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Due to its great potential applications in thermal management, heat control, and quantum information, phononics
has gained increasing attentions since the first publication in Rev. Mod. Phys. 84 1045 (2012). Many theoretical and
experimental progresses have been achieved in the past decade. In this paper, we first give a critical review of the progress
in thermal diodes and transistors, especially in classical regime. Then, we give a brief introduction to the new developing
research directions such as topological phononics and quantum phononics. In the third part, we discuss the potential
applications. Last but not least, we point out the outlook and challenges ahead.
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1. Introduction

Phonons, quantization of lattice vibration, transport in all
solids, carry both energy and information. They are main heat
Modern
information technology is based on semiconductor materials,

carriers in dielectric and semiconductor materials.

therefore, phonons have been considered as the main source
for information deterioration. Therefore, how to manipulate
and control phonons becomes primary importance for micro-
electronics.

The studies on vibrational energy transfer in various non-
linear lattices in the end of the last century and the early decade
of the 21°! century have been enlightening.!!! These studies

have led to a new emerging field — phononics, *!

manipulating
and controlling phonons with electronic analogs.

The primary building block for phononics is thermal
diode that rectifies phononic heat flow, or a one-way heat flow
channel. To perform logic operations and build useful ther-
mal circuitry, additional operational function for phonons is
desired. So far, the toolkit for phononics includes thermal

diodes,>-8) thermal transistor,!®~!4! thermal logic gates,”s’m]

[17,18]

thermal memories, thermal regulators,[lg’zol thermal

(2122 Tn addition to the phononic/thermal infor-

switches, etc.
mation processing, these devices are capable of manipulating
and controlling heat energy.[?>23!

The last decade, namely, from 2012 to 2022, has wit-
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nessed increasing research activities both from scientific and
engineering communities, aiming at achieving better per-

formance of these thermal devices.[*4%

I Many new mod-
els/devices/materials, experiments, and applications have been
uncovered, we thus feel a necessity to review these achieve-
ments and point out some existing problems and future direc-
tions.

In this article, we give a brief review of the progress in
this fast-developing field in the past decade, in particular, we
focus on fundamental mechanisms, experimental demonstra-
tions, and potential applications of the solid-state thermal con-

[26-311 T Section 2, we

trol devices, as demonstrated in Fig. 1.
introduce the latest research in thermal diode. In addition to
the classical nonlinear lattices, rectification in quantum sys-
tems and topological phononics are also included. We also
discuss the related advanced experiments of thermal diode.
We turn to the thermal transistors in Section 3. Similarly,
both classical and quantum systems are demonstrated. Some
practical applications of these thermal devices are discussed in
Section 4. Finally, we discuss the challenges and perspectives

lying ahead.

2. Thermal diode: theory and experiment

Thermal diodes are the fundamental tools for manipulat-
ing and controlling the heat flux. If a positive thermal bias
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is applied, the device acts as a thermal conductor, while in
the opposite case, it shows poor thermal conduction. In gen-
eral, the thermal rectification effects of the thermal diodes are
mainly contributed by the asymmetric interfacial thermal re-
sistance and asymmetric phonon propagation depending on
the material structure or properties.[>*?1 Many achievements
have been made from its infancy. In this section, we focus on
the advances in the last decade.

2.1. Theoretical research of thermal diode
2.1.1. Classical systems
The phononic thermal diode was modeled via anharmonic

lattice with inherent symmetry breaking.[?! The concept has
been put forward by Terraneo er al.®! in 2002 with three seg-

ments of different nonlinear lattices. The underlying physical
mechanism relies on the temperature-dependent power spec-
trum due to nonlinearity. In 2004, Li et al.'¥ proposed a two-
segment model that has increased the rectification coefficient
for several orders of magnitude. From the point of power spec-
trum, it was reported that the heat energy is exchanged effi-
ciently when the power spectra of the two segments match or
overlap. In the absence of spectra overlap, there is no or very
little energy exchange between the two segments. This spec-
tral match/mismatch property provides the fundamental mech-

133] have found

anism for thermal diodes. Moreover, Li et al.
that the match/mismatch of spectra also led to an asymmetric
interfacial thermal resistance. These works lay the foundation

for the series of further works in recent years.
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Fig. 1. An overview of phononic devices: (a) a suspended monolayer graphene based thermal diode.!?%! (b) Heterogeneous irradiated-pristine
polyethylene (PE) nanofiber junction as a nanoscale thermal diode.!?”) (c) Schematic diagrams of the macroscopic thermal diode.!?8! (d) Cross-
sectional view of the electrochemical thermal transistor under operation.!'3] (e) Schematic drawing of the thermal full adder.['®! (f) Concept of
“the thermal doubler”, which consists of thermal diodes and thermal masses, converts a sinusoidal 7 into a quasi-constant temperature differential
(Ty — T») across the heat engine. 77 remains close to maximum-7 and 75 close to minimum-T7} at all times. 1291 (g) Quantum system made up of 3
two-level systems (TLS) coupled with each other and connected to a thermal bath.['*] (h) A schematic diagram of the topological phononics diode
based on a three-terminal system. The edge states flow from the terminal A to B without any scattering, while the back flow from terminal B to A is
exactly zero, the input from B all flows out through C.13% (i) Configuration of the thermal transistor."*!1 (j) Two-segment thermal diode composed

of two different Frenkel-Kontorova chains.[?!
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In order to further improve the performance and under-
stand the mechanism of thermal diodes, many efforts have
been made from various perspectives. However, one of the
most severe shortcomings of these devices, which becomes
urgent to be solved, is the rapid decrease of rectification fac-
tor as the system size increases.!®*! It is demonstrated that
long-range interactions can strongly enhance the rectification
in mass graded systems and the rectification does not decrease
when the system size increases (see Figs. 2(a) and 2(b)P1). Tt is
quite clear that the size-dependence rectification factor for the
long-range interactions case is quite different from that in the
nearest neighbor case where the decay of the rectification fac-
tor with the system size is evident. The mechanism can be de-
scribed as follows: with long-range interactions, new heat flow
channels appear. In addition, the new channels connect with
distant particles with different masses, favor the asymmetric
heat flow in a graded system. Moreover, new particles are
introduced with the increasing of the system size, which can
create new channels to avoid the decay of rectification as the
system size increases as usual. 151 1t does, however, bring a new
puzzle. The intriguing problem is whether the efficient rectifi-
cation can be reached with short range interactions in this sys-
tem. After that, the next-nearest-neighbor (NNN) interaction
is added in the anharmonic oscillator lattice. It is remarkable
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that the rectification efficiency increases quite rapidly with the
system size until it reaches a certain value for large sizes in
Fig. 2(c).13%

In addition to the effects of interactions range in the lat-
tice, the section between the two segments also plays an im-
portant part in thermal diode. Chen et al.* shows an efficient
thermal diode with two diffusive leads separated by a ballistic
spacer (see Fig. 2(d)), where the interaction between the parti-
cles is harmonic. The size dependence of the rectification fac-
tor vanishes for the case with a ballistic spacer. In Fig. 2(e),
we can clearly see that the rectification factor does not decay
with the system size. Afterwards, a localized thermal diode
model (see Fig. 2(f)), which uses a one-dimensional Frenkel—
Kontorova (FK) model with a local finite depth defect with
asymmetric coupling, achieves a high rectification factor. The
defect shown in Fig. 2(g), which is locally decoupled from the
phonon bands, leads to effective phonon Rayleigh scattering
and low thermal conductivity. However, the diode oscillator
escapes the defect above a critical local temperature and leads
to high thermal conductivity. The key thermal conduction ef-
fects are confined to the defect, which means there is no need
for a bulk temperature-dependent thermal conductivity, or the

need for two different materials. 30!
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Fig. 2. Thermal diode toy models in one dimension. (a) The schematic plot of a graded mass (or graded structured) model with the long-range
interactions. (b) Dependence of rectification factor (fr) on the system size N (LRI, the case of long-range interactions; NN, the system with nearest-
neighbor interaction).) (c) Thermal rectification r as a function of the system size N for a mass-graded lattice with Myax = 10 and various 7y values
(The tunable parameter 7 specifies the relative strength of next-nearest-neighbor coupling compared to the nearest-neighbor one).**! (d) Schematic
drawing of the model with two diffusive leads separated by a ballistic channel.*>! (e) Thermal rectification factor versus system size Nyo for chains
with or without the ballistic channel.3% (f) Configuration of the localized thermal diode: (i) and (iv) represent identical materials separated by (ii) a
material with a temperature-dependent phonon spectrum and (iii) a low thermal conductivity material.l*®! (g) Schematic diagram of the thermal

diode from the point of phonon band. 3!
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Fig. 3. Thermal rectifier toy models in 3D and others. (a) Thermal rectification r vs. system width W for lateral lengths of N = 16 (circles), 32
(triangles), 64 (diamonds), and 128 (squares) with Mp,x = 10, Mpay is the mass of any oscillator in the leftmost. 1381 (b) Diagram of the model based
on two harmonic oscillators (Two masses are coupled to each other through a spring constant k. Each mass is harmonically trapped and connected
to a bath characterized by its temperature 7; and its friction coefficient ;). 1391 (¢) A thermal rectifier based on an N = 5-bead harmonic chain. Two

beads at the boundaries are considered part of the solids, and they directly exchange energy with Langevin thermostats.

There are many works that demonstrated the possibility
of manipulating heat flow by changing the structure or param-
eters of a one-dimensional anharmonic lattice. Although the
dimension extension of the aforementioned coupled FK and
Fermi—Pasta—Ulam (FPU) lattice system has been performed
in both two!*!! and three dimensions,#* with high rectifica-
tion efficiencies as in the corresponding 1D case, the studies of
2D and 3D thermal diodes in other systems in two-dimensional
or three-dimensional systems have not been as extensive as
that in one-dimensional systems.

To further optimize the parameters, Bastida et al.’%! ex-
tended the study to a 3D mass-graded anharmonic lattice of
length N and width W. The lattice site n is expressed as (1],
ny, n3), where ny =np=1,...,Wandnz =1,...,N. The re-
lationship between the rectification efficiency and the system
width W for various lateral system lengths N and two values
of the average temperature Ty is shown (see Fig. 3(a)). It is
clear that, for any fixed lateral length N, the value of rectifica-
tion () increases as we increase W but saturates quickly after
a crossover width W, ~ 16. It is important to refer that the best
rectification values reported occur at an average temperature
value Ty = 5, where no rectification is obtained in the 1D case.
Despite its low rectification power, the system is more robust
against a deterioration of the r value over a wider temperature
range than its 1D counterpart, making it suitable for a larger
class of possible applications.

Except the research mentioned above, there are still a
number of works based on anharmonic segments. A ques-
tion is whether the rectification effect can emerge in the har-
monic systems. Simén et al.*! studied the heat rectification
in a minimalistic model composed of two unequal atoms sub-
jected to linear forces and in contact with effective Langevin
baths induced by Doppler lasers in 2021. The diagram of the

[40]

model is shown in Fig. 3(b). The proposed model, which con-
sists of two masses m; and m» coupled to each other by a har-
monic interaction with spring constant k and natural length x.,
can be realized with trapped ions subject to Doppler cooling
lasers. A thermal rectifier based on an N = 5-bead harmonic
chain is demonstrated in Fig. 3(c). Two beads at the bound-
aries are considered part of the solids, and they directly ex-
change energy with Langevin thermostats. Kalantar ez al.["!
proved that perfectly harmonic junctions can rectify heat once
the reservoirs (described by Langevin white noise) are placed
under temperature gradients, which are asymmetric at the two
sides, an effect called “temperature-gradient harmonic oscilla-
tor diodes.”

2.1.2. Thermal diode in quantum systems

The successful research in thermal diode has inspired re-
searchers in different fields and communities. The concept has

e,[4344] electronic ther-

been extended to photonic thermal diod
mal diode where heat is carried by electrons,*>#0] topologi-
cal phononic diode,*%! quantum-optical model,[®*’! acoustic
diode,*8491 radiation thermal diode,®*?! and elastic energy
diode. 337331 In this section, we concentrate only on newly de-
veloped diodes relevant to phonons in quantum systems.
Topological phononics, that makes use of degrees of
freedom like Berry phase and topological order, brings in
a new paradigm to phononics. In 2017, Liu et al.’Y de-
rived a Schrodinger-like equation of phonons, where topolog-
ical quantities and time-reverse symmetry (TRS) can be de-
veloped for investigating phonons transport. With regard to

t,19 they extended

the Haldane model in quantum Hall effec
it to the novel quantum anomalous Hall-like phonon states.
The one-way edge states of quantum anomalous Hall (QAH)

like states are ideal channels to realize dissipationless phonon
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wave guides due to the absence of backscattering channels,
and it can be utilized to realize ideal phonon diodes in a multi-
terminal system. As shown in Fig. 4(a), the edge states flow
from the terminal A to B without any scattering, and the back
flow from terminal B to A is exactly zero. The one-way edge
states give perfect diode effect between any two of the ter-
minals in the three-terminal transport system. It provides un-
precedentedly new ways to control phonons.3%->7]

Thermal rectification in quantum systems also draws

attention. [’8-6%] Based on the solution of a master equation for

the density matrix, Miranda et al. 1631 demonstrated that two in-
teracting spin-like systems, which are characterized by differ-
ent excitation frequencies and coupled to a thermal bath, can
be used as a quantum thermal diode (see Fig. 4(b)). Another
quantum thermal diode, which is composed of two qubits cou-
pled via anisotropic exchange interaction (Fig. 4(c)), under-
goes rectification even if the baths produce equal dissipation
rates of the qubits. The heat flow rectification process can be
explained in Fig. 4(d). Interestingly, the model might be real-

ized in various platforms.[4’]
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Fig. 4. Thermal diodes in quantum system. (a) Phonon transmission functions for transport from terminal A to terminal B (red solid line) and
from B to A (blue dashed line) in three-terminal transport systems. 3! (b) Scheme of a quantum thermal diode made up of two interacting spin
like systems connected to thermal baths at temperatures Ty and Tx.!%3 (c) Schematic diagram of the quantum thermal diode based on two resonant
qubits (wg = @, = ®) coupled via anisotropic spin—spin interaction o} oy, the coupling strength between the qubits being 2.1471 (d) Examples of

processes that rectify heat current with resonant qubits. (47}

2.2. Experiments of thermal diodes

In the above section, we have summarized various the-
oretical setups and mechanisms. In this section, we discuss
how to put these concepts into reality with physically realistic
systems.

Since the first experimental work of solid-state thermal
rectifier in asymmetric nanotubes in 2006, wherein the rec-
tification varied from 2% to 7%, significant progress has been
achieved in variant systems, in particular, the rectification has
been increased. Finite size and the discrete phonon spectrum
result in a distinct dependence of the thermal quantities on
the specific geometrical configuration, mass distribution, and
ambient temperature, therefore, the nanosized materials are

5 12,65

promising candidates for phononic device I However, be-

cause of the difficulty in constructing a nonlinear structure in
one-dimensional or two-dimensional nanomaterials, it is still
technically challenging to realize rectification at the nanoscale.
On the other hand, what makes people excited is the emer-
gence of thermal rectification in a macroscopic system. In
this section, we will introduce the experimental progress of
the conductive thermal diode from two aspects: microscopic

and macroscopic.

2.2.1. Microscopic system

From the perspective of material engineering and minia-

[66

turization, the combination of different materials[®®! and mod-

2667 of the device are the two

ification of the shape or siz
general pathways to realize rectification. In 2017, Ye et al.[f]

demonstrated that interface-induced thermal rectification can
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be realized by molecular dynamics (MD) simulations (see
Fig. 5(a)) and sophisticated experiments (Fig. 5(b)). The
thermal diode consists of polyamide (PA) and silicon (Si)
nanowires (NWs) in contact with each other. It was shown
that the thermal rectification fluctuated between 2.7% to
3.5% as the temperature varies. After that, using a het-
erogeneous “irradiated-pristine” polyethylene nanofiber junc-
tion (Fig. 5(c)), Shrestha er al.”?’! demonstrated an unusual
dual-mode solid state thermal rectification effect. It is worth
mentioning that heat flow could be rectified in both direc-
tions by changing the working temperature, and the maxi-
mum rectification factor of 50% was achieved. By the similar
way of electron beam (E-beam) irradiation, Liu et al. 168] ex-

perimentally demonstrated thermal conductivity manipulation

- - - crystalline
- - - amorphous

- - - crystalline
- = - amorphous

and thermal rectification in 7-stacked metallophthalocyanine
(MPcs) NWs (Fig. 5(d)). Beyond that, Wang et al.!*®! exper-
imentally demonstrated thermal rectification in various asym-
metric monolayer graphene nanostructures. A large thermal
rectification factor of 26% was achieved in a defect-engineered
monolayer graphene (see Fig. 5(e)) with nanopores on one
side. A thermal rectification factor of 10% was achieved in a
pristine monolayer graphene with nanoparticles deposited on
one side or with a tapered width. Moreover, Aiyiti et al. 97! ex-
perimentally demonstrated considerable thermal rectification
in the Y-junction carbon nanotube (CNT) bundle with sus-
pended thermal bridge method. The thermal rectification ratio

was up to ~ 8.3% £ 0.5% with a relatively low temperature
difference (AT = 4 K).

Rectification Ratio (%)

7=300 K

3 6 9 12 15 18

AT (K)

Fig. 5. Thermal diode in microscopic scale. (a) Schematic of the MD simulations method for the polyamide (PA) and silicon (Si) nanowires. %! (b) The
specimen of the thermal diode (PA and Si nanowires) after focused ion beam (FIB) cutting, scale bar: 20 um.[?*! (c) Heterogeneous irradiated-pristine
polyethylene (PE) nanofiber junction as a nanoscale thermal diode, scale bar: 10 pum.?7] (d) Mechanism of a two-segment thermal rectifier (7-stacked
organic nanowires).[%8! (e) Scanning electron microscopy images of graphene based thermal diode (suspended monolayer graphene before and after
defect engineering).2°! (f) Rectification behavior in the Y-junction CNTs bundle (with the ambient temperature set at 7 = 300 K. The inset is the SEM
image of the Y-junction CNT bundle after electron beam induced Pt/C deposition. The scale bar is 1 mm).[67)

2.2.2. Macroscopic thermal rectification

Although extensive research has been done in micro-
scopic thermal rectification, the macroscopic control of ubiq-
By establish-
ing temperature-dependent transformation thermotic for treat-

uitous heat flow remains poorly explored.

ing materials whose conductivity depends on temperature,
Huang ef al.!?®! demonstrated analytical and simulation evi-

dence for switchable thermal cloaking and a macroscopic ther-
mal diode based on the cloaking. The scheme of experimen-
tal demonstration and temperature distribution of the macro-
scopic thermal diode is shown in Fig. 6(a). When cold water
is filled in the left container (light blue) and hot water in the
right container (pale red), the bimetallic strips of shape mem-
ory alloy and copper (white) warp up and the device blocks
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heat from right to left. While the two containers swap their
locations, the bimetallic strips (white) flatten and the device
conducts heat from left to right. These results provided a fun-
damental theoretical method for achieving macroscopic heat
rectification. Moreover, based on fractal structures with liquid
metal/insulator, Li et al.[% developed a thermal diode with
the rectification up to 0.47. The optimal branch morphology
and parameters of the diodes are shown in Fig. 6(b). What is
really meaningful is that different arrangements of two ther-
mal diodes mounted on chambers’ square surfaces are capable
of producing different interior temperatures in the same ambi-

T . K
342 344 346 348 350 352

ent conditions. It has great potential in thermal management.
Lately, a super-flexible thermal diode based on Kevlar aerogel
confined phase change fluid films was constructed, exhibiting
excellent flexibility (420 pm in curvature radius) and robust-
ness (> 7.2 MPa in tensile strength). As shown in Fig. 6(c),
this thermal diode also demonstrates a robust thermal recti-
fication with maximum thermal rectification of 2, and high
reliability which fluctuates between 1.94 and 2.03. It pro-
vides a promising strategy for designing more practical ther-

mal diodes and thermal devices. 7%
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Fig. 6. Thermal diode in macroscopic scale. (a) Scheme of experimental demonstration and experimentally measured temperature distribution of
the macroscopic thermal diode.!?8! (b) Thermal diodes based on fractal structures of liquid metal/insulator with different branch morphologies,
including tapered shape (8 > 0), inverted tapered shape (B < 0), rectangular shape (8 = 0), and topological branch.[®! (c) Mechanism, cyclic
stability of the forward and reverse heat fluxes, and thermal rectification ratio of the flexible thermal diode. 70

3. Thermal transistor

Thermal diode presents the first step toward phononics.
In order to realize logic operations and thermal management,
more control mechanisms for heat flow are desired. Ther-
mal transistor, the thermal analogs of an electronic transis-
tor, which allows for an accurate control of heat flow similar
to the control of charge flow in a field-effect transistor, con-
sists of three terminals: the drain (D), the source (S), and the
gate (G).I”!] When a constant temperature bias is applied be-
tween the drain and the source, the thermal current flowing
between the source and the drain can be fine-tuned by the tem-
perature that is applied to the gate. Li ez al.”’! proposed the first
model of a thermal transistor in 2006. The research field has
been also extended to quantum systems,[!!!#! radiation!”%73]

and acoustic/’#! in recent years. Classical systems based on
conduction and quantum systems are the main areas of con-
cern in this section.

3.1. Theory

In order to get the amplification of current change in
a thermal transistor, negative differential thermal resistance
(NDTR) is needed. The current amplification factor o =
dJp/dJo (the drain current Jp, the gate current Jo) can be
recast in terms of the differential thermal resistance o =
|rs/(rs + rp)| (the differential thermal resistances of the drain
segment and source segment are rp and rg, respectively). It is
easily seen that if rs and rp are both positive then & < 1, which

means that such a thermal transistor never works. For a tran-
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sistor to work, it is necessary to have the amplification factor
larger than one, ¢ > 1, which implies a negative differential
thermal resistance. !

NDTR occurs at the interface between the source and
drain, over a wide regime of parameters, when the gate tem-
perature rises, the heat currents of the source and the drain may
increase simultaneously.?! The phenomenon of NDTR can be
understood from the mismatch between the phonon bands of
the two interface particles as shown in Fig. 7(a), where we
plot the power spectra of the two interface particles at differ-
ent temperatures 71, for a fixed Tr. As can be seen, the overlap
of the power spectra increases as 7j, increases. Therefore, by
increasing 71, we have two competing effects: the thermal gra-
dient decreases and the band overlap increases. The behavior
of the heat current depends on which of these two effects pre-
vails, that resulting in the NDTR."!

Much effort has been put to realize/improve the
NDTR,[7>70 and extend to two-dimension,!””) while the
In 2020,
Ruan er al.®! studied systematically the role of the gate seg-

role of the gate segment has been neglected.

ment and revealed the crucial importance of its thermal resis-
tance. The configuration of the thermal transistor is shown in

(a)

Fig. 7(b), the ends of the segments S and D are always attached
to heat baths with temperatures Tg and Tp, respectively. The
positive directions of the heat currents flow through the parti-
cle O are illustrated by the arrows. When the heat resistance of
the segment G (Rg) is lower than a critical value, the transistor
can be set exactly to on and off states by setting the control
temperature 7g to Ton and Ty, And the thermal transistor can
be set to any stable steady state when R is lower than an even
lower critical value. This study helps to design thermal devices
that complete desired functions. Remarkably, Behnia et al.!8]
introduced a highly efficient thermal transistor based on the
simple configuration of DNA molecule. It was shown that the
DNA thermal transistor can act as a switch, modulator and am-
plifier. The ratio of heat current in the on-state to the off-state
is attained as high as 700 (Fig. 7(c)). The physical mecha-
nism of the system can be explained as follows, driven by the
changing of the system’s conduction phase between ballistic
and diffusive regimes, it shows switching performance. Ex-
actly, in the ballistic regime, the decrease in the specific heat
will induce an increase in the mean free path of phonons so
it implies an increase in the thermal flux despite decreasing
temperature gradient.
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Fig. 7. Principle and models of thermal transistor. (a) The power spectra of the particles at the right (R) side and the left (L) side of the interface for
different temperatures 77, with fixed 7Tr = 0.2. 1 (b) Configuration of the thermal transistor. B (¢) A schematic representation and switching operation of
a DNA thermal transistor.””! (d) Quantum system made up of 3 two-level systems (TLS) coupled with each other and connected to a thermal bath. !4
(e) The schematic diagram of a quantum-dot thermal transistor. Three Coulomb-coupled quantum dots are connected to the respective electronic
reservoirs. The Coulomb interaction Ucg between the collector and the emitter is adjustable.l!'!! (f) Conceptual model of the thermal transistor.!”’]
(g) Experimental measurement of the electrochemical thermal transistor. [3!
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On the other hand, the study of thermal transistor has been
extended to quantum regime. Coupled with a thermal reser-
voir, Joulain et al.l"* demonstrated a quantum thermal tran-
sistor in 3 two-level systems (TLS), which are equivalent to
the three entries of a bipolar electronic transistor. It is demon-
strated in Fig. 7(d) that one TLS which plays a similar role
as the base in a bipolar transistor is coupled to other two TLS
that can be treated as the emitter and the collector. An ampli-
fied variation at the emitter and the collector is generated when
the base varies in a certain temperature regime. This regime
is typically such that temperature corresponds to an energy
one order of magnitude smaller than the coupling energy be-
tween the TLS. In principle, the proposed quantum transistor
could be used to develop devices such as a thermal modulator
and a thermal amplifier in nano systems. Afterwards, based
on the Coulomb-coupled quantum dots, Zhang et al.!''! con-
structed quantum-dot thermal transistors. It is demonstrated
that a small change in the heat flow of the base can induce
a large heat flow change in the collector and emitter. By ad-
justing the Coulomb interaction between the collector and the
emitter or by decreasing the tunneling rate at the base, the am-
plification factor can be optimized. The schematic diagram of
a quantum dot thermal transistor can be seen in Fig. 7(e). It
is worth mentioning that three quantum dots are capacitively
coupled to each other and interact only through the long-range
Coulomb force, so that there is no electron transport between
the quantum dots. When a constant temperature bias is applied
to the emitter and the collector, the heat flow between the emit-
ter and the collector is generated by electrons tunneling into
and out of the dots, then exchanging energy through Coulomb
interaction can be fine-tuned by the temperature applied to the
base. These results will stimulate interest for the quantum-dot
thermal transistor. On the basis of this work, Majland et al.!"]
proposed a concrete realization of a superconducting circuit
that can work as a thermal transistor in 2020. Using a circuit
quantum electrodynamics Jaynes—Cummings model, the pro-
posed three-terminal device allows heat transfer from source
to drain, depending on the temperature of a bath coupled at
the gate modulator, shows that it provides similar properties to
a conventional semiconductor transistor (see Fig. 7(f)).

3.2. Experiment

Despite the scientific and technological significance of
thermal transistors, little progress has been made in the experi-
ment. Until 2018, based on reversible electrochemical lithium
intercalation in MoS; thin films, Sood ez al.!'3! demonstrated a
switchable electrochemical thermal transistor with an order of
magnitude thermal on/off ratio. By reversible intercalation of
Li ions, with the on-state corresponding to the pristine MoS;
and the off-state corresponding to the Li-intercalated MoS,,
real-time modulation of thermal conductance is achieved in
situ time-domain thermoreflectance (TDTR). The experimen-

tal measurement of the thermal transistor can be seen in
Fig. 7(g). Based on the experiment result and simulations
(ab initio and non-equilibrium molecular dynamics), it is sug-
gested that a combination of multiple factors is likely to lead to
such a significant modulation of thermal conductance, includ-
ing enhanced phonon scattering from Li rattler modes, phonon
softening due to lithiation-induced c-axis strain, stacking dis-
order (2H-1T phase mixtures), and mesoscopic disorder. This
study lays the foundation for electrochemically-driven thermal
transistors. So far, the development of solid-state thermal tran-
sistors mainly focuses on electrochemical systems.

4. Potential applications

Except the research in theories and experiments, thermal
control devices have tremendous applicable potential. In this
section, we will discuss the possible applications of the device
mentioned above in thermal management and thermal circuits.

4.1. Thermal management

There are rapid growing needs in thermal manage-
ment, especially in electronic devices, electric vehicles, com-
munications system, data center and even future quantum

[81-84] Phononic devices are good candidates in

technology.
solving complicated thermal management problems. As
shown in Fig. 8(a), a fractal structures thermal diode is de-
signed to mount on the chamber’s different surfaces to pro-
vide interior temperatures ranging from 16.06 °C to 52.34 °C
in the same ambient conditions. These controlled tempera-
ture chambers will meet the needs for different thermal thresh-
olds in thermal management. On the other hand, based on the
caloric effect, the temperature of caloric materials varies with
the change of external parameters, such as magnetic field, !
electric field, [ stress®7! and so on. It is a promising alterna-
tive to refrigeration technology. A caloric refrigeration usually
consists of a caloric material, heat source, heat sink, and heat
transfer medium. The application of thermal diode in a caloric
system means higher operating frequencies, which would in-
crease the cooling power density and the compactness of the
device. The mechanism is shown in Fig. 8(b), the caloric mate-
rial can be embodied within two thermal diodes, of which one
part serves as the thermal connection between the caloric ma-
terial and the heat source, and the other as the thermal connec-
tion between the caloric material and the heat sink. When the
caloric material is heated due to the caloric effect, the thermal
diode allows the heat to flow only from the caloric material to-
ward the heat sink and simultaneously prevents any heat flux
from the caloric material to the heat source. In contrast, when
the caloric material is cooled with the caloric effect, the ther-
mal diode allows the heat to flow only from the heat source to
the caloric material and simultaneously prevents any heat flux

from the heat sink to the caloric material.[80!
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(b) Caloric material

Heat sink

Heat sink

Heat source

Caloric material

Heat transfer in stage I1. Heat transfer in stage IV.

(c) TheNAdder

Heat source

Fig. 8. Applications of phononic device. (a) Performance of thermal diodes on temperature chambers with different arrangements.[*°! (b) Schemat-
ics of implementing thermal diodes in a caloric device.[3% (c) Schematic drawing of the thermal full adder. ']

4.2. Thermal logic gates

In electric circuits, two Boolean states O and 1 can be en-
coded by two different values of an electric potential. The
analogy between Boolean operations and electronic digital cir-
cuits, which is highlighted by Shannon in 1938, paved the
way for modern computation based on electronic devices. %3]
However, with the continuous increase of power density, the
chips began to get too hot.!®?! Manipulating phonons like elec-
trons may be an alternative scheme for information technol-
ogy. Based on nonlinear lattices, Wang and Li built up the
thermal logic calculation from the thermal transistor model
(thermal AND/OR gate) in 2007.[%1 Lately, Hamed ez al.!'®!
simulated a thermal calculator based on thermal logic gates
that can perform similar operations as their electronic counter-
parts. In Fig. 8(c), it is shown the schematic drawing of the
designed thermal full adder, which consists of AND, OR and
NOT gates, is the key to most digital circuits that perform ad-
dition or subtraction. And then, a thermal calculator which can
perform the addition of two decimal numbers was developed.
They demonstrated the ability of information processing based
on thermal diode and transistor.

5. Summary and perspectives

We have made a brief but rather complete review of the
progress of phononics in the past decade. First of all, the
research field has been largely extended from classical sys-
tems to quantum regimes and topological phononics. On the
other hand, more and more materials have been explored for
the phononic devices such as graphene, silicon, germanium,
phase-change material, liquid crystal, polymeric fibers, liquid
metal and so on. All of these studies not only provide the
physical mechanisms but also provide material database for
phononic devices, which is a significant step toward the prac-
tical applications. Like other emerging fields, the more studies
are done, the more opportunities and more challenges emerge.
Here we point out some interesting perspectives that deserve
further investigations.

Figure of merits Thermal rectification is widely utilized
to quantify the performance of thermal diodes. However, the
definition of thermal rectification ratio () varies in different

papers. For example, [4-36:43:69.90.91]

K¢
r=—
Kr

; ey
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p= 3)
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where Kkt and k; are the thermal conductance/conductivity in
the forward and reverse directions, respectively. Although the
performance of the thermal diode gets better when thermal
rectification ratio r is higher. The different definitions still
cause problems for the performance evaluation of different
studies. There is an urgent need for a unified parameter. In
addition, the rectification of thermal diodes depends on both
the temperature difference and the absolute magnitude of the
temperature. But all definition so far has not taken this into
account. We may need a more complete parameter like the
thermoelectric figure of merit (Z7) for thermoelectric materi-
als.

Fast, reliable, powerful and robust measuring tech-
nique The development of thermal conduction measure-
ment technologies has laid the groundwork for experimental
progress and applications of phononics devices. At present,
experimental tools, which are used to measure thermal con-
duction and interfacial thermal resistance on the micro-nano
scale, fall into two categories, i.e., the steady-state mea-
surement (including the thermal bridge method 2! and the

93,94

electron-beam self-heating method®>**) and the transient

measurement (including the differential 3 method!®>! and the

el®!). Compared with

pump-probe thermoreflectance techniqu
the electronics and optics, the available experimental tools for
detecting heat flow are still quite limited. There is an ur-
gent need for more advanced measuring techniques for heat
transfer. (7]

From greatest to least, and in reverse With the rapid de-
velopment of microelectronics and related industries, the fea-
ture size of transistors keeps shrinking and the chip integra-
tion and packaging density continue to grow. We also expect
the feature size of the single phononic device to decrease con-
tinuously. At the same time, they have the capability to be
integrated into computer chips.

Bear in mind the practical applications The ultimate
goal of phononics is to manipulate/control heat flow, and even-
tually makes use of heat energy efficiently and smartly. How
far the phononics can go depends very much on how many
potential applications can be explored. As the continuous im-
provement of phononics devices, we believe that more specific
applications are coming to the spotlight. Although there is a
time-lag between fundamental research and applications, the
application scenarios should be taken into account in the the-
oretical modelling/simulation. We believe that the theoretical
study will be able to provide guidelines and offer a firm foun-
dation for experiment and application researches.

Thermodynamics constraint Some thermal rectifica-
tion and/or so-called negative thermal conductivity materi-

als seem to violate the second law of thermodynamics.[*3%%]

These studies often employ Brownian ratchet-like designs
or carefully engineered extremely anisotropic structures to
achieve thermal rectification or reverse the direction of ther-

90,100,1011 A closer look at these systems, peo-

mal conduction. !
ple will find that they all follow the second of thermodynam-
ics without any exception. In any case, however, heat transfer
must obey the second law of thermodynamics in any circum-
stance, it is the most basic principle and it can be used to screen
out some infeasible designs.

Quantum information The continuing trend of minia-
turization and integration imposes great challenges of ther-
mal management in electronic devices.[!%?! As for the field of
quantum computing, the qubit lifetime and gate operation fi-
delity are likely to reduce with additional decoherence source.
Hence, thermal management of quantum systems becomes
more daunting. 132] Phononic devices, with the function of heat
flow controlling, are expected to play a more and more impor-
tant part in quantum technology.

Moreover, as an interdisciplinary subject, phononics
needs interactions among researchers from different fields
such as physics, material science and engineering, thermal sci-
ence and engineering. We hope this brief review will be able
to bring attention and interactions from researchers in different
backgrounds.
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