphene nanoribbons, in both single-layer and bilayer forms, and found that with 
perfectly smooth edges the rectification effect diminishes with increasing size, but at a length scale of about 23 
nm it still remains at about 25%; with edge defects, the rectification ratio stabilizes around 30% even for larger 
sizes [79,127]. These theoretical works demonstrate that asymmetric design of geometry, layer number and defects 
can produce significant unidirectional heat transport in 2D materials. 

The physical mechanisms of 2D thermal rectification usually originate from nonlinear phonon transport, 
namely the dependence of thermal conductivity on temperature and on the direction of heat flow. In the trapezoidal 
graphene example, the narrow end at high temperature produces stronger edge scattering and suppresses high-
frequency phonon propagation, so heat transfer is impeded when heat flows from the narrow end to the wide end, 
whereas scattering is weaker in the opposite direction. This symmetry breaking causes the effective thermal 
conductivity to be lower when the narrow end is on the hot side than in the reverse case, giving rise to rectification. 
When the sample size is increased such that the phonon mean free path becomes much smaller than the 
characteristic dimensions of the trapezoidal geometry, this end-contact effect is weakened and the rectification 
ratio tends to vanish [128]. Besides geometric scattering, phonon spectrum mismatch at heterointerfaces is another 
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important mechanism. In 1936, a Cu/Cu2O interface was already observed to exhibit direction-dependent thermal 
conductance [129]. In 2D materials, a recent experiment achieved a high rectification ratio using a lateral 
heterojunction: in a monolayer MoSe2/WSe2 lateral heterostructure, the different temperature dependence of the 
thermal conductivities of the two materials leads to a preferential heat dissipation path from the MoSe2 side to  
the WSe2 side under a large thermal bias, yielding a thermal rectification factor of up to about 96%, as shown in 
Figure 7a [30]. This result indicates that by selecting and combining 2D materials with contrasting heat transport 
characteristics, it is possible to approach one-way heat transport at room temperature. Asymmetry in defects or 
functional groups provides yet another mechanism. Molecular dynamics simulations explained that when the 
defective or nanoparticle-decorated region is at the hot end, it acts as a phonon bottleneck, limiting the number of 
phonons reaching the cold end and thus reducing heat conduction in that direction; when the defective region is at 
the cold end, its influence on overall heat transfer is weaker. In summary, whether asymmetry is introduced through 
shape, interface or defects, it leads to a direction dependence of thermal conductivity by changing phonon 
scattering and the phonon spectrum, and thereby produces rectification [130]. 

 

Figure 7. Thermal rectifiers based on 2D materials. (a) MoSe2-WSe2 lateral heterostructure measured by an H-type 
sensing device; the electrical and thermal transport data show a preferred high-conductance heat-flow direction 
from MoSe2 to WSe2 and a suppressed reverse direction. Copyright 2022, AAAS [30]. (b) Triangular rGO paper 
device on a heater and thermocouple, with measured heat power and thermal rectification coefficient as a function 
of the applied temperature difference ΔT. Copyright 2012, Springer Nature [29]. (c) Suspended graphene partially 
patterned with nanopores, where heat flows from the pristine region to the nanopore region, together with 
temperature-dependent thermal conductivity curves comparing graphene with and without nanopores. Copyright 
2017, Springer Nature [32]. (d) Half-meshed suspended graphene device, showing asymmetric heat flow and the 
corresponding thermal rectification ratio as a function of input power and nanomesh pitch at different 
environmental temperatures. Copyright 2021 IOP Publishing [31]. 
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Numerous simulations have predicted the feasibility of high rectification ratios in 2D materials, but the 
performance of actual devices is often limited by size and fabrication constraints. At the macroscopic scale, 
experimental attempts have been made; for example, Tian et al. fabricated triangular and double-rectangular 
thermal rectifiers from large-area reduced graphene oxide paper [29]. Under a temperature bias of about 12 K, this 
rGO thermal diode exhibited a maximal rectification ratio of about 1.21, meaning that the forward thermal 
conductance was 21% higher than the reverse conductance, as shown in Figure 7b. This result demonstrated that 
a substantial rectification effect can be achieved in a macroscopic device made of layered graphene-based material, 
and increasing structural asymmetry can further improve the rectification ratio. At the micro- and nanoscale, in 
2017 Wang et al. reported the first experimental demonstration of a suspended monolayer graphene thermal 
rectifier. Using an H-type microbridge measurement method, they patterned a single graphene sheet with 
asymmetric defects and a tapered-width region. Two types of rectification behavior were measured: in one 
asymmetric sample containing nanopore defects, the thermal conductivity for heat flow from the perforated region 
to the pristine region was about 26% higher than in the opposite direction; in another sample with gradually 
narrowing width and one side decorated with nanoparticles, the thermal conductivity for heat flow from the wide 
and clean side to the narrow and decorated side was about 10% higher than in the opposite direction, as shown in 
Figure 7c [32]. Although these rectification ratios are lower than the multi-fold values predicted by simulations, 
they clearly demonstrate rectification in graphene at room temperature, and the experimental data are qualitatively 
consistent with molecular dynamics simulations. Liu et al. investigated graphene-based thermal rectification by 
measuring the thermal transport properties of asymmetric suspended graphene nanomesh devices [31]. They 
patterned a sub-10 nm periodic nanopore phononic crystal on half of a suspended graphene ribbon using helium 
ion beam milling, and developed a differential thermal leakage technique to extract thermal transport without 
interference from electronic leakage through the bridge. As shown in Figure 7d, in a typical device with a 20 nm 
nanopore pitch, they reported a thermal rectification ratio up to 60%. Within a certain range, increasing the 
nanopore pitch further enhanced the rectification ratio, whereas raising the environmental temperature degraded 
it. These results demonstrate that introducing phononic-crystal asymmetry into a homogeneous graphene sheet is 
an effective route toward high-performance thermal rectifiers. For heterojunction-based rectification, the above-
mentioned MoSe2/WSe2 lateral heterojunction study achieved not only an electrical rectification ratio up to 104 
but also nearly 100% thermal rectification. Moreover, by changing the orientation angle of the heterojunction 
interface, the rectification factor could be tuned from a maximum value to nearly zero. This work combined 
thermal rectification with electronic functionality and illustrated the potential of 2D heterojunctions in thermal 
management and energy applications. 

Overall, 2D thermal rectifiers have progressed from simulation to experimental verification, with typical 
rectification ratios around 10–50%. Remaining challenges include maintaining high rectification ratios over a 
broad temperature range and at higher heat flux, and achieving device-level integration and stability. In 
experiments, some designs that enhance rectification often reduce overall conductance or mechanical robustness, 
and device-to-device reproducibility still needs improvement. Further advances in nanofabrication and 
heterogeneous integration, together with the development of tunable thermal rectification under external stimuli 
such as electric fields and mechanical stress, will be required to move 2D thermal diodes closer to practical 
applications. 

4.2. Thermal Transistor 

Building on thermal rectification, a thermal transistor introduces a third terminal to control heat flow and 
thereby enables switching and amplification of thermal signals. In 2006, Li et al. proposed a theoretical model of 
a thermal transistor: by connecting in series two thermal diodes that exhibit NDTR, the main heat flow can be 
amplified and modulated, as shown in Figure 8a [11]. Operation of such a device requires the material to show 
nonlinear thermal transport in a certain temperature range, so that a small temperature change at the control 
terminal induces a large change in heat flow at the output and an effective thermal amplification factor. For 2D 
materials, realizing NDTR and three-terminal control mainly relies on constructing complex heterostructures or 
systems with coupled functionalities. For example, one theoretical study proposed adding a control branch to a 
graphene Y-junction; when this control branch is heated, nonlinear phonon scattering can reduce the effective 
thermal conductance of another main channel, producing a heat-switching effect [131]. 

One representative scheme is to use electrochemical intercalation to alter phonon scattering in a 2D material. 
Sood et al. reported an electrochemical thermal transistor based on an MoS2 film: by reversibly intercalating and 
de-intercalating lithium ions to modify the lattice structure of MoS2, they achieved nearly an order-of-magnitude 
difference in thermal conductivity at room temperature between the on state (pristine MoS2) and the off state 
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(LiₓMoS2 after Li intercalation) [36]. TDTR microscopy measurements of the lithium distribution, together with 
first-principles calculations, showed that intercalation introduces a lithium rattling mode, c-axis strain and stacking 
disorder, all of which enhance phonon scattering and strongly reduce thermal conductivity. This device achieved 
a thermal on/off ratio of about 10, demonstrating reversible and controllable modulation of heat conduction at the 
nanoscale. Another design is an electrically driven mechanical thermal transistor, which uses an electric field to 
deform a 2D material and thus control thermal contact. Chen et al. demonstrated a graphene membrane thermal 
switch: by applying about 2 V between electrodes above and below a suspended graphene membrane, they caused 
it to collapse into contact with the substrate, thereby changing the thermal resistance under the membrane [132]. 
Scanning thermal microscopy showed that when graphene changes from the suspended state (off state) to the 
adhered state (on state), cross-membrane heat flow increases and the probe temperature drops significantly. The 
on/off thermal conductance ratio of this switch is about 1.3. Although this change is modest, the ultralow heat 
capacity and very fast mechanical response of the graphene membrane indicate that switching times on the order 
of nanoseconds may be achievable. More importantly, this design shows that the mechanical flexibility of 2D 
materials can be used to construct thermal conduction modulation elements in which the suspended and contacted 
configurations correspond to distinct thermal states without direct solid-solid electrical contact, thereby avoiding 
electrical leakage. 

A thermal transistor is expected to provide a high thermal amplification factor and well-defined on and off 
states, but most 2D-material thermal transistor studies so far focus on switching-type modulation, namely 
reversible changes in thermal conductance, while continuous amplification and logic functionality remain at an 
early stage. Experimentally, the electrochemically intercalated MoS2 thermal switch has achieved the largest 
conductance switching ratio to date, about 10, but its switching speed is limited by ion diffusion and lies on the 
order of minutes The graphene switch offers potentially sub-microsecond speeds, but the magnitude of its 
conductance change is limited to about 30%. Efficient thermal transistors face both material and structural 
challenges: materials must exhibit strong nonlinear thermal transport, and the device geometry must provide 
effective three-terminal coupling to achieve significant heat-flow amplification. Nonetheless, 2D materials provide 
several unique platforms for attempts to construct high-performance thermal transistors. With improvements in 
material quality and advances in nanomanufacturing, these platforms should make it possible to realize thermal 
transistor components with true amplification, forming a basis for thermal logic circuits. 

 

Figure 8. Thermal devices based on 2D materials: transistor, memory, and others. (a) Theoretical model of a 
thermal memory, showing heat currents versus control temperature and the probability distribution of the particle 
temperature. Copyright 2008, AIP Publishing [11]. (b) Three-terminal graphene nanoribbon acting as a thermal 
switch, where tuning the gate temperature switches the device between low-conductance (OFF) and high-



Li et al.   Low-Dimens. Mater. 2026, 2(1), 3 

https://doi.org/10.53941/ldm.2026.100003  19 of 27  

conductance (ON) states. (c) Graphene-based three-terminal structure operating as a thermal amplifier, in which a 
small change of input temperature produces an amplified change of output temperature with gain larger than one. 
Copyright 2011, Royal Society of Chemistry [133]. (d) Thermoacoustic loudspeaker using graphene foam as the 
sound-emitting element, together with measured sound pressure versus distance for different graphene foam 
configurations. Copyright 2015, Wiley-VCH [34]. (e) Graphene-based infrared camouflage device that is 
transparent in the visible range but allows active tuning of infrared emissivity via a multilayer graphene electrode, 
as demonstrated by thermal images and spectral transmissivity curves. Copyright 2019, Elsevier [134]. 

4.3. Thermal Memory 

A thermal memory is a device that stores binary information in thermal states and exploits the ability of a 
system to retain a particular thermal condition. Constructing a thermal memory cell requires that the system have 
at least two thermal conductance or temperature states that can be stably maintained under the same external 
conditions, and that it can be reversibly switched between these states by an external thermal pulse. This typically 
requires that the material or structure exhibit hysteresis in heat transport; that is, the thermal conductance follows 
different paths during heating and cooling so that two stable thermal conductance or temperature states exist and 
can represent the logical values 0 and 1. In 2008, Wang and Li proposed the first thermal memory model: by 
connecting two thermal diodes in series to form a feedback loop and introducing nonlinear thermal conductance, 
the system can attain two stable temperature solutions and thereby store thermal information.[13] This concept, 
validated by numerical simulation, showed that nonlinear device elements such as thermal diodes and NDTR 
materials are essential building blocks for thermal memory, as shown in Figure 8b,c. 

Phase-change materials, whose thermal conductivity shows both strong temperature dependence and 
hysteresis, are regarded as promising candidates for implementing solid-state thermal memory.[135,136] For 
example, single-crystalline VO2 undergoes a metal-insulator transition at about 68 °C with abrupt changes in lattice 
structure and carrier concentration, which causes its thermal conductivity to follow different trajectories during 
heating and cooling. Xie et al. constructed a VO2 nanobeam thermal memory device [35]. A VO2 nanobeam was 
connected between the thermal input and output terminals. When the input temperature Tin rose above the VO2 
phase transition regime, the nanobeam switched from the insulating to the metallic state and its heat-carrying 
ability increased markedly; upon cooling, the return to the insulating state was delayed by about 4–5 K, so that 
after Tin fell below the transition region, the material remained in the high-conductivity metallic phase over a finite 
temperature range. This hysteresis caused the output terminal temperature Tout to follow different branches during 
heating and cooling, with the high-conductivity branch corresponding to one logical state and the low-conductivity 
branch to the other. Experiments showed that under purely thermal excitation, without external electrical bias, the 
output temperature difference relative to the input adopted one of two stable values, and the difference between 
these values could be amplified by nearly two orders of magnitude. Thus, a small change in input temperature can 
produce a large and readable output signal, which corresponds to thermal write and read operations. Measurements 
of the nanobeam resistance as a function of temperature further indicated that the hysteresis in VO2 thermal 
conductivity is dominated by the electronic contribution to thermal conductance. 

Using thermal conductivity hysteresis induced by molecular configuration changes provides another route to 
thermal memory. Zhao et al. fabricated a polymer nanofiber containing double hydrogen bonds, forming a 
hydrogen-bonded network based on melamine-quinazoline molecules [137]. This material exhibited two clear 
thermal conductivity hysteresis loops around about 297 K and 317 K, with a maximum thermal conductivity 
difference of 66.7% between the two states. On this basis, they designed a fully solid-state thermal memory device: 
multiple polymer nanofibers were connected between a suspended heater island and a sensor island, and by 
periodically driving the heater temperature they achieved repeated reversible write and erase operations near room 
temperature. When the heater temperature rose above a high threshold, some hydrogen bonds in the fibers broke 
and the material entered a low-κ state; upon cooling below the threshold, the hydrogen bonds reformed but with a 
lag relative to the temperature change, so that the material remained in a different thermal conductance state 
corresponding to a high-κ branch. Through multiple cycles, this polymer thermal memory showed stable and 
repeatable switching and was able to use phonon transport states directly to store information at room temperature. 
This was the first experimental demonstration that tuning intermolecular weak bonds can produce hysteretic 
modulation of purely phononic heat conduction. 

Existing thermal memory devices still have relatively limited data retention. For example, an early simulation 
based on carbon nanomaterials estimated a storage lifetime on the order of 100 microseconds. Connecting multiple 
devices in parallel can extend the effective hold time, but there is still a large gap compared with electronic 
memory. Environmental thermal radiation and random temperature fluctuations can further compromise the 
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stability of phononic storage. A thermal memory that relies entirely on 2D materials has not yet been demonstrated 
experimentally, but 2D materials already play important roles in interface engineering and signal readout. 
Integrating a VO2 or polymer thermal memory cell with a graphene or MoS2 transistor allows the thermal state to 
be read out electrically by exploiting the high electrical sensitivity of the 2D channel, forming a hybrid thermal-
electrical memory unit. In addition, by creating local strain fields or ordered defect arrays in 2D materials, it is 
theoretically possible to obtain multistable heat-flow distributions in a purely phononic system. Thermal memory 
adds a temporal dimension to thermal logic, but there is still considerable scope for improving retention time, noise 
immunity and integrability. 

4.4. Other Thermal Devices 

Thermoacoustic speakers: Graphene’s high electrical conductivity and very low heat capacity make it an 
efficient material for thermoacoustic conversion. When an alternating current passes through a graphene film, 
periodic heating and cooling cause the surrounding air to expand and contract thermally, generating sound pressure 
and thus an acoustic output [138]. This thermoacoustic effect does not require mechanical vibrating components 
and therefore offers simple structure and all-solid-state implementation, as shown in Figure 8d [34]. Challenges 
for this type of device include improving acoustic efficiency, which is still relatively low compared to conventional 
electromagnetic speakers, and managing heat dissipation, but the planar and miniature form factor makes them 
promising for ultrathin loudspeakers and wearable audio devices. 

Thermal camouflage and infrared modulation: Infrared thermal cloaking devices aim to control an object’s 
thermal radiation so that it blends with the environment and avoids infrared detection. The infrared emissivity of 
graphene can be dynamically tuned by electrostatic gating, offering a route to active thermal camouflage [139]. A 
recent study constructed a flexible transparent graphene thermal camouflage film: an ionic-liquid gate and a 
multilayer graphene stack were integrated on a PET substrate, and an applied gate voltage changed the carrier 
density in graphene and thus its infrared emissivity, as shown in Figure 8e [134]. Experiments achieved modulation 
of emissivity in the 3–5 μm band from about 0.9 down to about 0.3 without affecting visible transparency, and 
showed that the device can adjust infrared emission against different backgrounds to mimic the ambient 
temperature, effectively concealing the object. Besides tuning emissivity, the high thermal conductivity of 
graphene can be used to redistribute surface temperature: coating a surface with a graphene film can rapidly spread 
local hot spots so that external infrared imaging finds it difficult to locate the true internal heat source [140]. For 
general infrared modulation, such as smart thermal camouflage textiles or tunable infrared beacons, graphene 
devices offer low-power and fast-response solutions, although achieving large-area uniform coatings, high 
modulation depth and long-term durability remains challenging. 

Thermal sensing and detection: The combination of graphene with other functional materials has led to 
significant advances in thermal sensing. Sassi et al. combined a monolayer graphene field-effect transistor with a 
pyroelectric LiNbO3 crystal to construct an ultra-sensitive mid-infrared detector [33]. When LiNbO3 is heated by 
incident infrared radiation and produces surface charge, a suspended top gate couples this charge to the graphene 
channel and modulates its resistance, thereby amplifying the electrical signal associated with a small temperature 
rise. An equivalent temperature coefficient of resistance as high as 900% K−1 was achieved, much higher than the 
2–4% K−1 typical of conventional materials, enabling detection of temperature changes as small as 15 μK. 
Graphene’s low noise and nearly linear response are crucial in allowing the pyroelectric signal to be read with high 
gain. Graphene-based thermal sensors feature fast response, small size and easy integration, and are promising for 
infrared imaging, environmental monitoring and biomedical applications. In such composite devices, graphene 
usually acts as the signal transduction layer rather than the main medium for heat storage or transport, but its 
presence improves the performance of traditional thermal sensing technologies. 

Other novel devices: 2D materials have also been explored for use in thermal logic gates, electrothermal-
optical hybrid devices and other functions. For example, combining a graphene thermal rectifier with a thermal 
transistor can realize basic AND and OR thermal logic functions [12]. Anisotropic 2D materials such as black 
phosphorus can be used to design thermal isolation and guiding structures that act as thermal waveguides or 
thermal lenses for localized chip cooling. Phononic crystal structures have also been proposed: by introducing 
periodic nanopore arrays into 2D materials to control the propagation of phonons in selected frequency ranges, 
frequency-selective control of thermal conductivity can be achieved [141]. These concepts are mostly at the 
theoretical or proof-of-concept stage, but they indicate the potential of 2D materials for multifunctional integration 
in thermal devices. 

In summary, the emergence of 2D materials has provided a versatile platform for thermal devices. One-way 
heat-flow thermal diodes, thermal switches and transistors with tunable conductance, thermal memories that retain 
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thermal histories and thermoacoustic or infrared modulation devices across different scales have all seen 
substantial progress. At the same time, most of these devices are still at the proof-of-concept and performance-
optimization stage, and fully integrated thermal circuits have not yet been realized. Further development will 
require close interaction between experiment and theory, continual refinement of device designs, introduction of new 
materials and structures and solutions to engineering challenges such as device uniformity and large-scale integration. 

5. Summary and Outlook 

This review has traced the development of thermal research in 2D materials, focusing on phonon engineering 
approaches and the theoretical and experimental progress of various thermal functional devices. Overall, with the 
advent of 2D materials such as graphene, researchers have been able to manipulate phonon spectra and transport 
in atomically thin crystals, realizing functionalities such as thermal rectification, thermal switching and thermal 
memory that are not attainable in traditional 3D materials. Early studies were predominantly based on theoretical 
simulations and showed that asymmetric geometry, interfacial scattering, external field control and related 
strategies can generate a range of nontrivial heat transport phenomena in 2D materials. A series of experiments 
gradually validated concepts such as graphene thermal diodes, suspended-membrane thermal switches, MoS2 
thermal transistors and VO2 thermal memory devices. These advances indicate that phononics is moving from 
purely theoretical proposals toward experimental reality, with 2D materials acting as key platform materials. At 
the same time, most 2D thermal devices are still at the single-device demonstration stage. Compared with 
electronic devices, their performance and scalability remain limited: rectifiers and thermoelectric devices already 
have some experimental basis, but thermal transistors and thermal logic gates largely remain at the theoretical or 
early experimental stage without system-level validation. Graphene has been studied most extensively, whereas 
the thermal potential of other 2D materials, such as black phosphorus and anisotropic transition-metal 
chalcogenides, has not yet been fully explored. 

Several directions are particularly important for the further development of 2D thermal research and applications: 
(1) Deeper understanding of phonon transport mechanisms. Although phonon behavior at the nanoscale can 

be simulated using molecular dynamics, phonon Boltzmann transport equations and related tools, many 
fundamental aspects of phonon transport are still less well understood than electronic transport. In-depth studies 
of phonon turbulence, second sound, which can be viewed as quantized heat waves, and other non-classical transport 
phenomena will be valuable for designing materials with ultra-low or ultra-high thermal conductivity [142]. Equally 
important is control of interfacial phonon states. Because 2D materials are often used in heterojunctions, a more 
refined understanding of how phonons propagate in 2D materials and across their interfaces will enable more 
effective design and optimization of thermal devices. 

(2) Thermal device structure design and multifunctional integration. Current 2D thermal device research 
mostly focuses on single-function proof-of-concept demonstrations, and complex integrated thermal circuits have 
not yet been realized. An important direction is to pursue innovative material and structural designs that enable 
multifunctional devices with coupled electrical, thermal and optical responses. 2D materials provide advantages 
for these tasks: their ultrathin nature allows vertical stacking to build 3D thermal circuits, and their strong 
anisotropy can be used to pattern conductive pathways that guide heat flow. Realizing such integration requires 
overcoming compatibility and interference between different physical fields; for instance, the temperature rise of 
an operating thermal device can affect the performance of nearby electronic components and must be mitigated 
through material choices, such as heat-tolerant 2D semiconductors, and through structural isolation. Addressing 
these issues will require high-precision nanofabrication and transfer techniques, as well as standardized methods 
for characterizing thermal device performance, which are essential for large-scale integration. 

(3) Application of artificial intelligence (AI). As data from 2D materials and nanoscale phononics 
accumulate, introducing AL and machine learning (ML) can accelerate materials discovery and device 
optimization. On the materials side, machine-learning models can be used for phonon property prediction and 
material screening. By training on existing first-principles datasets, a model can rapidly predict the phonon 
dispersion and thermal conductivity of a given 2D material or heterostructure, and thereby identify candidates with 
high rectification efficiency or specific phonon modes [143–145]. In the future, a dedicated 2D materials phonon 
database could be established, and AI methods could be used to mine relationships between composition, structure 
and thermal performance in order to guide experimental synthesis. AI is likely to become an effective tool in thermal 
science research, helping to identify optimization strategies in the large parameter space of materials and structures. 

In summary, the thermal science of 2D materials is at a transition point between basic research and practical 
application. Further progress requires a deeper understanding of fundamental phonon transport in order to 
overcome current performance bottlenecks. It is also necessary to address device-level integration and reliability 
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issues that arise in realistic operating conditions, and to broaden the application prospects of 2D thermal devices 
in thermal management, energy conversion and unconventional computing. With the combined development of 
materials science, nanotechnology and artificial intelligence, phononic devices are expected to move from 
laboratory demonstrations to practical applications. The ability to precisely control heat, traditionally regarded mainly 
as a by-product of electronic operation, may thus become a new type of information carrier in future technologies. 
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