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Abstract
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Phonons are the quantum mechanical descriptions of vibrational modes that manifest themselves
in many physical properties of condensed matter systems. As the size of electronic devices
continues to decrease below mean free paths of acoustic phonons, the engineering of phonon
spectra at the nanoscale becomes an important topic. Phonon manipulation allows for active

control and management of heat flow, enabling functions such as regulated heat transport. At the
same time, phonon transmission, as a novel signal transmission method, holds great potential to
revolutionize modern industry like microelectronics technology, and boasts wide-ranging

applications. Unlike fermions such as electrons, polarity regulation is difficult to act on phonons

as bosons, making the development of effective phonon modulation methods a daunting task.
This work reviews the development of phonon engineering and strategies of phonon
manipulation at different scales, reports the latest research progress of nanophononic devices
such as thermal rectifiers, thermal transistors, thermal memories, and thermoelectric devices,
and analyzes the phonon transport mechanisms involved. Lastly, we survey feasible perspectives
and research directions of phonon engineering. Thermoelectric analogies, external field
regulation, and acousto-optic co-optimization are expected to become future research hotspots.

Keywords: phonon engineering, phononic device, nanoscale

1. Introduction

Phonons are quantized representations of lattice vibrations.
Similar to photons, phonons carry the energy and momentum
of sound waves. However, they are not real particles in the
ordinary sense, but quasi-particles. Suppose the frequency of

* Author to whom any correspondence should be addressed.
Original content from this work may be used under the terms
BV of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOIL.

© 2023 The Author(s). Published by IOP Publishing Ltd on behalf of the IMMT
2631-7990/24/012007+30$33.00

the lattice wave is w and the wave vector is g. Then the phonon
has quasi-energy /iw and quasi-momentum %g, where 7 is the
Planck constant. The relationship between the phonon fre-
quency and the wave vector is called the phonon dispersion
w(q), also known as the lattice vibration spectrum. For a unit
cell containing n atoms, each wave vector g corresponds to n
vibration frequencies, and considering three polarization dir-
ections, a total of 3n phonon dispersion modes are formed.
Among these modes, the three with lower vibration frequen-
cies are acoustic phonon branches, and the corresponding
phonons in these branches are called acoustic phonons. The
remaining 3 (n — 1) modes are optical phonon branches, and
the corresponding phonons are referred to as optical phonons.
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Acoustic lattice waves exist in all crystals, but optical lattice
waves do not exist in simple lattice (non-complex lattice)
crystals.

Phonons play pivotal roles in broad physical properties of
solid-state materials. For example, phonons and their inter-
actions with other particles limit carrier mobility and elec-
trical conductivity [1-3]. Acoustic phonons are primary heat
carriers in semiconductors and insulators [4]. Optical phon-
ons are one of the primary factors affecting optical proper-
ties of semiconductors [5]. Therefore, the ability to manipulate
phonons holds significant implications for tailoring intrinsic
properties of materials. As the development of the silicon-
based semiconductor industry has entered a bottleneck, the
size of transistors has reached below 3 nm, which is close to
the physical limit, and Moore’s law has expired. Logic oper-
ations based on phonon manipulation, that is, phonon com-
puters, will form a new breakthrough technology and signi-
ficantly change the existing structure of information industry.
Functions such as thermal rectification realized by phonon
manipulation are able to effectively enhance the heat dissip-
ation capability of nanoscale devices and further improve the
performance of integrated electronic chips. In addition, the
development of emerging technologies such as thermal cloak-
ing and thermal metamaterials also provides broad application
prospects for phonon manipulation.

Electronic manipulation, for example, diodes, triodes, logic
circuits, etc, is the foundation of the modern information
industry. Since electrons belong to fermions, the transport
properties of electrons can be easily controlled via polar-
ity voltage. Nevertheless, bosonic nature of phonons renders
them immune to polarity-based control methods such as elec-
tricity, magnetism, and light, which means it is difficult to
manipulate the transmission of phonons through existing elec-
tronic manipulation methods. In the past few decades, phonon
manipulation has been found to be possible by introducing dis-
order, interfaces, boundaries, defects and asymmetric struc-
tures in materials. Using first-principles calculations, Lindsay
et al [6] reported that the thermal conductivity of isotope-rich
boron arsenide exceeded 3000 Wm~" - K~! at room temper-
ature, equivalent to that in diamonds, which is the highest
thermal conductivity known. Large frequency gap between
acoustic and optical phonons branches and the aggregation
of phonon branches would produce weak anharmonic phonon
scattering. This anharmonic scattering together with strong
isotope scattering is an important factor contributing to the
large isotope effects. Chiritescu et al [ 7] found that disordered,
layered WSe, crystals had a cross-plane thermal conductiv-
ity as small as 0.05 Wm~' - K~! at room temperature, which
was 30 times smaller than that of single-crystal WSe, samples.
The authors attributed this ultralow thermal conductivity to
phonon localization induced by the random stacking of 2D
WSe, sheets. In addition, the fabrication of phonon devices
using phonon modulation methods has also garnered extens-
ive attention among researchers, which can be used for heat
transfer, heat control and thermal rectification in nano systems
[8]. Chen et al [9] studied thermal rectification of asymmetric
graphene/h-BN vdW heterostructures by molecular dynam-
ics (MD) simulations. The results showed that the heat flux

preferentially flowed in the direction from the monolayer to
the multilayer regions, and the rectification ratio could reach
up to 37.9%. This phenomenon is probably attributed to the
strong suppression of low-frequency out-of-plane phonons of
encased graphene under negative temperature bias.

Although scholars have achieved numerous uplifting
research outcomes in the field of phonon manipulation in
the past few decades, there is a lack of retrospective articles
that comprehensively summarize them. This review will fur-
nish a brief overview of the development of phonon engineer-
ing, and focus primarily on the latest progress in nanoscale
phonon manipulation and the realization of thermal functional
devices from the aspects of principles, theories, calculations
and experiments (figure 1). This review also provides an out-
look on future directions of phonon engineering at the nano-
scale. The structural design methods and research tools men-
tioned in this paper offer clear guidance for future develop-
ments and practical applications of phonon engineering, and
are helpful to broaden researches on phononic devices and
logic-thermal circuits.

2. Phonon engineering

The core idea of phonon engineering is to adjust the phonon
dispersion in order to control phonon transport, and further
realize the modulation of a certain performance. In this review,
thermal phonon engineering is mainly discussed. In 1929,
the concept of ‘elastic quanta’ was introduced by Igor Tamm
to describe the quantum energy of lattice vibration [21]. In
the same year, Peierls [22] introduced the Boltzmann trans-
port equation to describe heat transport in dielectrics as the
motion and scattering of phonon gas with reference to the
gas-dynamical model. However, due to the complexity of the
phonon Boltzmann equation, it is extremely difficult to obtain
its exact solutions, so many scholars introduced assumptions
and approximations into the equation in order to acquire sim-
pler calculative expressions for heat transport. In 1958, with
relaxation time approximations and the assumption that there
is no difference between transverse and longitudinal phon-
ons, Callaway [23] conducted a special investigation on the
normal processes which conserve quasi-momentum, and pro-
posed a phenomenological model to calculate low-temperature
thermal conductivity, which was in good agreement with the
experimental results. Ulteriorly, in 1963, Holland [24] sep-
arated contributions of transverse phonons and longitudinal
phonons to thermal conductivity according to the available
detailed distributions of phonon density of states (DOS), and
derived a lattice thermal conductivity expression that was
effective in a large range of temperatures and phonon frequen-
cies. He also affirmed the validity of the Callaway model in
the regions of impurity scattering and boundary scattering.
These models are still widely used in the researches of thermal
characteristics of various materials, and many modified mod-
els have been proposed one after another. Nonetheless, the
phenomenological models presented above contain a large
number of adjustable parameters that need to be determined
by fitting with experimental data. This limitation restricts the
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Figure 1. Schematic diagram of the strategies for phonon engineering and phononic devices at the nanoscale. Reprinted from [10], with the
permission of AIP Publishing. Reprinted from [11], with the permission of AIP Publishing. Reprinted from [12], with the permission of AIP
Publishing. Reprinted with permission from [13]. Copyright (2017) American Chemical Society. From [14]. Reprinted with permission
from AAAS. Reproduced from [15], with permission from Springer Nature. [16] John Wiley & Sons. Copyright © 2011 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim. [17] John Wiley & Sons. © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. Reprinted
with permission from [18]. Copyright (2019) American Chemical Society. Reprinted with permission from [19]. Copyright (2010)
American Chemical Society. Reprinted figure with permission from [20], Copyright (2013) by the American Physical Society.

prediction of thermal conductivity [25]. Besides, the relaxation
time in the models is generally calculated from the relaxation
times of diverse scattering sources according to Mattheissen’s
rule. The implicit assumption here is that different scattering
types are independent of each other, but in fact they may inter-
act and couple with each other. Therefore, detailed mechan-
isms of the thermal phonon transport processes remain to be
further investigated.

In recent years, the development of computer science and
measurements of thermal science has provided us with effect-
ive means to study the detailed scattering mechanisms inside
microscopic heat carriers. Classical MD was first proposed by

Alder and Wainwright [26] in 1959. They put forward a sim-
ulation method based on the hard sphere potential to study
the behaviors of hundreds of classical particles interacting
with each other. MD neglects the motions of electrons accord-
ing to the Born—Oppenheimer approximation, and only takes
the nuclei as the research objects. Empirical potential fields
are used to describe the interactions between the nuclei and
then deduce the trajectories of atoms or molecules based on
Newtonian mechanics. Afterwards, the evolution of the sys-
tem over time was observed, and the macroscopic physical and
chemical properties of the system were obtained through stat-
istical thermodynamics. Potential functions are very important
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to the accuracy of simulation results, whereas the construction
and selection of the potential functions require deep under-
standing of the material structures, bringing difficulties to
the MD simulations. In 1985, Car and Parrinello [27] pro-
posed a unified approach of MD and density functional theory
(DFT). Under the Born—-Oppenheimer approximation, clas-
sical MD of the atomic nuclei was combined with the elec-
tronic structure theory to solve Schrodinger equation, and
then obtained almost all the ground-state properties of the
material. This approach ushered in the era of first-principle
simulations, which include ab initio and DFT. Ab initio is
first-principle calculation in a narrow sense. In the calcula-
tion, various approximations such as single-electron approx-
imation, non-relativistic approximation, and periodic poten-
tial field approximation are utilized. DFT is an advancement
of the ab initio method, which calculates various properties
of a particle system by replacing the wave function with the
density distribution function of electrons as the only variable
describing all the properties of the system. The aforemen-
tioned molecular simulation methods, namely MD [28], ab
initio [29], DFT [30, 31] and the atomistic Green’s function
[32], are capable of performing high-fidelity simulations and
predictions of thermal phenomena and thermal properties.
On the experimental side, advances in thermometry, such
as the 3w method [33, 34], T-type method [35, 36], H-type
method [37, 38], Raman thermometry [39-46], time-domain
and frequency-domain thermoreflectance (TDTR and FDTR)
[4, 47-53], have enabled the characterization of heat transport
processes and thermal properties on smaller spatial and tem-
poral scales. Raman thermometry is a non-contact optical tem-
perature measurement technology that utilizes Raman scatter-
ing. It is widely used for measuring thermal properties such
as thermal conductivity, thermal diffusivity, and thermal con-
tact resistance. Laser flash Raman spectroscopy method for
characterizing transient thermal transport processes was first
proposed by Li et al [41] in 2014. Compared to traditional
steady-state methods, this method does not require the accur-
ate value of the laser absorption coefficient and can also elim-
inate the influence of thermal contact resistance, which greatly
improves the accuracy of measurements. In 2017, Yuan et al
[42] developed energy transport state-resolved Raman (ET-
Raman), which is capable of measuring interfacial ET and
thermal carrier diffusion. The time resolution can reach the
picosecond scale. In 2019, Fan et al [43] pointed out that dual-
wavelength flash Raman method can be used for the charac-
terization of anisotropic thermal properties. The emergence of
tip-enhanced Raman scattering has significantly improved the
spatial resolution of Raman thermometry [44, 45], allowing
for measurements and imaging at sub-10 nm scales [47, 48].
This advanced technique can be utilized to explore ballistic
thermal transport at nanoscale hotspots [48]. TDTR and FDTR
are also non-contact measurement technologies for thermal
properties, which measure the temperature change of nano-
materials through the change of surface reflectance of metal
films on nanomaterials. In 1983, Eesley [52] first applied pico-
second pulsed laser to the measurement of thermal physical
properties, which served as the prelude to the development

of TDTR. TDTR is a promising measurement method that
is highly scalable. Through adjusting the elliptical ratio and
size of the light spot, the in-plane thermal conductivity of two-
dimensional materials in multiple directions can be simultan-
eously measured [53, 54], and thermal conductivity imaging
at the micrometer-scale resolution can be realized [55-57].
In addition, TDTR can achieve high-precision measurement
of thermal conductivity of thin films with substrates by util-
izing laser signals of different frequencies [58]. As a variant
of TDTR, FDTR replaces mechanical displacement by mod-
ulating the frequency of pump light, which leads to lower
cost and higher precision. These measurement methods are
powerful tools for scholars to pursue research, enabling them
to gain a deeper understanding of phonon transport, and pro-
pose strategies for tuning thermal properties through phonon
engineering.

Phonon scattering determines phonon transport behaviors.
At different scales, phonons of various scattering types and
different mean free paths (MFPs) contribute diversely to heat
transport, leading to different modes of heat transfer and vari-
ous strategies for phonon modulation. When the structural fea-
ture size L is much greater than the phonon MFP, three-phonon
Umklapp scattering is dominant at high temperatures, and the
heat transfer follows the classical thermal diffusion regime.
At high temperatures, when there are only acoustic phonons
participating in heat transport and Umklapp scattering domin-
ates the other scattering processes, phonon thermal conductiv-
ity can be writtenas k;, = A % [59], where M is the average
mass of atoms in the crystal, @ is the Debye temperature, &° is
the volume of one atom, # is the number of atoms per original
unit cell, and +y is the Griineisen range. The Griineisen para-
meter is derived from Griineisen’s law of thermal expansion
[60], and measures the degree to which the lattice vibrational
spectrum deviates from that of a purely harmonic crystal [61].
The higher the crystal anharmonicity, the larger the Griineisen
parameter and the lower the phonon thermal conductivity.
Besides, it is also possible to change the phonon scattering
characteristics or dispersion by introducing defects or isotopes
inside the crystal or introducing interfaces and nanoparticles
outside, thereby affecting the thermal transport characterist-
ics of the crystal. The Zn4Sbs prepared by Snyder et al [62]
contained significant disorder, with zinc atoms distributed at
the disordered interstitial sites, so the material exhibited an
unusually low thermal conductivity. Biswas et al [63] incor-
porated SrTe nanocrystals in a PbTe matrix to form interfaces
and defects, resulting in a 55% reduction in the thermal con-
ductivity at ~800 K. Kargar et al [64] engineered the phonon
spectrum of bulk crystals via introducing a small concentration
of dopant atoms and found that even at extremely low con-
centrations of dopant atoms (~0.1%), phonon velocities were
profoundly reduced.

When the structural feature size L is smaller than the MFP
but much larger than the dominant phonon wavelength )¢, the
interfaces and boundaries will introduce size effects, where
Ao = 1.48){%, kg is the Boltzmann constant, T is the absolute
temperature, and Vs is the sound velocity. For many crystalline
materials, A\g is on the order of 1.5-2 nm at room temperature
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[8]. The size effect is derived from the discovery that the
crystal thermal conductivity is dependent on the sample size
at low temperatures. Casimir interpreted this phenomenon as
the boundary scattering of phonons. When the temperature
is lower than a certain value, the MFP will increase to be
comparable to the dimensions of the crystal, and the scat-
tering of phonons at the crystal boundary will cause addi-
tional thermal resistance [65]. With the ever-decreasing size
of devices and structures, Casimir size effect becomes more
prominent at room temperature or higher, resulting in lower
effective thermal conductivities than their parent bulk materi-
als. For example, Li et al [66] observed that the thermal con-
ductivity of single crystalline intrinsic silicon nanowires was
more than two orders of magnitude lower than that of bulk
silicon. Cheaito et al [67] reported that the thermal conduct-
ivities of nanoscale silicon—germanium alloy thin films were
also much lower than the bulk values. Boundaries can also
be combined with defects to scatter different spectral parts of
phonons, further reducing thermal conductivities. Therefore,
Casimir size effect of nanomaterials is of great interest in the
field of thermoelectricity.

When the structural feature size L is much smaller than
the MFP but slightly larger than )¢, the spatial confinement
of the phonon modes flattens the dispersion branches if the
structure is freestanding or embedded in a material with dif-
ferent elastic properties, The population average phonon group
velocity is reduced, leading to a dramatical increase in the
phonon relaxation rates in defects and Umklapp processes
[68]. The reduction of thermal conductivity is beneficial to the
improvement of the performance of thermoelectric devices,
but it makes thermal management of microelectronic devices
a challenge. Later, scholars discovered that in thin films or
nanowires embedded in ‘acoustically fast’ (higher sound velo-
city) or ‘acoustically hard’ (higher acoustic impedance) mater-
ials, the phonon group velocities and thermal conductivities
could be enhanced along certain directions. Pokatilov et al [1]
theoretically studied the influence of coatings made of differ-
ent elastic materials on the acoustic phonon properties of semi-
conductor nanowires. It was observed that the phonon energy
spectrum was compressed and phonon group velocities were
greatly reduced when coated with a material with a low sound
velocity, whereas when the surface was coated with a mater-
ial with a high sound velocity, the phonon group velocities
increased.

When the structural feature size L decreases to less than )\,
phonon boundary scattering conceals intrinsic phonon scatter-
ing and dominates the heat transport process [69], and the bal-
listic transport mode becomes the dominant heat conduction
mode [70]. In this ballistic regime, phonons can travel ballist-
ically along straight trajectories for hundreds of nanometers. If
the direction of motion of ballistic phonons can be controlled,
thermal manipulation at this scale can be achieved. Anufriev
et al [71] used silicon membranes with arrays of holes to con-
trol the direction of transmission of ballistic phonons. The res-
ults showed that aligned lattices dissipated heat faster than
staggered lattices, and ballistic phonon transport exhibited a
certain directionality in aligned lattices, which was enhanced
with an increasing number of rows of holes and shrinking

necks. Based on the above research, they illustrated possible
applications of directional ballistic phonons in emitting heat
rays, filtering heat flux and thermal shielding [72].

3. Phonon engineering at nanoscale

The development of nanotechnology has opened up new
development opportunities and broad application prospects
for phonon manipulation. Analogous to micro—nano elec-
tronic components, concepts and models of phonon devices
(thermal diodes [73, 74], thermal transistors [10], thermal
logic gates [75], and thermal memories [76]) have been
proposed. Since signals encoded by heat outperform those
encoded by electricity [8], thermophononic devices have the
potential to revolutionize modern industry as much as micro-
electronics. Nanoscale phonon manipulation can assist in the
design and realization of phononic devices. The following is a
review of the research progress in the realization and enhance-
ment of thermal functional applications such as thermal rec-
tification, phonon information processing, and thermoelectric
conversion through phonon modulation at the nanoscale.

3.1. Thermal rectification (thermal diode)

Thermal diodes can realize active regulation of heat flux.
Applying a positive thermal bias causes the thermal diode
to behave as a good conductor of heat, while a negative
thermal bias causes it approximately a thermal insulator. The
thermal rectification ratio (TR) is a key parameter for evaluat-
ing thermal diodes. It is generally defined as the ratio of the dif-
ference between the forward and reverse thermal conductance
and the weaker reverse thermal conductance. In specific calcu-
lations, physical quantities such as heat flow and thermal con-
ductivity are usually used to characterize thermal conductance.

The initial experimental observation of thermal rectific-
ation can be traced back to Starr’s study of the interfacial
characteristics of copper/cuprous oxide in 1936 [77]. It was
observed in the experiment that the thermal conductivity was
higher in the direction of higher electrical conductivity. In such
metal/insulator systems, the two materials primarily transmit
heat to each other through two different types of carriers, elec-
trons and phonons, so there must be electron—phonon scatter-
ing at the interface for energy exchange. Due to the energy-
dependent scattering rate, the energy transferred from phon-
ons to electrons will differ from that transferred from electrons
to phonons, resulting in thermal rectification [78]. In compos-
ites composed of different metals, thermal rectification phe-
nomena have also been observed due to asymmetric transport
of carriers at interfaces [79, 80]. This asymmetry originates
from the difference in the work function of the materials on
the two sides of the interface. When the material with a higher
work function is at high temperature, fewer electrons will be
excited, and the potential barrier at the interface will hinder the
migration of electrons, leading to lower heat conduction than
that in the opposite direction. Different temperature depend-
ence of thermal conductivity of the two materials constituting
the interface [81-83] and thermal strain/warpage at interfaces
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[84, 85] also contribute to thermal rectification phenomena in
bulk materials.

However, the unique heat transport characteristics of nan-
omaterials enable them to have potential mechanisms for
thermal rectification that are different from those of mac-
roscopic materials [86], including matching/mismatching of
phonon spectra, phonon localization, asymmetric phonon scat-
tering and temperature dependence of thermal conductivity,
which are inherently interrelated and influenced by each other.
The best way to achieve thermal rectification at nanoscales is
to exploit the nonlinear dynamics present in anharmonic lattice
structures in combination with the inherent asymmetric struc-
ture of the system [8]. Specifically, asymmetric structures can
be roughly classified [87] into asymmetric geometry [11, 37,
88-91], asymmetric doping and defects structures [12, 92, 93],
asymmetric interfacial structures [13, 14, 94, 95], and other
structures [96-98].

3.1.1. Asymmetric geometry. ~ Constructing an asymmetric
geometric structure is the most basic and simplest way to real-
ize thermal rectification. Due to its proved superior thermal
conductivity, graphene is likely to become the promising
candidate material for nanoscale thermal management in the
future, so it has also become one of the major research objects
in the field of thermal rectification. Hu et al [28, 88] studied
the thermal rectification of monolayer and bilayer triangular
and trapezoidal graphene nanoribbons (GNRs) based on clas-
sical MD simulations, and discussed the size dependence of
the rectification effect. The results showed that the heat flow
preferentially propagated in the direction of decreasing width.
Figure 2(a) shows the TR versus temperature for monolayer
rectangular, monolayer triangular, monolayer trapezoidal, and
double-layer triangular GNRs, among which the single-layer
triangular GNRs has the highest TR, reaching 120% at 180 K.

Graphene Y junctions also exhibited an obvious thermal
rectification effect, which was caused by match/mismatch the
phonon DOS spectra between the two ends [89]. When the
temperature of the branch end is higher than that of the stem
end, the phonon power spectra at both ends overlap in a larger
frequency range, facilitating the passage of phonons through
the graphene Y junction. Conversely, when the temperature of
the branch end is lower than that of the stem end, an obvious
mismatch in the power spectra occurs, thereby impeding the
transport of phonons through the structure. What’s more, com-
pared with the monolayer graphene Y junctions, the simula-
tion results of the double-layer structures showed a larger TR.
In the double-layer GNR, the stronger nonlinearity is induced
by the layer—layer interaction, and the nonlinearity has been
shown to favor thermal rectification [96].

In experiments, target-shaped asymmetric GNRs can be
fabricated by photolithography, such as extreme ultra-violet
lithography and electron beam lithography, and the thermal
rectification effects can be measured using microelectrodes.
Wang et al [37] designed three suspended monolayer graphene
devices with different asymmetric nanostructures and studied
their thermal rectification behaviors. The first was graphene
with nanopores on one side, as shown in samples #1, #2, and

#3 in figure 2(f). The thermal conductivity from the nanopore
area to the non-porous area was prominently higher than that
in the opposite direction, and the average TR was about 26%.
The authors identified the underlying cause of thermal recti-
fication in the asymmetric defect-engineered samples was the
dependence of thermal conductivity on temperature and loc-
ation. As for the second device, nanoparticles were deposited
on one side, as shown in sample #4 in figure 2(f). After the
nanoparticles were deposited by electron beam induction, the
heat flux was 10% higher from the clean region to the nano-
particle deposition region than that in the opposite direction.
The third was graphene with a tapered width, as shown in
sample #5 in figure 2(f). The measured thermal conductiv-
ity was 11% higher when heat flowed from the wide side to
the narrow side. Asymmetric phonon scattering is the physical
mechanism that produces thermal rectification in the second
and third structures. The presence of nanoparticles induces
significant additional phonon scattering such that fewer phon-
ons propagating modes can reach the cold side. Similarly,
the trapezoidal graphene exhibits additional phonon scattering
due to the stronger edge scattering effect at its narrow end.

MoS; spontaneously grows to form a very regular triangu-
lar structure with natural asymmetry, which is very suitable
for the fabrication of nanoscale thermal rectifiers. Yang et al
[90] discovered that the TR of the monolayer MoS, sample
could reach up to around 70%, and increasing the vertex angles
of samples and the space between sensing electrodes would
raise the TRs. Silicon films can also be used in the manu-
facture of thermal diodes. Kasprzak et al [91] prepared sil-
icon membranes with asymmetric porosity as thermal recti-
fiers, achieving a TR of about 14%. At the hot ends, phonon—
phonon scattering dominates other scattering processes and
the porosity has a subordinate effect on the MFPs, while at
the cold ends, boundary scattering near the holes is dominant,
and high porosity will greatly shorten the MFPs of phonons,
which causes a rapid decrease in the thermal conductivity. As
a result, the apparent thermal conductivity is higher when the
region with high porosity is the hot end.

Thermal rectification in 3D structures is also worthy of
investigation. Zhong et al [11] studied thermal rectification
in thickness-asymmetric GNRs which was comprised of mul-
tilayer graphene in one segment and monolayer graphene in
the other segment. As shown in figure 2(e), when phonons
transmit from the monolayer to multilayer, that is, from a 2D
structure to a 3D structure, they have more channels to pass
through smoothly. Instead, the phonons that go from mul-
tilayer to monolayer must smash apart near the junction where
the 3D structure connects to the 2D structure. An increase in
the average temperature leads to a fall in the TR due to the fact
that the phonon scattering of monolayer graphene increases
steadily with the increasing temperature, and when the tem-
perature rises to the point where the Umklapp scattering in
monolayer graphene approaches that in the junction, the TR
tends to be zero.

In summary, higher asymmetry signifies greater thermal
rectification ratio. Asymmetric geometric structures are
mainly achieved via the asymmetric geometric shapes in the
plane, such as rectangles, trapezoids, triangles, etc. In the
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Figure 2. Thermal rectifiers based on asymmetric geometric structures. (a) Rectangle, triangle and trapezoid GNRs. Reproduced from [88],
with permission from Springer Nature. (b) Graphene Y junction. Reproduced from [89] with permission from the Royal Society of
Chemistry. (c) Scanning electron microscope (SEM) image of the MoS, sample. Reprinted with permission from [90]. Copyright (2020)
American Chemical Society. (d) Silicon membranes with asymmetric porosity. Reprinted from [91], Copyright (2020), with permission
from Elsevier. (e) Thickness-asymmetric GNR. Reprinted from [11], with the permission of AIP Publishing. (f) SEM images of the
suspended monolayer graphene devices. Several nanopores were drilled in samples #1, #2 and #3. Sample #4 is graphene with asymmetric
carbon deposition. Sample #5 is graphene with a tapered width. Reproduced from [37], with permission from Springer Nature.

future, more complex shapes should be attempted. According
to the current state of the art, this can be realized in both simu-
lations and experiments. In the study of the dependence of the
rectification effect on the number of nanoribbon layers, differ-
ent literatures have given different results. For instance, the TR
of bilayer graphene Y junctions is higher than that of mono-
layer Y junctions, while the TR of double-layer triangular
GNRs is lower than that of single layer triangular GNR. This
may be attributed to the different transport characteristics of

phonons and mechanisms of thermal rectification in different
structures.

3.1.2. Asymmetric doping and defects structures.  Doping
and defects can also act as structural asymmetries to achieve
thermal rectification. The mismatch of phonon power spec-
tra caused by doping and defects is a crucial mechanism for
thermal rectification. The phenomenon of thermal rectification
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Figure 3. Thermal rectifiers based on asymmetric doping or defects. (a) Triangular single-nitrogen-doped graphene and parallel
various-nitrogen-doped graphene. Reprinted from [92], Copyright (2010), with permission from Elsevier. (b) Silicon-functionalized GNRs
with patterned distribution and random distribution. Reprinted from [93], Copyright (2015), with permission from Elsevier. (c) Types of
point defects studied by Wang et al [12]. Reprinted from [12], with the permission of AIP Publishing.

in carbon nanotubes (CNTs) with geometric variations of
doped nitrogen was investigated by Chien et al [92]. The rec-
tification effect of the triangular single-nitrogen-doped CNTs
(SNDCNTs) was better than that of the parallel various-
nitrogen-doped CNTs (VNDCNTs). At 200 K, SNDCNTs
had the largest TR (48.2%). Calculations of the phonon power
spectra revealed the reason. When the heat flux transports
from left to right in SNDCNTSs, the phonon power spectra
of the A and B layers are well matched, which is beneficial
to phonon transport. In the opposite direction, the matching
degree of phonon power spectra is low, which makes it hard
for phonons to transport from left to right. VNDCNTSs have
similar overlapping areas in both directions, and thus have
little rectification effect.

Yuan et al [93] explored thermal rectification in silicon-
functionalized GNRs, and discovered that the TR could be
tailored by adjusting the functionalization distribution and
ratio. As the Si/C ratio increased from 0.5% to 12.5%, the
thermal rectification ratio initially increased before decreasing
by degrees. So there exists an optimal functionalization ratio.
The optimal ratio is about 2.5% for randomly functionalized
GNRs and about 5% for GNRs with ordered arrangement of
silicon atoms. At high Si/C ratios, the TR of randomly func-
tionalized GNRs is lower than that of regularly functionalized
GNRs, which is due to stronger phonon localization and lower
group velocities caused by randomization.

Using non-equilibrium MD, Wang et al [12] revealed the
influence of four different defect forms (SV, DV, Si and SW,
figure 3(c)) and different defect concentrations on the recti-
fication effect on GNRs. Under the same defect concentration,
SV and Si defects would make graphene obtain more dispersed

defect nodes, hence obtaining a better TR than DV and SW
defects. It was found that the TR of 1% defect concentration
was the highest. The 14 nm long and 4 nm wide GNRs could
achieve a TR of up to about 80% at an ambient temperature of
200 K and a bias temperature of 90 K. By adjusting the length
of GNRs, it was found that the TR dropped with increasing
length, and eventually stabilized at a length-independent value
of roughly 3%—5% (figure 3(c)).

Type, concentration and distribution of dopants and defects
are crucial factors affecting the rectification effect. The greater
the difference in mass between dopant atoms and original
atoms is, the stronger the asymmetric phonon scattering will
be, resulting in a larger thermal rectification ratio. Both doping
and defects have optimal concentrations. A low defect concen-
tration will marginally alter the heat transport characteristics,
while an excessively high defect concentration will drastically
limit heat conduction and thermal rectification effect gener-
ated by asymmetric scattering. Doping and defects are sug-
gested to be concentrated in a certain area of the material
with ordered or asymmetric distributions. However, under the
existing experimental conditions, it is difficult to achieve pat-
terned and refined distributions [99], so further development
of related technologies is necessary to support the implement-
ation of this manipulation strategy.

3.1.3. Asymmetric interfacial structures.  Connecting two
different materials together to form a heterojunction, a thermal
rectification effect will appear. Chen et al [94] reported the
results of thermal rectification simulations of carbon/boron
nitride heteronanotubes (CBNNTSs). Heat preferentially flows
from the BNNTSs to the CNTs, and the TR of CBNNT's with a
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Figure 4. Thermal rectifiers based on heterojunctions. (a) Carbon/boron nitride heteronanotubes. Reprinted from [94], Copyright (2019),
with permission from Elsevier. (b) SWCNT-graphene junctions. Reprinted with permission from [13]. Copyright (2017) American
Chemical Society. (c) MoSe,—W Se, lateral heterogeneous rectifier. Reprinted with permission from [14]. Copyright 2022 the authors, some
rights reserved; exclusive licensee American Association for the Advancement of Science. From [14]. Reprinted with permission from

AAAS.

length of 9.6 nm can reach 483%. The analysis of the trans-
verse and longitudinal phonon power spectra revealed that
the matching/mismatching of the low-frequency transverse
phonon vibration modes was the primary mechanism causing
thermal rectification. For better TRs, the length of the nan-
otubes is preferable to not exceed 10 nm and defects should be
avoided as much as possible. As the tube length increases, the
exciting kinetic energy waves become more difficult, and the
increase in long-wavelength phonons makes it easier to trans-
port heat across the interface. The presence of defects amp-
lifies phonon scattering and weakens the asymmetry level of
phonon scattering. Their research team also measured the TR
of the graphene/hexagonal boron nitride heterojunction, up to
286.1% [95]. They attributed this to a mismatch of out-of-
plane phonons modes.

Yang et al [13] found the maximum TR of the SWCNT-
graphene junction could reach 1681.6% at the average temper-
ature of 200 K, far greater than the reported values of thermal
rectifiers based on single-material nanostructures. The TRs of
nanotube-graphene junctions were quite sensitive to geometry
size. Through calculating the overlap degree of phonon power
spectra (figure 4(b)), the authors found that the degree of over-
lap of phonon spectra under positive thermal bias (S4) was
not sensitive to geometry size, while the degree under neg-
ative thermal bias (S_) was fairly sensitive to geometry size,
and the trend was similar to that of the TR. Aside from the
asymmetric interface, the asymmetric thermal contact at the
boundary is also the primary cause for the ultrahigh thermal

rectification, and its effect is even more prominent than that of
the asymmetric interface.

In 2022, Zhang et al [14] successfully developed the first
two-dimensional lateral heterogeneous integrated electrical
and thermal rectifier (figure 4(c)). The phonon spectra showed
that when the heat flowed in the direction from MoSe, to
WSe,, the overlap of phonon spectra was substantially higher
than that in the reverse way. At the same time, the exchange
between Mo and W atoms as well as the narrow edges at the
interface brought about by the zigzag structure led to more loc-
alized phonon modes from WSe, to MoSe; direction, further
enhancing the thermal rectification. The combined effects of
these two mechanisms resulted in a TR of up to 96% and a
high electrical rectification ratio of 10* at the atomically thick
two-dimensional heterojunction. It was found that the rectific-
ation effect was dependent on the angle between the hetero-
junction interface and heat flow direction. When electrons and
phonons passed vertically through the heterojunction inter-
face, the device had the highest rectification ratio, while when
the transport direction was parallel to the interface, the rec-
tification effect disappeared. Furthermore, the research group
found that the thermal rectification effect would significantly
improve the heat dissipation capability of electronic devices
under high power conditions. When the diode is in the posit-
ive state, the current through the device increases rapidly with
the increase of power, and an obvious temperature gradient
is formed from MoSe, to WSe, direction, which is exactly
the preferred direction for phonon transport in heterojunction
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Figure 5. Thermal rectification realized by applying asymmetric mass loading, asymmetric stress fields, and asymmetric thermal contact.
(a) SEM images of BNNTs after deposition of CoH¢Pt. From [96]. Reprinted with permission from AAAS. (b) Rectangular GNR under
non-uniform strain fields. Reprinted figure with permission from [97], Copyright (2012) by the American Physical Society. (c) Pristine
monolayer graphene with asymmetric thermal contact. Reprinted from [98], with the permission of AIP Publishing.

diodes, thus promoting the thermal conductivity in this dir-
ection by 96%. The increase in the thermal conductivity of
the material will tremendously improve the heat dissipation
performance of the device. The experimental results demon-
strated that under a large bias voltage of 60 V, the local tem-
perature rise of the monolayer 2D heterojunction rectifier was
about 20% lower than that without thermal rectification effect.

The constituent materials of heterojunction structures can
be freely selected. Owing to the difference in the phonon
spectra of the materials on both sides, heterojunctions exhibit
stronger thermal rectification abilities, and the rectification
ratios are typically one to two orders of magnitude higher than
that of thermal rectifiers based on single-material nanostruc-
tures. Two different materials can not only form lateral het-
erojunction, but also normal heterogeneous rectifier, provid-
ing a new direction for the development of smaller thermal
diodes. Besides, the interface geometry and the angle between
the heat flow direction and the interface can be changed to
adjust the rectification effect and realize directional rectifica-
tion. It should be noted that defects should be avoided as much
as possible during the preparation of heterojunction thermal
rectifier devices, since many literatures [100, 101] have
revealed that defects would reduce the thermal rectification
ratio.

3.1.4. Other structures.  Thermal rectification can also occur
under the existence of asymmetric mass loading. Chang et al
[96] modified CNTs and boron nitride nanotubes (BNNTSs) by
amorphous CoH;¢Pt particles loading externally and inhomo-
geneously. The resulting asymmetric axial thermal conduct-
ance yielded a TR of 2% for CNTs and 7% for BNNTs
(figure 5(a)). The direct thermal contribution of CoH,¢Pt has
been proved to be negligible. The authors suggested that
the nonperturbative solutions of nonlinear systems, that is,
solitons may be responsible for thermal rectification. Solitons
are localized particle-like entities that can collide with each
other yet retain their shapes. In general, soliton models exhibit
an asymmetry in heat transport for inhomogeneous media
[102, 103]. Due to the enhanced nonlinearity caused by the

stronger ionic nature, BNNTSs exhibited a greater thermal rec-
tification effect than CNTs.

Stress and strain can alter characteristic vibration fre-
quencies and lattice anharmonicity, hence affecting thermal
transport. Different stresses result in different changes, and
the ensuing asymmetry of vibration characteristics induces
a local variation of thermal conductivity. This change, com-
bined with temperature dependence of thermal conductiv-
ity, enables phenomena of thermal rectification. Gunawardana
et al [97] investigated thermal rectification properties in rect-
angular GNRs subject to non-uniform stress fields. Using MD
simulations, the research group observed that the heat flux
from the less stressed zone to the more stressed zone was lar-
ger than that in the reverse way. The forward heat flow had
little attenuation with increasing stress, whereas the reverse
heat flow was remarkably reduced (figure 5(b)). The maximum
TR exceeded 70%.

Setting asymmetric thermal contact is a novel method to
achieve thermal rectification in materials without asymmet-
ric structures. Jiang et al [98] adopted this strategy in pristine
monolayer graphene. About 920% TR was achieved in 200 nm
long samples, and about 110% TR in samples at a micro-
meter scale. The simulation results demonstrated that the TR
decreased exponentially with the increase of the length of the
right heat bath Lggr (figure 5(c)). When Lgr was short, for
instance Lgg = 0.5 nm, the TR could reach as high as 920%.
But when Lgr was longer than 5 nm, the thermal rectification
phenomenon vanished. The analysis of the phonon participa-
tion ratio provided reliable evidence that the key is the local-
ization length. When the length of thermal contact is shorter
than the localization length, it will induce strong localization
of low-frequency phonons, resulting in a remarkable temper-
ature jump at the short thermal contact, and thus giving rise
to notable TRs in symmetric pristine monolayer graphene. It
should be noted that the length of the long thermal contact
ought to be longer than the localization length to ensure the
occurrence of thermal rectification effect.

Applying mass gradients, stress gradients, etc can achieve
thermal rectification via modifying the anharmonicity of the
lattice or the characteristic vibration frequencies. However, an
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Table 1. Summary of the reported thermal rectification ratios in different studies.

Physical
Approach Materials TR mechanisms® AT (K) Authors Time Method
Thickness-asymmetric ~170% 3,4 80 Zhong et al [11] 2011 Simulation
graphene
Monolayer triangular 120% 3 18 Hu et al [88] 2012  Simulation
graphene
Asymmetric geometry Graphene Y junctions 63% 1 120 Zhang and Zhang [89] 2011 Simulation
Suspended monolayer 70% ~20 Yang et al [90] 2020 Experiment
MoS,
Graphene with defects on 26% 3,4 Wang et al [37] 2017 Experiment
one side
Holey silicon 14% 3 Kasprzak et al [91] 2020 Experiment
Silicon-functionalized 145% 2 150 Yuan et al [93] 2015 Simulation
graphene
Asymmetric doping Asymmetrically defected 80% 1 45 Wang et al [12] 2012  Simulation
and defects structures ~ &faphene
Triangular 48.2% 1 Chien et al [92] 2010 Simulation
single-nitrogen-doped
carbon nanotubes
Single-carbon 1681.6% 1 100 Yang et al [13] 2017 Simulation
Asymmetric nanotube—graphene
interfacial structures Carbon/boron nitride 483% 1 150 Chen et al [94] 2019  Simulation
heteronanotubes
Monolayer MoSe,—WSe; 98% 1 Zhang et al [14] 2022 Experiment
Graphene 920% 20 Jiang et al [98] 2020 Simulation
Strained graphene >70% 90 Gunawardana et al [97] 2012  Simulation
Other structures nanoribbons
Boron nitride nanotubes 7% Chang et al [96] 2006 Experiment

? Physical mechanisms:

1. Matching/mismatching of phonon power spectra.
2. Phonon localization.

3. Asymmetric phonon scattering.

4. Temperature dependence of thermal conductivity.

increase in stress and strain often results in a drop in materi-
als’ thermal conductivities, making stress strategies less effect-
ive for materials with inherently low thermal conductivity.
Compared with the modification of materials and complex
structural design, applying external physical fields is a sim-
pler way, which can adjust the thermal performance accord-
ing to the application scenarios. Apart from the asymmetric
mass field, stress field and temperature field, it is also possible
to attempt to manipulate phonon transport through magnetic
fields, electric fields, etc in the future.

3.1.5. Summary. In the current works on nanoscale thermal
diodes, the physical mechanisms of the phonon manipula-
tion methods for thermal rectification can basically be clas-
sified into the following four types: (1) matching/mismatch-
ing of phonon power spectra. If the power spectrum of one
segment of the device matches its neighbors, heat can be
exchanged efficiently. Without this overlapping spectral char-
acteristic, the energy exchange is largely suppressed. Since the
phonon power spectra are strongly dependent on temperature,
it will achieve a smoother energy exchange if the temperature

deviation induces the phonon spectra of different segments
to overlap each other. However, strong heat transfer inhibi-
tion occurs if the phonon spectra of the different parts can-
not overlap significantly for the opposite temperature devi-
ation. This can explain the thermal rectification effect that
occurs in many heterostructures and geometrically asymmet-
ric structures. (2) Phonon localization. Anderson proposed the
concept of electron localization in 1958 [104], pointing out
that if impurities are added to the ordered lattice to gener-
ate disorder, electrons will be scattered by these impurities,
and multiple scattered waves interfere with each other, which
may cause the electrons to transform from the diffusion state
to the localized state, that is, the movement stops. The elec-
trons in the localized state do not contribute to the electrical
conduction, and with the increase of the degree of disorder,
the system may even change from a metal type to an insulator.
Similar to electron localization, phonons in the localized state
are almost unable to transfer heat, and the thermal resistance of
this part is quite large macroscopically. Luckyanova et al [105]
noted that due to multiple scattering and interference events of
broadband phonons, superlattices embedded with nanodots at
the interfaces exhibited notable phonon localization behaviors
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in a broad frequency range, lowering thermal conductivities
by over a factor of two. Therefore, inducing one-way phonon
localization is one of the ways to induce thermal rectifica-
tion. (3) Asymmetric phonon scattering. In [37], the presence
of nanoparticles caused significant additional phonon scat-
tering, so the heat flow was tremendously reduced when the
nanoparticle deposition region was at high temperatures. For
trapezoidal GNRs, the stronger edge scattering effect at the
narrow end also made the heat flow smaller when a high tem-
perature bath was applied to the narrow end than in the oppos-
ite direction. It is clear that one of the primary contributory
factors of thermal rectification is the asymmetric scattering of
phonons. (4) Temperature dependence of thermal conductiv-
ity. In [37], the thermal conductivity of pristine graphene was
high and declined with rising temperature, while the thermal
conductivity of graphene with nanopore defects was low and
almost independent of temperature. Therefore, as a result of
the substantial decline in the thermal conductivity of pristine
graphene, the absolute value of the overall thermal conductiv-
ity reduction when a high-temperature thermal bath is applied
to pristine graphene is greater than the thermal conductivity
when a low-temperature thermal bath is applied to pristine
graphene. In this case, thermal rectification occurs. Table 1
summarizes the maximum thermal rectification ratio values
and their physical mechanisms in some reported literature.

In most studies, thermal rectifiers based on nanomaterials
exhibit the common characteristic that the TR decreases with
the increase of the average temperature and size of the sys-
tem. Elevated temperature increases the total number of phon-
ons, so that more phonons participate in heat transfer process,
and at the same time enhances the Umklapp scattering, which
gradually overshadows the asymmetric phonon scattering and
dominates the heat transfer process, resulting in the weaken-
ing of the thermal rectification effect. Reduction of asymmetry
and more excited long-wavelength phonons are the key reas-
ons for the decrease of thermal rectification coefficient with
increasing length. However, the above rules do not apply to
all nanoscale thermal rectifier devices, as their thermal char-
acteristics largely depend on the types and structures of their
constituent materials. Among all the manipulation strategies
of thermal rectifiers, heterojunctions have more advantages in
realizing ultra-high TR due to their extremely high degree of
asymmetry. In simulations, a rectification ratio of more than
2000% has been achieved. Due to the challenges in prepar-
ation of nanomaterials, the current rectification ratios are far
lower than anticipated, but it indeed poses as a promising dir-
ection for future research.

3.2. Thermal transistor

The theoretical model of thermal transistors was initially pro-
posed by Li ef al in 2006 [10]. Like an electrical transistor that
controls current, a thermal transistor is made up of three parts:
a source (S), a drain (D) and a gate (G). When a constant tem-
perature bias is applied between S and D, heat flux between S
and D can be adjusted by the temperature applied to the gate.
Most crucially, due to the transistor’s ability to amplify the
signals through the gate, a change in heat flow from the gate is

capable of inducing a larger change in heat flow from S to D.
The specific configuration of the model is shown in figure 6(a).
As illustrated in figure 6(a), the system can be turned into a
good conductor or insulator of heat by controlling the temper-
ature T, and the heat flow ratio between the ‘ON’ and ‘OFF’
states is about 100. In order to examine the modulation and
amplification functions of the transistor, differential thermal
resistance Rs and Rp, and heat flow amplification coefficient
« are defined as follows

—1
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Rs= | — 1
S <8TO Ts=const W
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To get the amplification effect, & must be greater than 1,
which means that either Rg or Rp must be negative, that is, neg-
ative differential thermal resistance (NDTR). In other words, a
transport regime in which the heat flux decreases with increas-
ing temperature gradient is desired. It is worth noting that
NDTR is not absolute negative thermal resistance, and it does
not conflict with any physical law.

As a crucial prerequisite for thermal transistors, phenom-
ena of NDTR have recently been investigated in various sys-
tems. One way to achieve NDTR is to utilize materials whose
thermal conductivity decreases significantly with increasing
temperature. Hu ef al [106] studied the nonlinear heat transport
process in GNRs under large temperature biases. During the
simulation, the temperature of the hot thermostat was kept as
a constant, and the temperature bias was changed by reducing
the temperature of the cold thermostat. When the temperature
bias reaches a certain critical value, the heat flow decreases
when the temperature bias increases, indicating that the phe-
nomenon of NDTR occurs. When the thermal conductivity is
constant, an increase of the temperature bias tends to increase
the heat flux. However, the increase of the temperature bias
means that the average temperature of the GNR drops, giving
rise to a drop of the average thermal conductivity and a reduc-
tion of heat flow. The reduction effect of the latter offsets the
gain effect of the former, so the NDTR appears.

Compared with single materials, heterojunction interfaces
have been found to demonstrate a good reflection effect
on the low-frequency transverse sound wave under large
temperature differences, which can be leveraged to create
an NDTR. Chen er al [95] investigated NDTR behaviors
of graphene/hexagonal boron nitride heterojunctions. It was
observed that when the temperature bias was large enough,
the transverse acoustic wave was excited in the boron nitride
domain, which would be reflected back at the interface, mak-
ing it difficult to transfer heat from boron nitride to graphene.
Therefore, the heat flow decreased and the phenomenon of
NDTR appeared.

The core of NDTR lies in thermal conductivity reduction
of materials under large temperature differences. In addition
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Figure 6. A theoretical model of thermal transistors, and NDTR behaviors in various systems. (a) Theoretical model of thermal transistors.
Reprinted from [10], with the permission of AIP Publishing. (b) Graphene/hexagonal boron nitride heterojunction. Reprinted from [95],
Copyright (2016), with permission from Elsevier. (c) Gas-filled nanogap with movable rib (MR, yellow) in one side. Reproduced from

[107], with permission from Springer Nature.

to utilizing the characteristics of solid materials, NDTR can
also be realized by leveraging the low-temperature adsorption
characteristics of fluid molecules. Li et al [ 107] designed a gas-
filled nanostructure with mechanically-controllable nanopil-
lars, as shown in figure 6(c). The movable rib can be inserted
into or removed from the nanogap to control the height of the
MR. The NDTR phenomenon (figure 6(c)), which was brought
on by fluid adsorption on the cold solid surface, occurred
when the temperature difference (AT) between the two sides
exceeded 140 K. In the case of a high-temperature heat bath
with a fixed temperature applied on the left solid, the rise of
AT means the drop of the temperature T, and a large number
of fluid molecules adsorbed on the cold solid surface, result-
ing in the decrease of free fluid molecules, and the decrease of
thermal conductivity in the nanogap. This not only counteracts
the effect of increasing temperature gradients, but also leads to
a reduction in heat flow. Controlling the height of nanopillars
could substantially enhance the NDTR effect.

In recent years, many researchers have achieved func-
tionality of thermal transistors through theoretical models or

experiments. Graphene is a potential candidate material for
thermal transistors according to calculations demonstrating
the NDTR phenomenon. Zhong et al [108] investigated the
thermal control in three-terminal GNRs (figure 7(a)) using
MD simulations. As shown in figure 7(a), the GNRs behaved
as a poor thermal conductor at a low gating temperature of
T ~ 10K and this is the ‘OFF’ state, while at Tg = 224K,
the heat flow was enlarged about 20 times compared to the
‘OFF’ state, and this is the ‘ON’ state. This structure can
also be used to amplify the input thermal signal. Define the
amplification efficiency as the ratio of the output temperat-
ure change to the input temperature change as Gy = AATT‘;:‘.
At extremely low input temperatures, the amplification effi-
ciency could reach a maximum of 3.2. But as the temperat-
ure rises, this gain effect gradually weakens and eventually
disappears.

In addition to traditional micro-nano materials, DNA
can also be used in the fabrication of thermal transist-
ors due to its high bending flexibility [109] and isotropic
thermal conductivity properties. Behnia and Panahinia [110]
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Figure 7. Simulation and experimental implementation of thermal transistors. (a) Three-terminal GNR. Reproduced from [108] with
permission from the Royal Society of Chemistry. (b) DNA thermal transistor. Reprinted from [110], Copyright (2018), with permission
from Elsevier. (c) Electrochemical thermal transistor. Reproduced from [15], with permission from Springer Nature. (d) Reconfigurable
non-contact thermal transistor made of a phase-transition material. Reprinted from [111], Copyright (2021), with permission from Elsevier.

developed a high efficient DNA-based thermal transistor. The
source, drain and gate of the transistor are connected by DNA
molecular fragments with asymmetric sequence combination.
As it is clear from figure 7(b), the on/off ratio of heat flow
was as high as 700. The amplification factor reached about 64
at temperatures below 3 K and could reach about 6 at higher
temperatures. In the ballistic regime, the reduction of the gen-
eralized correlation sum led to the increase of the phonon
MFPs, which caused the increase of the thermal conductiv-
ity. It implies that the heat flux increased despite of decreasing
temperature gradient. This is the NDTR.

Aside from directly controlling the thermal transistor
through the gate temperature, the heat flux can also be
modulated by methods such as dopant atoms and mech-
anical deformation. A thermal transistor based on MoS,;
thin films realized the switching of thermal transistors by

electrochemical lithium intercalation and detachment [15].
Li intercalation would increase phonon—phonon scattering
and thus reduce phonon lifetimes. Additionally, generating
tensile strain along the c-axis would reduce phonon group
velocities. Moreover, there was likely to be mixed 2H and
1T phases in MoS,, and the disordered packing of the two
would lead to the destruction of lattice periodicity, which
also means increased phonon scattering. The superposition
of the three effects made the intercalation of Li signific-
antly inhibited the directional transmission of phonons, res-
ulting in a sharp drop in thermal conductivity and realizing
the switching of thermal transistors. The on/off ratio of lith-
ium intercalation and deintercalation states was found to be
about 8-10.

The phase-transition materials are also excellent candidates
for the fabrication of thermal transistors due to the apparent
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difference in properties between two phases. Chen et al [111]
presented a dynamic-tuning non-contact thermal transistor
with grating nanostructures. The gate terminal is comprised
of vanadium dioxide (VO,), a phase-transition material, and
polydimethylsiloxane (PDMS), a soft material. In the phase
transition region of VO,, it was observed that the heat flow
between source and drain could be markedly enhanced due
to a small fluctuation of the gate heat flow (figure 7(d)).
Moreover, the filling ratio can be changed by compressing or
stretching the gate terminal, causing different radiative heat
fluxes, thereby dynamically adjusting the amplification factor
(figure 7(d)). The amplification factor varied from 12.8 t0 26.7.
In the phase-transition temperature range, the surface phonon
polaritons (SPhPs) of the insulating VO, and the surface plas-
mon polaritons (SPPs) of the metallic VO, exhibit a strong
local-field amplification effect on the radiative heat flow near
the interfaces. The deformation of the grating will lead to the
change of the SPhPs/SPPs modes and the coupling effects of
the surface waves, thus resulting in the amplification effect of
the thermal transistor.

Thermal transistors are very analogous to field effect tran-
sistors. The core of the devices is to construct NDTR effect,
that is, to reduce the apparent average thermal conductiv-
ity at a higher temperature difference to obtain lower heat
flow, so as to achieve the amplification effect. The physical
mechanisms to achieve NDTR are summarized as follows:
(1) intrinsic thermal conductivities decrease as temperature
decreases. When thermal transistors adopt the strategy of fix-
ing the hot bath temperature and lowering the cold bath tem-
perature to increase the temperature difference, the average
temperature of the thermal transistor itself is decreasing. If
the resulting reduction in average thermal conductivity inhib-
its heat flow more than the gain in heat flow from an increase
in temperature difference, the NDTR effect occurs. (2) Low-
frequency transverse acoustic waves excited by phonon mis-
match and large temperature difference at interfaces. When
using a heterogeneous structure to construct a thermal tran-
sistor, the low-frequency transverse acoustic waves in the
phonon spectrum are excited under large temperature differ-
ences and are easily reflected at the interface, which reduces
the material’s thermal conductivity. Meanwhile, as the gate
temperature decreases, the matching degree of phonon power
spectra declines, which not only offsets the gain effect of the
temperature difference, but also leads to a decrease in heat
flow. (3) Reduced phonon MFPs. Behnia and Panahinia [110]
showed that when phonons are in ballistic regimes, the rise
of generalized correlation sum under large temperature dif-
ferences will lead to a decrease in MFPs of phonons, and
the thermal conductivity will decrease. So reducing MFPs of
phonons is a feasible way to construct NDTR. (4) Additional
phonon scattering and decreased phonon group velocities. The
research of Sood et al [15] showed that the intercalation of
lithium in MoS, would increase phonon—phonon scattering
and reduce the lifetimes of phonons, which signify that heat
is more difficult to be transferred by phonons. Meanwhile,
the tensile strain induced by Li intercalation would reduce
the phonon group velocities to suppress the phonon trans-
port. Both of these effects will lead to a decrease in thermal

conductivity and thus NDTR. (5) Local-field enhancement
effect. The study of Chen ef al [111] showed that in the metal—
insulator phase transition of VO,, the local-field enhancement
effect of SPhPs of insulating VO, and SPPs of metallic VO,
amplified heat flow in thermal transistors.

Although researchers have theoretically built numerous
models of thermal transistors and verified their functions, no
rigorous experimental attempts of phonon-modulated thermal
transistors have been found in the scope of this paper.
Moreover, in the existing experimental studies, the function of
thermal transistors can only be partially realized in limited and
small temperature ranges, thereby dampening their potential
for practical applications. Further analytical and experimental
efforts are required to fully explore their capabilities. Thermal
transistors that manipulate heat transfer using electrons such
as [112, 113] have been put into practice. It is believed that
once thermal transistors can be fabricated successfully, they
will become one of the fundamental building blocks of thermal
circuits and may be used to manage the operation of various
phononic devices in the future.

3.3. Thermal memory

After the theoretical models of the thermal transistor were pro-
posed, the thermal logic operation [75] and thermal memory
[76] based on phonons have also been theoretically proved,
which broadened the way for the development of phononics
and laid the foundation for phonon-based information pro-
cessing and computing. In order to record the two basic binary
information of 0 and 1, thermal memory must contain nonlin-
ear thermal devices to achieve at least two stable states.

Wang and Li [76] designed a nonlinear thermal device
with a heat source, as shown in figure 8(a), which is a
one-dimensional nonlinear lattice consisting of two Frenkel—
Kontorova segments. When the temperature of the particle
O was equal to To, or T, the heat flow of the hot ther-
mostat and the cold thermostat were equal and could main-
tain a steady state (as shown in figure 8(b)). In addition, the
authors described the four working processes of this device
in the article, including initialization, data writing, data stor-
age and data reading. It was found that the device was stable
when reading data, which means it can recover from the ther-
mometer’s not-very-small disturbance. The lifetime of data
in thermal memory made of carbon nanomaterials was only
about 100 us. Although the lifetime is short compared to elec-
tronic dynamic random-access memory, the storage period can
be considerably extended by amalgamating multiple identical
thermal memories.

Phase-change materials are suitable to fabricate practical
solid-state thermal memory devices. The principle is to util-
ize the metal-insulator transition in the phase transition tem-
perature range to enhance the thermal conductivities of the
devices, and then obtain the nonlinear and hysteresis response
of temperature to achieve biostability. Xie et al [16] fab-
ricated a thermal memory using a single-crystal VO, nano-
beam. The results showed that the output temperature differ-
ence could be amplified by two orders of magnitude, while
having good reproducibility and sensitivity. From the analysis
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of the contribution of electrons to thermal conductivity by
the Wiedemann—Franz law, it can be known that although
phonons dominate the heat conduction process, the hyster-
esis response of thermal conductivity mainly depends on
electrons (figure 9(f)).

Thermal memories are capable of storing and reading
temperature information. However, they may be undermined
by thermal radiation and fluctuations, so more efforts are

required to ensure the stability and reliability of the devices.
Although the thermal bistability and hysteresis response in
current studies are not predominantly determined by phon-
ons, they still provide inspiration for future explorations.
Manipulating thermal conductivity through phonon tuning is
expected to become an effective method to obtain bistable
temperature states and advance new solid-state thermal
memories.
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3.4. Thermoelectric device

Thermoelectric technology can realize the direct conversion
of heat energy and electric energy, has no moving parts, and
is clean and pollution-free, safe and reliable, so it has been
widely used in space exploration [114], solar power generation
[115], waste heat recovery [116], chip manufacturing [117],
wearable devices [118] and many other fields, and is expected
to become solutions to the challenges of energy woes [119].
The thermoelectric performance is evaluated by the thermo-
electric figure of merit ZT, which is expressed as [120]

_ TS0
Tk

ZT “
where T is the temperature, S is the Seebeck coefficient, o is
the electrical conductivity, and « is the thermal conductivity.
Higher ZT values indicate superior thermoelectric conversion
efficiency and better performance of thermoelectric devices,
so finding or preparing thermoelectric materials with high ZT
values has always been a crucial research focus in the field
of thermoelectricity. For metals, since electrons play a major
role in both electrical and thermal transport, the electrical and
thermal conductivities of most metals obey the Wiedemann—

Franz law
2
B
= const
e

where e is the elementary charge. Consequently, the ZT value
of a metal is completely determined by the Seebeck coeffi-
cient. Since the Seebeck coefficients of metals are generally
low, the conventional strategies prioritizing the optimization
of the carrier concentrations have minimal effect on improv-
ing the ZT values. The above phenomena impede the search for
materials with high ZT values in metals. For insulators, the low
electrical conductivity hinders the efficiency of thermoelectric
conversion, making it difficult to be applied in the field of ther-
moelectricity. The electrical conductivity of semiconductor
materials is between that of metals and insulators, and owing
to the fact that phonons and electrons jointly affect thermal
conductivity, a higher ZT value can be obtained by regulating
phonon transport to reduce thermal conductivity while retain-
ing a high level of electrical conductivity. Structural modific-
ation at the nanoscale is the most effective way to enhance
performance of thermoelectric conversion [121, 122]. Besides,
with the development of miniaturization and integration of
electronic devices, the application value of micro—nano scale
thermoelectric devices is gradually increasing. Scholars have
conducted extensive researches on how to improve the ZT val-
ues of micro—nano devices by manipulating the transport of
phonons and electrons at the nanoscale. In the following, we
will review some representative research progresses from the
aspects of bulk nanostructured materials and low-dimensional
nanomaterials.

&)

3.4.1 Phonon engineering for bulk nanostructured
materials.  According to the kinetic theory, lattice thermal
conductivity . is expressed as

(6)

R, = < CyV,

3

gT

where c, is the specific heat, v, is the phonon group velocity,
and 7 is the phonon relaxation time. Three effective strategies
for minimizing thermal conductivity are obtained: (1) redu-
cing the relaxation time by enhancing phonon scattering; (2)
reducing the phonon group velocities; (3) reducing the specific
heat.

Scattering sources exhibit frequency selectivity to phon-
ons, and the frequency dependence varies between different
sources, so appropriately selecting scattering sources accord-
ing to specific scenarios can better accomplish desired out-
comes. Point defects mainly include interstitials, vacancies
and impurity atoms. They scatter as the fourth power of
frequency, Tpp ~ w™*, which largely scatter high-frequency
phonons [123]. Pei e al [124] embedded Ag,Te uniformly
into PbTe with some Ag cations distributed among a variety
of interstitial sites that are tetrahedrally coordinated with Te
atoms, so that the material showed a reduced lattice thermal
conductivity. When the concentration of the dispersed phase
increased, the thermal conductivity decreased further, signi-
fying that more phonons were scattered due to the increased
density of scattering centers. They [125] also carried out sim-
ilar experiments in SnTe, introducing Cu atoms to replace Sn
atoms and occupy interstitial sites. The enhanced phonon scat-
tering reduced the thermal conductivity to 0.5Wm~!.K~!,
and therefore a peak ZT value, higher than 1, was achieved
at 850 K. Compared with interstitial defects, vacancies are
more dominant inherent point defects due to their low form-
ation energy [126]. Li et al [127] found that Cu,;SnSe4 with
intrinsic vacancies at cationic sites had a thermal conduct-
ivity as low as 0.6Wm~'-K~!, and a peak ZT around 0.6
could be achieved without additional technical approaches.
Zhang et al [128] used Sb,Te; as a solvent to form solid
solutions with GeTe, so the hole concentration in GeTe was
reduced to around the concentration required for optimal ther-
moelectric performances, and the resulting high concentra-
tion of vacancies and substitutions gave rise to strong phonon
scattering, manifested by extremely low thermal conductiv-
ity. The final ZT was about 400% higher than that of pristine
GeTe. Essentially, the phonon scattering caused by intersti-
tial and vacancy defects is mostly induced by the strong mass
and strain fluctuations around the vacancies or between host
and guest atoms [129]. Such fluctuations broaden the disper-
sion curves and accelerate the phonon relaxation to return to
the equilibrium state, which enhances phonon scattering and
shortens phonon lifetime [130].

Linear defects or dislocations are another kind of effi-
cient sources of phonon scattering, causing relaxation time,
T ~w™!, so as to scatter mid-frequency phonons [123].
Compared with OD point defects, high-dimensional defects
such as linear defects are conducive to enhancing phonon
scattering without sacrificing carrier mobility [131]. Xin et al
[132] found that high content of aliovalent Sb in Mg,Si can
introduce vacancies and dense dislocations. The combination
of vacancies and dislocations led to a significantly lowered
thermal conductivity. Meng et al [133] prepared Yb-filled
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CoSbs materials with excess Sb content. The dense dislocation
arrays inside the material reduced the thermal conductivity by
50%. This suppression combined with the increased Seebeck
coefficient via energy filtering effect, dramatically increased
the highest ZT to around 1.08. The aggregation of point defects
can also generate dense dislocations in the grains of single-
phase materials. Xu et al [134] reported that PbSe-based ther-
moelectric materials (Pby g>Sep72Ten209008—0.3%Cu) had a
ZT value as high as 0.90 at low temperatures (300-573 K).
Such remarkable thermoelectric performance originated from
its exceptionally low lattice thermal conductivity. This work
initially incorporated a large amount of Te and S alloying into
PbSe to induce notable lattice distortion, and generate a strong
strain field, which provides additional energy for dislocation
formation. Then Cu interstitials were introduced to expedite
formation of dislocations. Screw dislocations possess more
obvious enhancement on phonon scattering than edge dislo-
cations due to their larger strain field.

Interfacial defects are also concerned because of their
strong scattering effect on low-frequency phonons (Tieer ~
w® [123]). Grain sizes reduction is a useful strategy for
boosting interface density. Fu et al [135] introduced sub-
microscale grain boundaries into FejgsNbg75Tip25Sb com-
pound, and plenty of atomic-scale point defects into the mat-
rix to create hierarchical phonon scattering centers, which
resulted in an 80% reduction in thermal conductivity and
an improved ZT value of 1.34 at 1150 K. Mosaic crystals
appear as single crystals macroscopically, but they are actu-
ally composed of numerous nanoscale crystallites of vary-
ing sizes and orientations, containing multiple small-angle
grain boundaries [136, 137]. So, their thermoelectric prop-
erties are strengthened. He etr al [138] applied the idea of
nanoscale mosaicity in single-phase polycrystalline materials
to realize simultaneous enhancement of multiple thermoelec-
tric parameters. Besides the grain boundaries stated above,
interface defects also include twin boundaries. Coherent twin
boundaries can act as a deterrent to the selective scattering of
mid-frequency phonons and low-energy carriers, which would
increase the Seebeck coefficient while decreasing thermal con-
ductivity. Lu et al [139] constructed dense twins and twin
boundaries in Sn-doped Cu3SbS; systems to enhance ZT
values.

The lattice thermal conductivity also heavily depends on
the phonon group velocity (V,). In general, the overall group
velocity is approximated as the velocity of sound (Vj), and
it has been discovered that low sound velocity can result in
low lattice thermal conductivity [17]. The phonon interac-
tion is related to the characteristics and strength of chem-
ical bonds. The sound velocity depends on these quantities
by Vs ~ /k/M, where k represents the bonding strength, and
M 1is the average mass. Weak chemical bonding and heavy
constituent elements generally mean low sound velocities and
lattice thermal conductivities. Ying et al [140] revealed that
the poor lattice thermal conductivity in the non-cage structure
a-MgAgSb originated from the combined effects of global
and local weak chemical bonds. The global weak chem-
ical bonds led to low sound velocity. The local vibrational

modes induced by Mg—Ag—Sb three-centered bonds brought
about low-frequency optical phonons, resulting in thermal
damping that further reduced the lattice thermal conductivity.
Hanus et al [141] also successfully applied the weak chem-
ical bonding strategy in Na-doped PbTe materials. Since the
stiffness of chemical bonds is inversely correlated with their
length, an increase in lattice plane spacing generally corres-
ponds to a decrease in bond strength and thus a change in
phonon velocity. They increased the lattice plane spacing by
internal inhomogeneous strain fields caused by lattice defects.
Experimental results showed that the observed 7% reduction
in the sound velocity in stoichiometric PbTe resulted in a
20% reduction in the thermal conductivity without introducing
additional scattering sources. In contrast to phonon defect scat-
tering which is approximately independent of temperature, the
lattice softening mechanism works at all temperatures due to
its temperature dependence.

Essentially, low specific heat can also achieve low thermal
conductivity. Nevertheless, according to the Debye approxim-
ate model, the energy carried by each atom in a solid mater-
ial is about 3kg T at high temperature, so the high-temperature
specific heat is close to the Dulong—Petit limit. It is quite chal-
lenging to minimize thermal conductivity through low spe-
cific heat. The emergence of superionic conductors provides
a route to solve the problem. In the superionic phase, cations
exhibit liquid-like diffusivity. In liquids, local atomic hopping
and rearrangement suppress the propagation of shear waves
and disrupt the thermal propagation of phonons, reducing the
specific heat from 3Nkg in typical solids to 2 — 2.5Nkg, where
N is the number of particles. Liu et al [142] reported that the
superionic conductor Cu,_,Se could achieve a high ZT value
of 1.5 at 1000 K. The Se atoms in Cu,_,Se formed a rigid
face-centered cubic lattice, and the copper ions were highly
disordered around the Se sublattice with liquid-like mobility.
Therefore, the partial liquid-like behavior in Cu,_,Se led to
a dramatic reduction in the contribution of transverse phonon
modes to the total specific heat, causing the specific heat to
drop. ZT-enhanced performances have also been demonstrated
in superionic conductors such as Cu,S [143], Cu,y_,Sen 550 5
[144], and Ag,Te [145].

For bulk nanostructured materials, the essential method to
reduce thermal conductivity is to alter the lattice structures.
For example, introducing defects can increase phonon scatter-
ing sources, and then reduce phonon relaxation time. Among
the three defect forms, linear defects and planar defects are
able to enhance phonon scattering without sacrificing carrier
mobility compared with point defects. Meanwhile, due to the
capability to selectively scatter low-energy carriers and mid-
frequency phonons, planar defects are expected to increase
the Seebeck coefficient while reducing thermal conductivity,
which is a method with great potential. Apart from intro-
ducing defects, a lattice softening strategy to weaken the
chemical bonding and reduce the phonon group velocity will
also be an effective way to reduce the thermal conductivity.
Superionic conductors realize the tuning of thermal conduct-
ivity from the perspective of specific heat. Generally speak-
ing, these strategies can work synergistically on the material.
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The coexistence of multiple scattering sources is beneficial to
achieve scattering enhancement throughout the broad phonon
spectrum to minimize relaxation time.

3.4.2. Phonon engineering of low-dimensional structures.
While the above strategies have demonstrated effectiveness
in 3D materials, there are still challenges to overcome, par-
ticularly the inverse relationship between the Seebeck coeffi-
cient and electrical conductivity with changes in carrier con-
centration, which ultimately restricts the increase of ZT values
[146]. In the late 1990s, Hicks and Dresselhaus [147] proposed
the concept of improving thermoelectric performance through
low-dimensionality. Low-dimensionality helps increase the
electronic DOS near the Fermi level, causing an increase in
the Seebeck coefficient. And it can also strengthen the phonon
scattering without significantly increasing the electron scatter-
ing at surfaces, thereby reducing the thermal conductivity of
the material without affecting the electrical conductivity [148].
So, it points out a new path for finding materials with high ZT
values. From the above, two strategies to enhance the thermo-
electric properties of materials at the nanoscale are acquired:
(1) enhancing DOS near the Fermi level by quantum confine-
ment effects to enhance power factor [149-152]; (2) redu-
cing thermal conductivity by phonon tuning approaches [18,
19, 153-159]. The latter strategy is mainly discussed within
the scope of this paper. Researchers have designed various
new thermoelectric materials with microstructure character-
istics such as superlattices [105, 154—156], nanocomposites
[18, 157], nano porous materials [19, 158], nanowires [159]
etc, which are favorable to significantly reduce the thermal
conductivity of materials and exhibit excellent thermoelectric
performance.

3.4.2.1. Superlattices. A superlattice thin film is a periodic
structure formed by stacking layers of two or more materials,
in which the thickness of each layer usually ranges from a few
to tens of atomic layers. In superlattices, phonon transport may
exhibit particle-like or wave-like properties [160]. If the MFP
of phonons is shorter than the thickness of one period, phon-
ons exhibit particle-like behaviors, and the phonon propaga-
tion within each layer and interfacial scattering do not interfere
with each other. Experimental results can be well explained
using particle-based physical models. In this case, thermal
conductivity can be reduced by augmenting phonon scattering
through increasing the interface roughness and density, intro-
ducing impurity particles, and increasing the mismatch degree
of phonon DOS between different layers. Ge/Si/Ge/Si/Ge
composite quantum dots (figure 10(b)) prepared by Chang
et al [154] exhibited a highly reduced thermal conductiv-
ity of 5—-7.5 Wm~!-K™!, a factor of 25 lower than that of
bulk Si, which was attributed to the enhanced phonon scatter-
ing caused by the high Si/Ge interface density and increased
local SiGe alloying. Vaziri et al [155] realized the artificial
stacks of single-layer graphene, MoS, and WSe,, obtain-
ing Gr/MoS,/WSe; heterostructure with a thickness less than
2 nm. But the total thermal resistance of the heterostructure
was comparable to that of silicon dioxide with a thickness of

300 nm. At room temperature, the effective thermal conduct-
ivity was only 0.007 —0.009 Wm~! - K~!, about one third of
the thermal conductivity of air. When the phonon MFP is equal
to or longer than the periodic thickness, the wave characterist-
ics of phonons need to be considered. Under this circumstance,
phonons can be coherently transmitted over a distance of sev-
eral periods without losing phase information and reflected at
multiple interfaces, causing interference effects [ 160]. Phonon
coherence will modify phonon dispersion relations, thus form-
ing or expanding phononic bandgap, and reducing the phonon
group velocities [161]. Furthermore, if aperiodicity is intro-
duced into superlattices, the heat transport ability of coher-
ent phonons can be weakened, and may induce phonon loc-
alization, enabling the structures to achieve ultrahigh thermal
isolation [105, 162, 163]. Note that to observe this effect of
phonon coherence, the superlattice interfaces should be of high
quality [164]. Luckyanova et al [105] destroyed the periodic
structures by adding ErAs nanodots with sizes comparable
to the wavelengths of coherent phonons that dominates heat
transport in GaAs/AlAs superlattices, leading to the localized
behavior of phonons and decreased thermal conductivities.
Venkatasubramanian et al [156] reported that the ZT value of
p-type BiyTe3/Sb,Tes ultra-short-period superlattice thin film
devices could reach a maximum of about 2.4. Such enhance-
ment was achieved by controlling the transport of phonons and
electrons in the superlattices. The ultra-short-period superlat-
tices maintained high levels of in-plane carrier mobilities and
cross-plane conductance due to the near absence of alloy scat-
tering and random interfacial carrier scattering. For thermal
conductivity, the diffusion transport analysis showed that there
was a low-frequency cutoff in the phonon spectrum, which
suggested that low-frequency phonons were suppressed for
transport, indicating localization-like behaviors.

3.4.2.2. Nanocomposites. —Nanocomposites generally refer
to nano-heterostructures obtained by incorporating nano-
inclusions into a matrix [165, 166]. Nano-inclusions, such
as fine grains and nanoparticles, provide an additional scat-
tering mechanism for phonons. At the same time, if nano-
inclusions are semi-metals or metals, they could be used as
electron donors to improve the electrical conductivity of the
material. Consequently, the thermoelectric properties of alloy
matrixes embedded with nano-inclusions are enhanced. Kim
et al [157] found that compared with pure Ings53Gag47As,
the Ings3Gag47As film embedded with ErAs nanoparticles
showed a thermal conductivity reduction effect in a wide tem-
perature range, and the reduction was the largest between
150 K and 450 K, almost a factor of 2 below the alloy limit, res-
ulting in a more than two-fold increase in ZT. It is worth noting
that for the take of reducing thermal conductivity, the size of
ErAs nanoparticles should be large enough that the enhanced
scattering regime does not overlap with the Rayleigh scat-
tering region enhanced by atomic-scale defects in the alloys.
In alloys, owing to the difference in mass and/or bond stiff-
ness between the constituent elements, atomic substitution
primarily scatters short-wavelength phonons or Brillouin zone
edge phonons, so mid- and long-wavelength phonons play a
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Figure 10. Enhancement of thermoelectric performances based on low-dimensional structures. (a) Temperature dependence of ZT of p-type
BiyTes/Sb,Tes superlattice compared to those of several recently reported materials. Reproduced from [156], with permission from Springer
Nature. (b) Thin-film-like Ge/Si/Ge composite quantum dots. Reprinted from [154], with the permission of AIP Publishing. (c) 0D-2D
Au-Sb,Te; nanocomposites. Reprinted with permission from [18]. Copyright (2019) American Chemical Society. (d) Holey silicon
ribbons. Reprinted with permission from [19]. Copyright (2010) American Chemical Society. (e) Vertical Si-NWs arrays. Reprinted with
permission from [159]. Copyright (2019) American Chemical Society.

dominant role in heat conduction. Similarly, Zheng et al [18]
constructed a hybrid 0D-2D nano-heterostructure by growing
Au nanoparticles in sifu on the hexagonal Sb,Te; nanoplates,
which realized simultaneous optimization of three thermoelec-
tric parameters including electrical conductivity, thermal con-
ductivity and Seebeck coefficient. Thus, the ZT value was
improved by 110% compared with that of pristine Sb,Tes.

3.4.2.3. Nano porous materials. =~ Nano porous materials
have been proved to be high-performance thermoelectric
materials, which regulate thermal conductivity via designing
pore shapes, pore sizes, and porosities [167, 168]. Phonon
specular backscattering at the sidewalls of high-density holes
is mainly responsible for thermal conductivity reduction.
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Especially when the distance between adjacent holes is smaller
than the phonon MFP, the phonons will be ‘trapped’ behind the
holes, resulting in a local negative temperature gradient oppos-
ite to the linear temperature gradient along a free channel.
Tang et al [19] investigated the thermoelectric properties of
single-crystal silicon films decorated with high-density nano-
scopic holes. At room temperature, the holey silicon ribbons
showed a suppression of thermal conductivity by a factor of
34 compared to nonporous silicon ribbons. The experimental
results showed that the thermal conductivity decreased with
the increase of the neck width, that is, a thinner neck will
induce a stronger necking effect and lower overall thermal
conductivity. In the entire range of experimental temperat-
ures, the ZT value was enhanced by about 50 times, 0.4 at
300 K, compared with that of nonporous silicon of the same
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Table 2. Summary of the performance of phonon-engineered thermoelectric nanomaterials in different studies.

Physical mechanism Materials ZT  Authors Time
Nag.03Eug.03Cdg.03Pbo.o; Te 2.5 Wu et al [130] 2020

Big.07GepopTe 2.3 Jiang et al [131] 2022

Geo.76Sbg.0sPbo.12Te 2.3 Zhang et al [128] 2018

CuySo.52Teg.as 2.1 He et al [138] 2015

CuySe 1.9  Zhaoetal [167] 2017

La-doped n-type PbTe—-Ag,Te 1.6  Peietal [124] 2011

F€1<05Nb0‘75Ti0<25Sb 1.34 Fu et al [135] 2016

Enhanced scattering  Bip3Sb; 7Tes + 0.4 vol% SiC 1.33 Lietal [166] 2013
Yb-filled CoSbs 1.08 Meng efal [133] 2017

SnoA94Cu0A12Te 1.0 Pei et al [125] 2016
Pb1ozSCo]zT@o,zoSo.og—Oﬁ%Cu 0.96 Xu et al [134] 2022

Cu3$b0‘985Sn0A015S4 0.76 Lu et al [139] 2022

Nanoporous Bi Tes 0.67 Qiao et al [168] 2019

Cu,SnSey 0.6 Lietal[127] 2016

Rough Si nanowires 0.6  Hochbaum er al [169] 2008

Cuy.94Se05S05 2.3 Zhao et al [144] 2017

. . Cuj97Se 1.7  Heetal [143] 2014
Liquid-like behavior 5 - e CurSe 1.5  Liueral [142] 2012
AgyTe 1.2 Jakhar et al [145] 2022

Bi, Te3/Sb, Tes superlattice 2.4 Venkatasubramanian et al [156] 2001

. Au-Sb;Te; 0.8 Zheng et al [18] 2019

Phonon localization o Gricon 04  Tangetal [19] 2010
SipsGepa 0.08 Perez-Taborda et al [158] 2016

thickness. Analogously, Perez-Taborda et al [158] fabricated
SiggGep, porous nano meshed films by DC sputtering on
highly ordered porous alumina substrates. Due to alloying, and
phonon scattering on the upper/lower boundaries and crys-
tallite boundaries within the nano-meshes, a slump in the
thermal conductivity was observed. And the thermal conduct-
ivity decreased as the hole diameter became smaller, down to
(0.5540.10)Wm~" - K™, well below the amorphous limit.
For nano meshed films with pores of larger diameters, the ZT
values could reach around 0.08 at room temperature.

3.4.2.4. Nanowires. Nanowires are typical one-dimensional
materials that have much smaller feature sizes than bulk mater-
ials. As a result, phonon transport in nanowires is restricted by
their boundaries. Silicon nanowires have garnered significant
attention in the field of thermoelectricity due to the consider-
able variation in MFPs between electrons and phonons at room
temperature [169]. Lee et al [159] significantly reduced the
thermal conductivity of silicon nanowires by rational incorpor-
ation of phonon scattering sources at several scales. Diameter
reduction makes phonon scattering stronger in all wavelength
ranges, reducing the MFPs of full-wavelength phonons; sur-
face roughness causes additional phonon scattering, reducing
the MFPs of long-wavelength phonons; the presence of impur-
ities atoms also causes additional scattering of phonons. The
superposition of the three effects will obviously inhibit the
thermal conductivity of Si-NWs. Boron-doped Si-NWs with
a surface roughness of 6.88 nm and a diameter of 200 nm
exhibited the lowest thermal conductivity, which was 5.1 times
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lower than that of smooth intrinsic nanowires and 14.8 times
lower than that of bulk silicon. The performance of the ther-
moelectric modules based on the doped rough Si-NWs arrays
was better than all known Si-NW thermoelectric modules.

To sum up, as a solution for micro—nano-scale and flexible
thermoelectric devices, low-dimensional nanomaterials cur-
rently mainly adopt the strategy of enhancing phonon scatter-
ing to reduce thermal conductivity (table 2). Superlattices and
nano porous materials primarily increase interface and bound-
ary scattering, while nanocomposites and nanowires mainly
increase impurity scattering. Due to quantum confinement in
low-dimensional materials, numerous studies have combined
electronic band engineering with multiscale phonon engineer-
ing, with the aim of simultaneously optimizing both electron
and phonon transport for high thermoelectric performances
[18, 156, 170]. Thermoelectric figures of merit have already
reached an equivalent level to that of bulk thermoelectric
materials. However, the preparation of low-dimensional ther-
moelectric materials requires high-precision processing and
preparation technologies, which have strict requirements for
experimental conditions and environments, and are com-
plicated and costly, thus they are still far from practical
applications.

In the performance enhancement of thermoelectric devices,
the major objective of phonon tuning is to achieve remark-
able decrease in thermal conductivities. In the above review,
we enumerated various approaches to reduce thermal con-
ductivity by modifying phonon transport. The main strategies
and their physical mechanisms are summarized as follows:
(1) enhanced scattering. Point defects, linear dislocations, and
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interfacial defects in bulk materials, as well as interfaces,
boundaries, disorders in low-dimensional materials are all
additional phonon scattering sources, and the scattering prob-
ability of each type of scattering source has its own frequency
dependence, which can suppress phonon transport in different
frequency ranges. Moreover, a rational combination of differ-
ent scattering sources can achieve enhanced phonon scatter-
ing in a wider frequency range, showing a further reduction
in thermal conductivity, such as the vertical silicon nanowire
study of Lee ef al [159]. (2) Phonon localization. Inducing
one-way phonon localization is one of the approaches to
induce thermal rectification effect. Localized phonons can
also be used to suppress heat transport in the thermoelectric
field. The ultra-short-period superlattice structure prepared by
Venkatasubramanian et al [156] exhibited localized behavior
of low-frequency phonons due to coherent backscattering at
the interfaces. The necking effect in the study of Tang et al
[19] can actually be regarded as a phonon localization phe-
nomenon, since phonons are unable to conduct heat effect-
ively in this case. (3) Lattice softening. The bonding prop-
erties of chemical bonds in crystals have a profound impact
on phonon interactions. As the medium changes from gas to
liquid, then to solid, the chemical bonds between the con-
stituent atoms become stronger and sound waves travel faster,
roughly indicating lower phonon velocities in weakly bon-
ded systems. Many experimental results also manifest that
weak chemical bonds are an important factor leading to low
sound velocities and low thermal conductivities. For example,
Hanus er al [141] observed a 7% reduction in the sound
velocity and a 20% reduction in the thermal conductivity in
lattice-softened stoichiometric PbTe. (4) Liquid-like behavior.
Liquids exhibit reduced specific heat due to the suppression
of transverse phonon modes caused by local atomic hopping
and rearrangements. If solid materials can possess liquid-like
mobility, low thermal conductivity can be easily achieved
through low specific heat. The cations in superionic crystals
reported by Liu et al [142] were highly disordered and exhib-
ited liquid-like fluidity, resulting in a substantial decrease in
thermal conductivity.

3.5. Thermal cloak

The concept of thermal cloak was first proposed by Fan et al
in 2008 [171], the main features are inverse thermal flow and
thermal shielding effect. In 2012, Guenneau et al [172] fur-
ther developed the concept of thermal cloak, that is, on the
basis of thermal shielding, to achieve thermal stealth. Thermal
stealth involves ensuring that the temperature distribution out-
side the cloak remains unchanged, so that objects inside the
cloak cannot be detected through temperature detection. The
common structure of thermal cloaks is the core—shell structure.
To make the materials inside the core invisible, the thermal
conductivity of the shell is required to be anisotropic and non-
uniform to meet specific spatial variation laws, or the shape of
the shell needs to be a special geometric structure. Guenneau
et al applied the method of transformation optics to the field
of thermodynamics, carried out coordinate transformation on
the heat conduction equation, and constructed a cylinder with
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non-uniform and anisotropic thermal conductivity as a thermal
cloak. The simulation results proved that the thermal cloak
could ensure that the temperature inside the cloak was uniform
and did not exceed half of the normalized temperature without
changing the external temperature distribution.

However, experimentally preparing such anisotropic
thermal metamaterials is a huge challenge. An effective solu-
tion is to form periodic alternating structures with various
homogeneous, non-singular and isotropic materials. In 2013,
Han et al [173] demonstrated the effectiveness of this strategy
through theoretical analysis and full-wave simulations. In
the same year, Schittny et al [20] experimentally designed a
periodically alternating copper-PDMS composite structure,
as shown in figure 11(b). The experimental results showed
that the temperature of the area inside the thermal cloak was
much lower than the surrounding area, which indicated that
the thermal cloak had a good thermal insulation effect. In
addition, a simple double-layer thermal cloak was also exper-
imentally demonstrated by Han et al [174] to achieve thermal
stealth. Based on this double-layer thermal cloak structure,
Han et al [175] designed a thermal camouflage device that
can hide the thermal properties of any object and disguise it as
another object. However, this structure theoretically requires
the thermal conductivity of the inner layer material to be zero,
which cannot be achieved in experiments, so there is still a
distance for its application. In recent years, 3D printing tech-
nology and topology optimization theory have provided new
approaches for realizing thermal metamaterials with complex
thermal conductivity distributions. Sha et al [176] adopted
multi-scale topology optimization design and used 3D print-
ing to fabricate anisotropic thermal metamaterials, and pro-
posed a design strategy for thermal cloaks with freeform shape
and omnidirectional functionality. The experimental results
proved that the devices could realize both thermal stealth and
thermal sensing functions, freeing the thermal cloak from the
shackles of regular shape design.

At the macro scale, most of the designs of thermal cloaks
have strict requirements on the distribution of thermal con-
ductivity, or use periodic alternating composite structures,
but these designs are difficult to implement at the micro—
nano scale. The reason is that non-uniform anisotropic thermal
conductivity is knotty to achieve at the nanoscale, and the
periodic alternation of multilayer materials will introduce a
large number of boundaries, making phonon boundary scat-
tering and interfacial thermal resistance non-negligible. In
2016, Ye and Cao [177] reported the nanoscale thermal cloak
design for the first time, which partially chemically modified
graphene to achieve the thermal cloak effect. The structure is
shown in figure 11(d). The yellow ring region is the thermal
cloak, which is graphene chemically modified with hydro-
gen, methyl or hydroxyl, and the rest of the area is unmodi-
fied graphene. The introduction of chemical functional groups
on graphene caused chemical bonds transforming from sp?
to sp’, and led to phonon localization, so that the heat flow
avoided the thermal cloak area and achieved a partial thermal
cloaking effect. Although the hydrogenated graphene cloak
cannot achieve perfect thermal stealth, it had better thermal
shielding and stealth effects than defect graphene and hollow
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Figure 11. Simulation and experimental implementation of thermal cloaks. (a) Diffusion of heat from the left on a cloak. Reprinted with
permission from [172] © The optical Society. (b) Microstructured thermal cloak. Reprinted figure with permission from [20], Copyright
(2013) by the American Physical Society. (c) Writing of local thermal conductivity in suspended single-crystal Si membrane using the He ™
ion beam. Reprinted with permission from [178]. Copyright (2019) American Chemical Society. (d) Thermal cloaking in chemically
modified graphene. Reproduced from [177] with permission from the Royal Society of Chemistry. (e) Thermal camouflage. [175] John
Wiley & Sons. © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) Thermal cloaks with freeform shape and omnidirectional
functionality. Reprinted from [176], Copyright (2022), with permission from Elsevier.

graphene. In addition, modification with higher molecular
weight functional groups can significantly improve the thermal
cloak performance. Compared with hydrogen atoms, methyl
and hydroxyl modification can increase RTC (ratio of thermal
cloaking, the ratio of heat flow inside and outside the cloak)
by 16.5% and 60.5%, respectively.

At present, most of the design ideas of nanoscale thermal
cloaks lie in regulating the thermal conductivity of designated
regions. In addition to chemical modification methods, anneal-
ing proved to be a highly feasible strategy. In 2019, Liu et al
[179] constructed thermal cloaks by annealing silicon films
in situ. The basic principle is that annealing amorphizes the
silicon in the ring area, thereby greatly reducing the thermal
conductivity from the intrinsic value (~50 Wm~" - K~!) to the
amorphous value (~1.7 Wm~!. K_l), and forming a thermal
cloak. The MD simulation results showed that the RTC of the
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thermal cloak could reach 5.2, and the shielding performance
was proportional to the width of the cloak ring. By calculat-
ing the phonon DOS and the mode participation rate, Liu ez al
found that most of the phonon modes in crystalline silicon
films were delocalized. For the silicon membrane inside the
cloak ring, the localization of phonons was obvious, which
was the reason for the decrease of the thermal conductivity
of amorphous silicon and the potential mechanism of thermal
cloaking.

In the same year, Choe ef al [178] designed the ion-write
microthermotics (IWMT), which can partially, continuously
and reversibly amorphize the suspended silicon film, and has
a good spatial resolution (10-100 nm). Figure 11(c) shows a
schematic diagram of the IWMT device. Choe et al prepared
a four-layer thermal cloak by the device, and observed the
thermal stealth effect at the microscopic scale for the first time.
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The temperature distribution of the finite-element method sim-
ulations and experiments are shown in figure 11(c), respect-
ively. Experimental measurements showed that the thermal
cloak reduced the heat flow in the cloaking area to one-
fifth of the original, indicating a good thermal stealth effect.
Furthermore, MD simulation results showed that the thermal
cloak designed by the IWMT platform was insensitive to inter-
facial thermal resistance, which made the IWMT platform
more attractive.

Perfect thermal stealth is one of the most desired goals
of thermal cloaks. At the macroscale, perfect thermal stealth
requires thermal metamaterials with non-uniform and aniso-
tropic thermal conductivities [172]. In practical applications,
two or more homogeneous and isotropic materials with dif-
ferent thermal conductivities can be used instead, and exper-
iments have proved that they have excellent thermal stealth
effects [20, 173]. At the microscopic scale, methods such as
chemical modification [177], annealing [178, 179], punching
[180] can be utilized to adjust the thermal conductivity of a
specific region to form a thermal cloak. A number of stud-
ies have shown that the core mechanism of the micro—nano
scale thermal cloak is phonon localization [177-180], which
is responsible for the decrease in the apparent thermal conduct-
ivity of the thermal cloak region. Phonon localization makes
heat flux avoid the thermal cloak area to achieve the thermal
stealth effect. The difficulty in designing thermal cloaks at the
microscopic scale lies in precise thermal conductivity control
and overcoming the negative effects of phonon boundary scat-
tering and interfacial thermal resistance. In the future, more
phonon manipulation methods, such as coherent scattering and
augmenting the number of scattering centers, are expected to
provide new ideas for the design of thermal cloaks.

4. Summary and future development direction

This paper reviews recent advances in phonon engineering,
and highlights the practical applications of phonon manip-
ulation in fields of thermal rectification, thermal transistors,
thermal memories, thermoelectric devices and thermal cloaks
at the nanoscale. As the essence and core of phonon engin-
eering, the adjustment of phonon dispersion relationship can
directly affect the phonon DOS and then change the over-
all physical properties. Through different phonon regulation
methods, including matching/mismatching of phonon power
spectra, phonon localization, increasing/decreasing phonon
scattering, and changing phonon group velocities, etc, we can
obtain special physical properties to achieve target functions.
For example, thermal rectification phenomena can be observed
by inducing one-way phonon localization, constructing asym-
metric phonon scattering, and promoting mismatch of phonon
power spectra. Another example is to construct NDTR, the
key to thermal transistors, by reducing the phonon MFPs and
group velocities, and exciting low-frequency horizontal trans-
verse acoustic waves.

Electronics are the fundamental elements underpinning
the development of modern science and technology. While
showing great advantages, they also have the shortcoming of
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high-power consumption. Logical devices based on phonon
transport can not only realize the direct extraction, storage and
transmission of thermal signals, but also can be combined with
traditional electronic circuits for better thermal management
of devices, which is a promising development direction. So
far, although scholars have carried out numerous researches in
the field of phonon modulation and harvested many uplifting
results, and have also proposed plenty of theories to describe
and explain the observed phenomena such as acoustic mis-
match theory [181, 182], Anderson localization of phonons
[183, 184], ballistic thermal transport [185, 186], etc, there are
still large gaps in our understanding of electron and phonon
transport mechanisms. Further research into mechanisms of
phonon transport is of fundamental importance and may make
it accelerate to become reality for phonons to carry and process
information.

Within the scope of this review, only thermal rectifiers and
thermoelectric devices have more experimental studies, while
thermal transistors, thermal memories and thermal cloaks are
mostly theoretical, and experimental research is still in its
infancy. On the one hand, the realization of the functions of
phononic devices often requires special materials or complex
structures, which put forward extremely high requirements
for micro—nano processing technology. On the other hand,
the concepts and models of the thermal transistors, thermal
memories and thermal cloaks are still new, and it has not been
more than 20 years since they were proposed, so their devel-
opment is still immature. Therefore, the performances of most
phononic devices have yet to be tested in reality. More exper-
iments are needed to prove the feasibility of phononic devices
in the future. The methods of phonon regulation at the nano-
scale reviewed in this work are anticipated to provide extended
ideas for the above researches. In addition, although the mater-
ials and structures that can realize thermal rectification are
very abundant, there are very few that are actually transformed
into practical application devices. More practical thermal rec-
tification devices are the goals that scholars need to pay more
attention to. Further examining the analogies between thermal
and electrical components, richer functions can be achieved by
constructing thermal circuits similar to commonly used elec-
trical circuits, for instance, using multiple thermal rectifiers in
parallel to construct thermal diodes with greater output heat
flow, utilizing thermal logic gates to perform intricate logic
operations, using thermal diodes to construct thermal peak
detectors [187], and employing thermal transistors to realize
thermal mixers [187], etc.

Traditional thermal performance adjustments are often
achieved through complex structural designs. Nevertheless,
it has always been a challenge to quickly obtain the optimal
structure and chemical composition with target properties due
to the fact that the design of nanostructures or atomic struc-
tures has the characteristics of large selectivity for paramet-
ers, high degree of freedom, and excessive time and economic
costs associated with structure search and subsequent exper-
imental verification. The emergence of materials informatics
[188] can assist in material discovery and structure optimiz-
ation gradually transforming from traditional and slow trial-
and-error strategies to efficient high-throughput screening
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from the pool of candidate materials [189], which have been
applied in structural design in fields of thermal metamaterials
[163, 190, 191], thermoelectric conversion [188, 192, 193],
thermal manipulation [194, 195], etc. Hu et al [190] used
machine learning to search for globally optimal aperiodic
superlattice structures with minimized coherent phonon heat
conduction. Yamawaki et al [188] performed structural optim-
ization of GNRs by alternating multifunctional (phonon and
electron) transport calculations and Bayesian optimization,
improving the thermoelectric figure of merit of graphene by
afactor of 11. Ji et al [194] established an artificial neural net-
work to learn and predict the stealth effect of thermal cloaks.
Therefore, the application of machine learning in thermal sci-
ence has extraordinarily high research value and practical sig-
nificance, which can accelerate the pace of material discovery
and enable rapid and effective structure optimization.

Once the material is prepared, its thermal characteristics
are fixed and can only be applied to a single scene. Whereas
in some fields, the application scenarios and requirements
of devices may be constantly changing. For instance, elec-
tronic chips need good heat dissipation when they work at
high power, but in environments of low temperatures, in order
to ensure normal functions, the chip temperature needs to
be kept within an appropriate range. Therefore, the develop-
ment of devices whose intrinsic properties can be adjusted
on demand is a promising research direction. Sood et al [15]
achieved controllable adjustment of the thermal conductivity
of MoS; thin films by reversible electrochemical lithium inter-
calation and detachment. Lu et al [196] oxygenated or hydro-
genated SrCoQ, s by electrochemical methods to achieve bi-
directional control of thermal conductivity in the range of
nearly 10 £ 4 folds at room temperature. Zhang et al [197]
utilized an external magnetic field to affect phonon transport
through spin—phonon interactions, breaking the symmetry of
heat transport and realizing thermal rectification. In the future,
exploring the regulating effect of external fields (including
electric field, magnetic field, temperature field, etc) on phonon
transport is expected to expand beyond original design meth-
ods and provide a new development direction for devices with
adjustable performance.

Combining phonon modulation with electronic or photonic
modulation probably leads to beneficial applications. Because
of the complexity of thermoelectric materials, the optimiza-
tion of a single parameter may have adverse effects on other
parameters. Therefore, in the literatures reviewed in the ther-
moelectric part of this paper, in addition to reducing thermal
conductivity by phonon engineering, some of them combined
electronic energy band engineering to synergistically optim-
ize thermoelectric figure of merit, hence a higher thermoelec-
tric conversion efficiency is obtained. Phonons and photons
can also be co-managed. Maldovan and Thomas [198] tuned
acoustic and light waves simultaneously in two-dimensional
periodic structures to localize photons and phonons at the
same time. This localized state can strongly affect the photon—
phonon interactions, offering possibilities for acoustic-optical
devices that manage sound, light, and heat comprehensively.
With the ongoing development of computational methods, it
is possible now to calculate material properties taking into
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account interactions between electrons, photons and phonons.
This will allow simultaneous optimization of electrical, optical
and thermal properties of multifunctional materials, enabling
the corresponding devices to have more excellent and compre-
hensive performance.
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