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of novel thermal technologies such as 
phonon logic.[9–11] On the other hand, the 
performance of solid-state thermal devices 
achieved so far are typically lower than the 
ones obtained by mechanical or fluidic 
devices.[12] Nevertheless, solid-state devices 
have plenty of room for improvement 
because of their high degree of material 
tunability (size,[13–18] shape,[19,20] physical-
chemistry,[21] etc.). In recent years, there 
has been substantial interest in solid-state 
thermal devices due to their potential for 
active thermal control.[14] This has led to 
an increasing number of experimental 
and theoretical advances in this field 
where new structures and materials are 
studied to improve our thermal manage-
ment capabilities.[14]

This review is divided into four 
main sections, which are illustrated 

in Figure  1. First, in Section  2, we present solid-state 
thermal diodes. We explain the approaches carried out to 
obtain thermal rectification. Second, in Section 3, we intro-
duce solid-state thermal switches. We organized this sec-
tion based on the external parameters that induce thermal 
switching, such as magnetic or electric fields, pressure, or 
light. Third, in Section  4, we explain solid-state thermal 
regulators and their recent advances. Finally, in Section  5, 
we review the solid-state thermal transistors that have been 
reported to date, focusing mainly on electrochemical tran-
sistors. In all these sections, we provide information about 
the key parameters that determine the performance of 
the thermal control devices, like rectification ratios (RR), 
switching ratios (SR), or the characteristic switching times τ, 
among others. Additionally, theoretical predictions on prom-
ising thermal devices are presented in each section. They 
represent new opportunities in the field, showing new mate-
rial approaches[22,23] or suggestions for improving existing 
devices.[24] In Section  6, we discuss the future progress of 
thermal control devices.

2. Thermal Diodes

Solid-state thermal diodes present an asymmetric heat flow 
that depends on the direction of the temperature gradient, i.e., 
forward (fwd) versus reverse (rev) direction.[25] This is typically 
achieved by material engineering[26] or by connecting materials 
(junction) with dissimilar thermal properties.[1] The research of 
solid-state thermal diodes started when Starr[27] showed thermal 
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1. Introduction

In this review, we present the most recent advances in the field 
of solid-state thermal control devices, with special emphasis 
on thermal diodes, regulators, switches, and transistors.[1–4] 
These thermal devices are made of materials that exhibit non-
linear and switchable thermal behavior.[2] Their fundamental 
difference compared to fluidic or mechanical thermal devices 
relies on the fact that they do not have moving parts or fluids.[5] 
Thus, solid-state thermal devices are silent, reliable, and can be 
easily scaled down.[5,6] This makes them ideal for thermal man-
agement of batteries[7] and electronics,[8] or the development 
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rectification in copper oxides in 1936. More recently, nano-
technology has brought new material engineering opportuni-
ties to design reliable and efficient thermal rectifiers.[28] The 
development of these devices has shown promising features for 
better management of heat in electronics,[29–32] electrocaloric 
refrigeration,[2] or for thermal computing.[11]

In Section  2, given the new opportunities that nano-
technology has brought with regards to material engineering 
and miniaturization,[26] we focus mainly on nano to microscale 
thermal diodes. In this context, two engineering processes, 
can be used to develop solid-state thermal diodes: i) combi-
nation of different materials, i.e., two-segment materials[33] 
(Section  2.1) or ii) modification of the shape or size of the 
devices, i.e., material engineered structures[34] (Section  2.2). 
The different architectures can be compared using the fol-
lowing parameters, which are key to determine the perfor-
mance of thermal diodes:

i. Rectification ratio: Corresponds to the ability of the device to 
rectify heat. It is typically expressed as

RR
fwd rev

rev

Q Q

Q

 

=

−

 (1)

where 
fwdQ  and 

rev
Q  are the heat fluxes in the forward and 

reverse direction when | | | |fwd revQ Q 
> .

ii. Thermal bias: It is the difference of temperature across the 
device, where Th and Tc correspond to the temperatures of the 
heat source (hot terminal) and the heat sink (cold terminal).

2.1. Two-Segment Thermal Diodes

The simplest design of a thermal diode in solid state is based 
on two-segment materials. Such a device consists of a combi-
nation of two different material blocks with dissimilar thermal 
properties.[1] The basic idea to achieve thermal rectification is 
that the two materials have a different thermal conductivity 
dependence with temperature.[35–38] Under this condition, an 
inversion of the thermal bias (temperature gradient) direction 
will result in a different magnitude of the heat flow (forward vs 
reverse) due to a change in the effective or overall thermal con-
duction across the two-segment material structure.[1]

In Section  2.1, we differentiate between three approaches 
to develop a thermal diode based on two-segment materials. 
First, we explain devices in which the two material blocks have 
opposite thermal conductivity trends with rising temperature. 
For the sake of convenience, we define them as junction of 
materials with different thermal properties (JMT) diodes. 
Afterward, we explain phase change material (PCM) diodes. 
In these diodes, a solid-to-solid phase change is the basis for 
thermal rectification. Then, we explain thermal diodes based 
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Figure 1. Solid-state thermal control devices.
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on radiative heat transfer. Finally, we present theoretical 
approaches for the design of high rectification two-segment 
thermal diodes.

2.1.1. Junction of Materials with Different Thermal Properties 
( JMT)

A JMT thermal diode is a two-segment material thermal diode 
made of two dissimilar material blocks, e.g., block A and block 
B.[36,37] These two blocks present different temperature (T) 
dependent thermal conductivity (k) trends, as presented in 
Figure 2. Figure 2a,b illustrates the thermal conductivity of the 
two material blocks kA and kB as a function of the temperature. 
Figure  2a shows that material block A has an increase in the 
thermal conductivity with increasing temperature. Figure  2b 
shows that the thermal conductivity of material block B is 
decreasing with increasing temperature. To understand how 
such a material system leads to thermal rectification, we must 
consider the effective thermal properties of the two-segment 
material structure depending on the thermal bias directionality. 
Hence, we need to consider two cases, i.e., when the thermal 

bias is applied in the forward (A → B) versus the reverse direc-
tion (B → A).

Figure  2c,d illustrates the effective thermal conductivity of 
the material junction A-B structure in the forward and reverse 
direction. In the forward direction, a temperature gradient from 
the hot block A to the cold block B is established. Therefore, 
the effective thermal conductivity (keff,fwd) of the segment struc-
ture, i.e., continuous purple (block A) and orange lines (block 
B) of Figure 2c), is high in the forward direction. In the reverse 
configuration, the temperature gradient is established from 
the hot block B to the cold block A. In this case, the thermal 
conductivity trend of both blocks is now reversed compared to 
the forward case. As a result, the effective total thermal con-
ductivity (keff,rev) of the two-segment structure is lower than 
in the forward direction, i.e., continuous purple (block A) and 
orange (block B) lines of Figure 2d. Hence, the total heat flux is 
expected to be higher in the forward direction in comparison to 
the reverse configuration under the condition that the tempera-
tures of the terminals (Th and Tc) are held constant.
Figure  3 shows the thermal conductivity trends of some 

materials as a function of temperature.[1,39–44] These are in 
agreement with the theory of thermal transport expected for 
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Figure 2. Schematic drawing of the thermal conductivity (k) as a function of the temperature (T) in a JMT diode. a,b) Thermal conductivity of block A 
and of block B separately. c,d) Effective thermal conductivity (keff) (continuous line) of the JMT diode in the forward and reverse direction.
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these materials.[45–47] From a simplistic point of view, the tem-
perature-dependent thermal conductivity (k(T)) trends of typical 
materials can be described as: i) At low temperatures, k(T) is 
increasing with T due to the increase of the heat capacity until 
it reaches a peak.[45,48] The peak position and magnitude of the 
thermal conductivity depends on the material. ii) At higher tem-
peratures, the thermal conductivity decreases due to a reduc-
tion in the phonon mean free path (MFP).[45,48] A combination 
of two materials with thermal conductivity peaks at different 
temperatures will result in the desired two-segment material 
junction structure.

In general, the thermal conductivity peak is reached below 
room temperature for most of the materials presented in 
Figure 3. Additionally, there are some materials that present 
an increase of the thermal conductivity at room tempera-
ture (e.g., carbon nanotubes,[40] amorphous silicon oxide,[39] 
or caloric materials like gadolinium[49]). To take advantage 
of the asymmetry in the effective thermal properties of the 
two blocks that form part of the JMT diode, the design is 
usually limited to low temperatures. Jeżowski and Rafalo-
wicz[33] developed the first JMT diode experimentally in 1978. 
The authors investigated a junction of graphite and quartz 
considering absolute temperatures between 6 and 95 K. The 
peak of the thermal conductivity of quartz can be found near 
6 K.[44,50] In graphite this peak in the thermal conductivity is 
reached at around 100 K, as can be seen in Figure 3.[43,51] On 
the one hand, for temperatures below 100 K, graphite pre-
sented an increase in the thermal conductivity with rising 
temperature (block A). On the other hand, the thermal 
conductivity of quartz decreased for temperatures above 6 
K (block B). This thermal diode reached a maximum rec-
tification of RR = 70% for a thermal bias of 40 K between 
heat source and heat sink.[33] Similarly, Kobayashi et al.[35,52] 
investigated LaCoO3/La0.7Sr0.3CoO3 (LCO/LSCO) structures 
for thermal rectification. LSCO had an increasing k(T) with 
rising temperature, while LCO presented a decreasing k(T) 
behavior below 200 K. The authors observed a thermal rec-
tification of RR = 43% between 40 K (heat sink) and 98.9 K 
(heat source).[35]

2.1.2. PCM Thermal Diodes

A PCM thermal diode is another type of two-segment material 
thermal diode. Here, the two-segment structure is made of a 
PCM block and a phase invariant material (PIM) block. On one 
hand, a solid-to-solid structural change of the PCM occurs at 
a critical transition temperature, Tcrit, leading to a variation of 
the PCM thermal conductivity. On the other hand, the phase 
of the PIM remains invariant at the temperature of application. 
Bringing together a PCM and a PIM can lead to thermal recti-
fication by taking advantage of the thermal conductivity change 
due to the phase transition of the PCM block. When the PCM 
block is in direct contact with the heat source and the tempera-
ture is higher than the transition temperature, a phase change 
in the PCM material is induced. However, in the reverse case, 
when the temperatures in the PCM block are lower than the 
transition one, no phase change occurs. Therefore, two dif-
ferent effective thermal conductivities result from applying a 
gradient of temperature in the forward versus reverse direction. 
Recently, some scientific publications showed that a combina-
tion of two different PCMs is a promising approach to achieve 
high thermal rectification which may exceed values obtained by 
the regular PCM/PIM structures.[53–55]

In many PCMs, the change in the thermal properties occur 
in a small temperature range (few K) due to a change in the 
material crystalline structure when the temperature is higher 
than Tcrit.

[56–58] For that reason, in comparison to JMT diodes, 
high rectification ratios can already be achieved for small 
thermal biases (few K).[56] However, the main challenge of PCM 
diodes is to choose a material that exhibits a phase change 
resulting in a large difference in thermal conductivity. As an 
example, vanadium dioxide (VO2) is a PCM that has been used 
for thermal diodes.[59,60] VO2 presents a metal insulator phase 
transition (MIT) near room temperature.[61] Figure  4 depicts 
the MIT in VO2 and its change in the thermal conductivity. 
Figure  4a shows that VO2 has a monoclinic insulating state 
that typically changes to a rutile tetragonal metallic state when 
the temperature rises above ≈340 K. The thermal conductivity 
increases across this phase transition.[57,58] As an example, Oh 
et  al.[57] reported ≈60% increase of k (from k  ≈ 3.5 W m−1 K−1 
to k ≈ 5.5 W m−1 K−1) in thin film VO2 as a consequence of the 
phase change. The reason for this thermal transition is based 
on the changes in the band structure and the influence of the 
electronic heat transport, illustrated in Figure 4b.[57,62] While in 
the insulating state the valence band dll is separated from the 
conduction band due to a large bandgap, the two bands overlap 
in the metallic state.[62] As a result, the electrical conduction is 
increased and hence the thermal conductivity, given the influ-
ence of the electrons as heat carriers. It is also worth noting 
that VO2, like other PCMs, might present hysteresis, meaning 
that the temperature at which the phase change happens when 
cooling versus heating might shift slightly.[63]

An example of a PCM diode using VO2 is illustrated in Figure 5. 
This structure corresponds to the thermal diode based on a VO2/
sapphire material combination which is reported by Ordonez-
Miranda et al.[70] In the forward direction, the heat is flowing from 
the VO2 heat source to the sapphire heat sink. The temperature 
at the heat source is above Tcrit = 340 K, inducing VO2 block to 
transition to its metallic state. However, in the reverse direction, 

Adv. Electron. Mater. 2020, 2000625

Figure 3. Thermal conductivity (k) of some materials as a function of the 
temperature (T). Data from refs. [1,39–44].
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the VO2 block is now at the insulating phase because the temper-
ature is below its transition temperature. The phase of sapphire 
remains the same in both scenarios, i.e., PIM block. Under this 
scenario, the effective thermal conductivity of the PCM diode in 
the forward direction is higher than in the reverse one.

Kobayashi et  al.[56] developed a millimeter-sized PCM 
thermal rectifier based on La1.98Nd0.02CuO4 (PIM) and 
MnV2O4 (PCM). MnV2O4 has a structural phase change at 
Tcrit  = 57 K that leads to an abrupt decrease in the thermal 
conductivity as the temperature increases. At this tempera-
ture the structure is converted from a tetragonal phase with 
a high thermal conductivity to a cubic phase with a lower 
one.[56,71] The authors observed a thermal rectification of 
RR = 14% for a temperature span between 55.4 K (heat 
sink) and 57.4 K (heat source), which can be considered as a 
high value considering the small thermal bias below 2 K.[56] 
Additionally, Garcia-Garcia and Alvarez-Quintana[72] inves-
tigated the thermal rectification in a nitinol/graphite PCM 
thermal diode. In this case, nitinol was used as the PCM and 
graphite as the PIM. Nitinol has a structural phase change 
at around Tcrit = 330 K from a monoclinic martensite phase 
to a cubic austenite phase at temperatures higher than the 
transition one.[72] The authors observed a rise in the thermal 
conductivity of the nitinol from k  ≈ 7.8 W m−1 K−1 in the 
martensite to k ≈ 17.3 W m−1 K−1 in the austenite phase. The 
authors observed a maximum thermal rectification of RR = 
47% obtained at a temperature of 290 K with a thermal bias 
of 160 K.[72] The thermal conductivity rose gradually above 
the phase transition temperature and not stepwise, which 

resulted in a significant enhancement of the thermal rectifi-
cation at higher temperatures.

Adv. Electron. Mater. 2020, 2000625

Figure 4. Schematic drawing of the changes of VO2 at its phase transition. a) Crystallographic structure phase change at 340 K from a monoclinic to a 
tetragonal phase, b) Simple band diagrams and plot of the thermal conductivity (k) changes along the phase transition of VO2 films with thicknesses 
ranging from 90 to 440 nm as a function of the temperature (T), based on the work of Oh et al.[57] and Eyert.[62] Thermal conductivity vs. temperature 
graph in (b) adapted with permission.[57] Copyright 2010, AIP. Band diagrams adapted with permission.[62] Copyright 2002, Wiley-VCH Verlag. Data for 
the crystal structures in (a) from refs. [64–69].

Figure 5. Schematic drawing of a sapphire/VO2 diode. a) Heat flux in 
forward direction (from the hot VO2 to the cold sapphire), and b) heat flux 
in reverse direction (from the hot sapphire to the cold VO2). The arrows 
show the direction of heat and indicate that the higher heat flux is in the 
forward direction. Data from refs. [64–69].
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2.1.3. Thermal Radiative PCM Diodes

Among thermal diodes that use phase change materials, we 
must distinguish between classical PCM diodes, explained in 
Section 2.1.2, and thermal radiative PCM diodes. The design of 
radiative PCM devices is similar to the standard combination 
of a PIM and a PCM material block but with a gap (vacuum) 
between them. In these thermal diodes, the heat is transferred 
by radiation between the two material blocks.

Radiative PCM thermal diodes are typically designed in two 
separate regimes. These are defined as far-field and near-field 
regimes, presenting a relatively large (above 10 µm) and small 
(well below 10 µm)[59,73] gap between blocks. In the far-field 
regime, the radiative heat transport is mainly based on the fun-
damental heat transport theorems of Stefan–Boltzmann and 
Planck.[73,74] In the near-field regime, an enhancement of the 
radiative heat transport beyond the blackbody limit has been 
observed.[73,75] Shen et al.[75] investigated the radiative heat trans-
port between two gold plates paying special attention to the dis-
tance between them. The authors observed a strong increase 
in the heat transport for gaps below 100 nm. The authors 
claimed that the likelihood that nonresonant surface waves can 
tunnel through the gap increases for smaller distances. These 
non resonant surface waves participated in the heat transport; 
hence, a higher heat flux was observed in the near-field than in 
the far-field regime.

As an example, Ito et  al.[60] presented a far-field thermal 
diode with fused quartz as the PIM and VO2 as the PCM 
with a vacuum gap of 1 mm between them. The heat trans-
port between the material blocks occurred via mid-infrared 
radiation. In the insulating state of VO2, the absorbance for 
the mid-infrared thermal radiation was enhanced. However, 
in the metallic state the reflectance of mid-infrared radiation 
was increased. In contrast to the VO2–sapphire diode illus-
trated in Figure 5, the preferred direction of the heat flux was 
from the heat source PIM to the heat sink insulating VO2. The 
authors observed a maximum rectification ratio of RR ≈ 180% 
at a temperature span between 300 K (heat sink) and 360 K 
(heat source). Additionally, the authors succeeded in reducing 
the phase transition temperature of VO2 from Tcrit  = 340 K to 
Tcrit = 315 K by doping it with tungsten (1 at%). As a result, such 
diodes can be used at almost room temperature, without any 
major reduction in the rectification ratio.

Fiorino et  al.[59] worked on a microsized thermal diode that 
works in the near field with a similar material configuration as 
indicated in Figure 5, i.e., VO2 as PCM and in this case Si as 
PIM block. In this specific device, the vacuum gap was varied 
from above 1000 nm down to 140 nm. The authors observed 
a maximum thermal rectification above RR ≈ 50% for the 
smallest gap (140 nm) at a temperature span between 294 K 
(heat sink) and 364 K (heat source). Under this scenario, the 
heat flux was larger as the temperature gradient was set from 
the hot metallic PCM phase (VO2, heat source) to the cold 
PIM block (doped Si, heat sink). The authors computed their 
diode structure using a fluctuational electrodynamics based 
approach to verify their experimental results. The theoretical 
results confirmed the higher heat flux in the forward direction. 
The authors claimed that the free electrons in the metallic VO2 
and in the doped Si strongly absorbed photons with a frequency 

below 1014 rad s−1 in the forward direction. In the reverse direc-
tion, the propagation of surface phonons was suppressed due 
to the poor coupling of the phonon modes in the isolating VO2 
and the Si. As a result, the authors stated that the heat flux was 
strongly enhanced in the forward direction, while being lower 
in the reversed case.

2.1.4. Theoretical Predictions of PCM Diodes

In addition to the experimental thermal diodes presented above, 
several thermal PCM diodes have been reported theoretically. 
In this section, we present theoretical approaches that obtained 
high rectification values using new materials and geometries.

Ghanekar et  al.[24] simulated the heat transport in a VO2–
boron nitride (BN) diode based on near-field radiation heat 
transport. In this model, VO2 was working as the PCM and BN 
as the PIM. While the concept was similar to the thermal diode 
in Section 2.1.3,[59] the VO2 was designed in a grating form with 
several VO2 blocks containing a small gap between each other 
(≈50 nm). A maximum thermal rectification of RR ≈ 1400% was 
calculated between 331 K (heat sink) and 351 K (heat source) 
for a gap between the PCM and PIM block ≈100 nm, a height/
width of the VO2 blocks of ≈500/150 nm. The authors com-
pared the calculation to a nongrating VO2 structure, showing 
a much lower RR < 100% than with the grating diode.[24] The 
near-field radiative heat transfer between the two blocks was 
theoretically obtained by using a Green’s function formalism 
in both cases.[24] The authors claimed that in the grating struc-
ture, the phonon tunneling was strongly reduced in the reverse 
direction leading to an extremely low heat flux, while the heat 
flux in the forward direction almost stayed unchanged.[24] 
Hence, an extremely high thermal rectification was obtained in 
this particular design.

Zhang and Luo[76] used molecular dynamics (MD) to deter-
mine the potential of some types of polymers for the design of a 
PCM thermal diode. The authors simulated the thermal rectifi-
cation behavior in a polyethylene nanofiber (PE)/crosslinked PE 
(PEX) two-segment system. PE has a structural phase change 
slightly above room temperature (the exact value depends on 
the fiber diameter) going from an ordered crystalline structure 
to a disordered structure. This results in a drastic reduction of 
the thermal conductivity. Since the PEX is phase invariant, the 
effective thermal conductivity varied due to the changes in the 
PE phase. This PE-PEX diode structure was simulated for dif-
ferent fiber diameters, achieving a thermal rectification near 
room temperature of RR ≈ 74% when applying a temperature 
gradient between 312 K (heat sink) and 332 K (heat source).

Joulain et  al.[77] theoretically investigated the thermal recti-
fication in a SiC/SiO2 radiative thermal diode based on near-
field thermal radiation by using a fluctuational electrodynamics 
formalism. The temperature was set from 297 K (heat sink) 
to 1470 K (heat source). For the base of their calculations, the 
authors used measured optical data of both materials at the 
evaluated temperatures. The authors claimed that the spec-
tral heat flux was strongly reduced in the hot SiC, and mildly 
reduced in SiO2. As a result, the authors observed a higher heat 
flux when the SiC was in contact to the heat sink. The authors 
obtained a maximum rectification ratio of RR ≈ 250% for a gap 
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below 10 nm. Basically, this diode can be seen as a combination 
of the thermal radiative diode presented in Section 2.1.3 and 
the JMT diode presented in Section 2.1.1, as the two materials 
have dissimilar (in this case optical) properties. A similar case 
was obtained by Wang and Zhang[78] in a near-field intrinsic 
Si/doped Si thermal radiative diode. The authors theoretically 
analyzed the heat flux when the temperature was set between 
300 K (heat sink) and 1000 K (heat source). Similarly, as the 
project presented before, the authors used fluctuational electro-
dynamics to calculate the differences in the heat flux in both 
directions. In the forward direction, when the heat source was 
in contact to the intrinsic Si, heat carriers got thermally excited. 
In this case, the free carrier concentration of the intrinsic Si was 
close to the free carrier concentration of the doped Si, enabling 
a high heat exchange between the blocks. As a result, a high 
near-field heat flux was expected. In the reverse direction when 
the heat sink was in contact with the intrinsic Si, the carriers 
concentration remained low and it acted as a nonabsorbing 
medium, leading to a lower heat flux. The authors calculated 
a lower heat flux in the reverse case with a maximum recti-
fication of RR ≈ 6700% with a hypothetical gap at sub-10  nm 
between the two blocks.

Martinez-Flores et  al.[79] theoretically investigated a two-
segment diode based on two different La1−xSrxMnO3 ferromag-
netic manganites by means of Fourier’s law. In ferromagnetic 
materials, the heat is additionally transported due to magnons, 
which is explained more in detail in Section 3.2. The thermal 
conductance changed drastically when the material is beyond 
the Curie temperature. By varying the composition of the mate-
rial, the transition temperature was varied and thus a material 
diode with two different transition temperatures was designed. 
The authors calculated a maximum thermal rectification of 
above RR ≈ 70% by using a La0.7Sr0.3MnO3/La0.82Sr0.18MnO3 
material combination.[79]

Additionally, Roberts and Walker[80] stated that the poor 
quality of interfaces can lead to a reduction of the thermal rec-
tification. Thus, it can happen that a material system which 

theoretically should rectify heat shows no visible thermal recti-
fication due to scatter process at an imperfect interface.

2.2. Material Engineering

In the previous section, we explained two-segment thermal 
diodes based on materials with varying or different thermal 
properties. However, thermal rectification can also be achieved 
by material engineering.[26,29] A measure that indicates how 
well heat is transported by electrons and phonons is the MFP, 
among others.[45] Material engineering could be used to modify 
the MFP of these heat carriers by varying scattering events 
through the modification of the shape,[81,82] size,[83–86] and/
or the physical/chemical properties (grain boundaries,[87–89] 
impurities,[90–92] etc.) of the material.[93] Given the average MFP 
of most of the materials, this method of engineering has a 
major influence at the micro and nanoscale.[93,94] Additionally, 
the absolute temperature of the material also affects the scat-
tering rate of the phonons, leading to a change of the thermal 
conductivity.[48]

This section summarizes thermal diodes in the micro and 
nanoscale that use material engineering to customize the heat 
carrier transport depending on directionality. First, we present 
shape-induced thermal diode (SID) systems where an asym-
metrical shape of the material induces thermal rectification. 
Second, we explain defect-induced thermal diodes (DID), in 
which an asymmetrical modification of the structure leads to 
thermal rectification.

2.2.1. Shape-Induced Thermal Diodes (SID)

A SID is a material structure with an asymmetric shape. 
Figure  6 illustrates some examples of asymmetric structures 
that have been investigated for thermal rectification.[95–99] Most 
of the research carried out in this field was based on graphene 

Adv. Electron. Mater. 2020, 2000625

Figure 6. Schematic drawings of different graphene thermal diodes with asymmetric shape and the indicated preferred direction of the heat flux: a) 
nanotube beam, b) nanocone structure, c) asymmetric nanoribbons, and d) Moebius graphene stripe. Reproduced with permission.[95] Copyright 2012, 
American Physical Society.
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structures. The long MFP of phonons in graphene near room 
temperature[100,101] facilitates the tuning of the thermal proper-
ties via material engineering without the need of developing 
structures with extremely small size.

As an example, asymmetric structures typically have a 
wide side versus a narrow one (e.g., nanoribbon structures in 
Figure 6c). The wider side is typically in the order or larger than 
the average MFP of the phonons. However, the narrower side is 
below it, causing an increment of phonon scattering due to size 
confinement effects.[34,102] Considering a triangular asymmetric 
graphene sample as a case of study, we now analyze the fol-
lowing two scenarios for thermal rectification: i) forward direc-
tion, when the wide graphene side is at the heat source and the 
narrow side is at the heat sink; ii) reverse direction, when the 
gradient of temperature is inverted. In the reverse direction, 
the phonon density is high at the narrower end due to the 
high temperature. Besides the regular scattering processes, the 
scattering off boundaries becomes significant. This leads to 
a drastic decrease in the MFP of phonons at the hot narrow 
graphene side area. The phonons seem to be partially trapped 
in this region, which is described as bottleneck.[34] However, 
in the forward direction the temperature at the narrow end is 
significantly lower resulting in a smaller impact of boundary 
scattering. Figure  7 illustrates this effect. The phonons can 
propagate better in the forward direction than in the reverse 
direction, where they seem to be trapped at the narrow side. 
As a result, the heat flux is diminished in the reverse direction. 
Wang et al.[34] investigated thermal rectification in a triangular 
graphene structure similar to the one shown in Figure  7. The 
authors observed a maximum thermal rectification of about 
RR ≈ 11% for ≈5 and ≈2 µm at the wide and narrow side, 
respectively.

Further investigated structures are presented in Figure  8. 
Chang et  al.[28] were pioneers in developing asymmetric 
thermal diodes. For that purpose, the authors used boron 
nitride nanotubes (BNNT) and carbon nanotubes (CNT) where 

one end is mass loaded with trimethyl-cyclopentadienyl plat-
inum (C9H16Pt), as illustrated in Figure  8a. As a result, the 
mass loaded side could be seen as the wider side that presented 
more channels for the heat to flow than the narrower one. Fol-
lowing the theoretical predictions of shape-induced nanosized 
structures, the heat flux was higher along the decreasing width, 
i.e., the high to the low mass side.[98] This was experimentally 
confirmed, obtaining a thermal rectification of RR ≈ 7% at 
room temperature.

Additionally, Zhu et al.[103] proposed a thermal rectifier based 
on a VO2 beam with a tapered width. Figure 8b shows a scan-
ning electron microscopy (SEM) image of this diode. This 
device was developed at the microscale and its thermal prop-
erties were investigated considering a low thermal bias below 
1 K.[103] The heat flow was enhanced from the hot wide side 
to the cold narrow side. The authors observed a maximum 
rectification of RR ≈ 28% at an absolute temperature around 
300–320 K.[103] Additionally, the authors claimed that the tran-
sition temperature of VO2 beam and the diode performance 
could be engineered by doping it with tungsten or by applying 
local stress.[103]

Tian et  al.[104] evaluated the thermal rectification in a junc-
tion of two rectangular shaped graphene oxides with different 
sizes at room temperature. In this junction, the average tem-
perature of the diode was lower when the temperature gradient 
was applied from the small rectangle to the big one. Due to 
the decreasing k(T) trend of graphene oxide at room tempera-
ture, the effective thermal conductivity was higher in this case. 
As a result, a maximum thermal rectification of RR ≈ 9% was 
observed experimentally, which was confirmed by classical heat 
transport finite element modeling (FEM).[104] Therefore, tem-
perature in the structure was set to 300 K (heat sink) and 347 K 
(heat source) in the experiment as in the model.[104] The thermal 
conductivity properties of graphene oxides can be further tuned 
by applying pressure.[105] Similarly, Sawaki et al.[52] investigated 
the thermal rectification in an asymmetric pyramid shape of 

Adv. Electron. Mater. 2020, 2000625

Figure 7. Schematic drawing of shape-induced thermal rectification in a triangular graphene ribbon; a) Heat flux in forward direction from the wide side 
to the narrow side, and b) reduced heat flux in reverse direction due to bottleneck effect in the narrow side with its representative opening angle ϴ.
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the LCO/LSCO diode (from a wider LCO to a narrower LSCO) 
mentioned in Section  2.1.1. For these structures, the authors 
observed a thermal rectification of RR ≈ 35%. The authors used 
Fourier’s law to analyze the experimental results.[52] In these 
cases, we need to consider that the size of the investigated 
devices was at the size of few mm.

Muñoz Rojo et al.[106] investigated the potential thermal recti-
fication properties of step graphene junctions, defined as steps 
between regions with different number of graphene layers. The 
heat flow across graphene junctions from monolayer to bilayer 
graphene, as well as bilayer to four-layer graphene, were meas-
ured for the first time in both directions (forward vs reverse). 
While these graphene junctions were previously theoretically 
predicted to present high thermal rectification ratios (RR up 
to 100% and higher),[107] the decoupling between layers con-
trolled the thermal transport showing no evidence of thermal 
asymmetry. To verify their results nonequilibrium molecular 
dynamic (NEMD) simulations were performed.[106]

2.2.2. Theoretical Predictions of SIDs

In addition to the experimental thermal diodes presented 
above, several theoretical SID structures have been reported. 
Yang et  al.[108–110] used NEMD simulations to predict ultra-
high thermal rectification in junctions with single-wall carbon 
nanotubes (SWCNT) and graphene (PGNs). In this diode, a 
SWCNT with a narrow area was connected to a 2D graphene 
sheet with a wide area. In a more advanced version, an addi-
tional graphene sheet with a smaller area was also added. The 
graphene layers were connected to each other with SWCNT 
pillars as connecting channels. In both structures, the authors 
obtained thermal rectification ratios from RR ≈ 800% up to RR 
≈ 1600%, with a maximum at a temperature between 100 K 
(heat sink) and 300 K (heat source). Similar to prior experi-
ments, the heat flux was strongly inhibited when it flowed 

from the narrow side (free end of the carbon nanotube) to 
the wide side (ground graphene sheet). The main reason for 
thermal rectification was related to the large mismatch of the 
density of states of heat carriers between the wide and the 
narrow side in reverse direction.[108–110] For a detailed descrip-
tion of the physical mechanisms, the authors referenced 
previous theoretical work conducted by Lee et  al.[111] In this 
publication, the authors investigated thermal rectification in 
a pyramid-shaped diamond nanostructure in a NEMD simu-
lation. The authors claimed that the number of atoms at the 
narrower side was small, hence collective vibrations were 
induced. At the wider side, this effect was negligible due to 
the much larger contact area. The collective vibrations were 
temperature dependent, resulting in a large mismatch in the 
density of states between the wide and narrow side in reverse 
direction leading to a lower heat flux.[111] The same principle 
can be applied to the simulation results of Yang et al.[108–110] In 
another publication, Yang et al.[112] investigated a similar struc-
ture, but consisting of a junction of double-layered graphene 
and double-walled carbon nanotubes (DGN-DWCNT). In this 
case, the authors obtained a maximum thermal rectification 
of above RR ≈ 1200% with 100 K (heat sink) and 300 K (heat 
source) along the structure.

Ma and Tian[113] performed a NEMD simulation presenting 
a thermal diode based on a tapered PS-PNb polymer with an 
asymmetric shape. Their design consisted of polystyrene (PS) 
chains connected perpendicularly to the polynorbornene (Pnb) 
backbone and with a chain length that decreased along the 
diode structure. The authors stated that in forward direction 
(wide to narrow end) the heat was flowing diffusively between 
the side chains, whereby in the backward direction (narrow to 
wide end) the heat flowed ballistically along the backbone. As 
opposed to other SID diodes, the heat flux was higher from 
the narrow to the wider end. The results showed a maximum 
thermal rectification of RR ≈ 70% at a temperature span 
between 100 K (heat sink) and 300 K (heat source).

Adv. Electron. Mater. 2020, 2000625

Figure 8. a) Schematic drawing of the mass loaded nanotube thermal rectifier similar to the one presented by Chang et al.[28] b) SEM image of an 
asymmetrical VO2 beam investigated by Zhu et al.[103] The arrows indicate the heat fluxes in the two directions showing a larger flow from the wide to 
the narrow side of the beam. b) Reproduced with permission.[103] Copyright 2014, American Chemical Society.
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Carlomagno et  al.[114] carried out a mathematical analysis 
based on Fourier’s law on the thermal rectification in SixGe1−x 
(0 ≤ x ≤ 1) alloy nanowires. In their model, the authors used an 
either pure Si or Ge core with a gradual composition to a Ge or 
Si shell, respectively, to evaluate whether there was heat flow 
asymmetry from the core to the shell versus the shell to the 
core. The authors obtained a higher heat flux from a Si shell 
toward a Ge core with a maximum rectification value of RR ≈ 
170%.[114]

2.2.3. Defect-Induced Thermal Diodes (DID)

A DID is developed by inducing an asymmetric set of defects, 
impurities, or other types of structure modifications in the 
material. Examples of such types of structural modifications are 
the deposition of stranger atoms or milling of nanosized holes 
in the material.[34] In order to explain how thermal rectification 
occurs in defect-induced diodes, we take as a case of example 

the graphene diode developed by Wang et  al.[34] This thermal 
diode consists of a junction of two different graphene regions, 
one with defects and another one nondefective. The defective 
region at one side of the graphene is generated by nanoporous 
milling via focused ion beam (FIB). Figure 9 illustrates the heat 
flow in the forward and reverse direction as well as a simplified 
view of the phonon propagation inspired by the work of Wang 
et al.[34]

In the forward direction indicated in Figure  9a, the heat 
source is in contact to the defective graphene. At the heat sink, 
the phonon density and the Umklapp scattering are low, which 
result in a high MFP of the phonons. From the heat sink to 
the heat source, the phonon density in the material increases. 
The scattering of the phonons with the impurities is the major 
scattering mechanism in the defected region, which is defined 
by the pore size and its density. The temperature depend-
ence of the thermal conductivity (k) of each region, defective 
versus nondefective graphene in the forward direction, is rep-
resented in Figure 9c. The solid red line indicates the thermal 

Adv. Electron. Mater. 2020, 2000625

Figure 9. Schematic drawing of thermal rectification in a partially defective graphene structure: a,b) The heat fluxes across the structure in the forward 
and reverse direction, respectively. c,d) Schematic drawing of the thermal conductivity (k) of the two cases above as a function of temperature (T). The 
solid lines show the effective thermal conductivity along the temperature gradient.
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conductivity trend for each region under the forward direction 
configuration.

In the reverse direction, indicated in Figure  9b, the heat 
source is connected to the nondefected graphene side. At the 
heat sink, the phonon density is low in the defective region. 
However, as already explained before, the dominant scattering 
process in this region is the phonon impurity scattering. On 
the one hand, the MFP in the defective region slightly differs 
with temperature and strongly depends on the pore density and 
size. On the other hand, in the nondefective region the thermal 
conductivity is increasing when going from the hot side to the 
junction due to the decreasing phonon density. The solid red 
lines of Figure 9d indicate the thermal conductivity (k) trend for 
each region under the reverse direction configuration. While in 
the forward direction a small mismatch between the thermal 
properties at the defective/nondefective interface occurs, this 
effect is bigger in the reverse case. The mismatch in thermal 
properties leads to different effective thermal conductivities 
depending on the directionality of the heat flux (kfwd  > krev), 
resulting in thermal rectification.[34]

Wang et  al.[34] investigated three different samples, with a 
similar structure as the one explained above with different pore 
densities and sizes in a high vacuum chamber. The authors fab-
ricated graphene sheets with the dimensions of few microme-
ters. A maximum rectification of RR ≈ 28% was observed under 
the following configuration: 14 nanopores with a diameter of 
100 nm. These results agreed well with a previous theoretical 
work done by Takahashi et al.[115] In this work, the authors pre-
dicted that the heat flow in a half vacancy defected single-wall 
carbon nanotube is enhanced in the direction from the defec-
tive to the pristine region.

Additionally, Wang et  al.[34] deposited carbon nanoparticles 
by electron beam on one side of a similar graphene nanosheet. 
The carbon deposited region of the graphene acted as a bottle-
neck for phonons similar to the one explained in Section 2.2.1. 

The authors obtained a maximum thermal rectification of 
about RR ≈ 10%.[34]

Other materials beyond graphene have been used to develop 
thermal diodes. Schmotz et  al.[116] proposed a thermal diode 
based on a silicon membrane as presented in Figure  10. An 
array of triangular and rhombic holes was milled with FIB 
on the membrane. Figure  10a illustrates this type of structure 
that results in different scattering mechanisms depending on 
the heat flow direction. On the one hand, the forward direc-
tion is indicated by the single red arrows. The array of holes 
is designed to facilitate the flow of reflected phonons at the 
triangular holes. On the other hand, the reverse direction is 
indicated by the blue arrows. In this situation, the phonons 
backscatter at the backside of the array, which leads to a reduc-
tion of the thermal transport in this direction. This type of 
diode mostly worked at low temperatures, around ≈150 K, in 
which phonon–phonon scattering is not dominant. Figure 10b 
shows an SEM image of the array of holes. A laser was used to 
heat up (temperature rise of ≈70 K) the surface at both sides 
of the array to account for thermal rectification. The maximum 
rectification ratio observed for this diode was RR ≈ 70%.

2.2.4. Theoretical Predictions of DIDs

The use of defects to create thermal rectification was investi-
gated theoretically in different ways. In the following section, 
we present approaches based on the implementation of vacan-
cies, foreign atoms, or grain boundaries in materials to obtain 
thermal rectification.

Guo et al.[117] proposed a defect-induced thermal diode based 
on N-doped graphene by means of a reverse NEMD simula-
tion at different temperatures (200, 300, and 600 K). A defect 
with a triangular asymmetric shape was designed in the center 
of a graphene layer. Similar to the blocking array of Schmotz 
et  al.[116] the phonon scattering was bound to be higher at the 
wider side of the triangle, which showed a reduction of the heat 
flux against this side. Then, the simulation was repeated under 
the scenario where the triangular defect is surrounded by 
nitrogen (N) doping atoms. In the undoped case, a rectification 
of RR ≈ 10% was obtained at an average temperature of 600 K. 
However, by varying the concentration of nitrogen doping the 
rectification increased up to a maximum of RR ≈ 24%. In a sim-
ilar NEMD approach, Yang et al.[118] simulated graphene sheets 
with a triangular asymmetric array of foreign nitrogen atoms. 
A maximum thermal rectification of RR ≈ 11% at an average 
temperature of 300 K was calculated, demonstrating that the 
heat transport from the low to the high N-atoms region was 
enhanced.

Loh and Baillargeat[22] used MD simulations to determine 
the thermal rectification of a single-wall BN nanotube. On the 
left side of the structure an amorphous carbon plug (aC) was 
placed inside of the BN nanotube. The scattering at the aC plug 
was leading to a sort of bottleneck due to the reduced space 
caused by the existence of the plug. A maximum thermal recti-
fication of around RR ≈ 9% at absolute temperatures between 
300 K (heat source) and 290 K (heat sink) was observed with 
a preferred direction from the pristine side to the aC plug 
side. When increasing the thermal bias, the phonon–phonon 
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Figure 10. Thermal rectification in a milled silicon membrane investigated 
by Schmotz et al.[116] a) Schematic drawing of a milled silicon membrane 
with triangular and rhombic holes. This structure results in a variation of 
the heat flux depending on the directionality, as indicated by the arrows. 
b) SEM images of the thermal diode. Reproduced with permission.[116] 
Copyright 2011, IOP Publishing and Deutsche Physikalische Gesellschaft.
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interaction became dominant, and the scattering at the aC plug 
became negligible. This led to a lower RR as the thermal bias 
increased.[22]

Cheng et  al.[23] theoretically investigated the thermal trans-
port in a diamond film with a gradient of material grains across 
the structure. This structure was showing large (growth side) 
versus small (nucleation side) grains from one side to the other. 
On the large grain side, the thermal conductivity was mainly 
dominated by phonon–phonon interactions which involved 
a reduction of the conductivity with increasing temperature. 
However, as the size of the grains reduced, the scattering at 
imperfections and grain boundaries increased. At the small 
grain side, the thermal conductivity remained almost invariant 
with increasing temperature. This behavior resulted into a JMT 
diode like effect. A maximum thermal rectification of RR ≈ 25% 
for an absolute temperature range between 175 K (heat sink) 
and 375 K (heat source) was determined using FEM. Similarly, 
this type of thermal diode could be implemented in other grain 
gradient microstructures materials.[23]

Similar to the DID structure presented by Wang et  al.[34] in 
Section  2.2.3, Nobakht et  al.[119] investigated a graphene sheet 
with a triangular arranged pore array. In their model, the 
authors designed a high pore density on the right side of the 
diode, which gradually decreased as we move to the left side 
of the diode. Using large-scale atomic/molecular massively par-
allel simulator (LAMMPS) simulations, the authors observed a 
higher heat flux from the lower pore density to the right side 
of the device, achieving a maximum thermal rectification of 
RR ≈ 78% at room temperature.

2.3. Summary and Comparison of Thermal Diodes

In this section, we presented the different approaches that have 
been used to develop thermal diodes. Table S1 (Supporting 
Information) summarizes the most representative parameters 
for a thermal diode, namely, the RR and the applied thermal 
bias ∆T. On the one hand, the RR are typically larger in two-
segment material devices. On the other hand, the results 
of material engineered devices are promising for the future 
progress of this technology and small dimensions applica-
tions. For two-segment diodes, PCM can be ideal candidates 
for use in applications with small thermal biases due to their 

sharp thermal conductivity transition, while JMT diodes can 
achieve larger RR at high thermal biases. This is a key aspect 
to take that into account when selecting a diode for a particular 
application.

Generally, solid-state thermal diodes present significantly 
lower RR than fluidic or mechanical devices.[12] However, nano-
technology has shown enormous potential for further improve-
ment of this technology.[34] Future research projects in the field 
of thermal rectification should focus on experimental proof of 
some of the devices reported theoretically.
Figure  11 summarizes the state-of-the-art characteristics of 

solid-state thermal diodes. Here, the advantages, problems, 
possible applications, approaches, and rectification ratios are 
summarized.

3. Thermal Switches

In this section, we present solid-state thermal control devices 
that are capable to switch between low (off state) and high 
thermal conductivity (on state).[2] These devices require of an 
external trigger, i.e., an electric or a magnetic field, pressure, 
or light, that induces a drastic change in their thermal proper-
ties.[2] This unique thermal management capability that dimin-
ishes (low k) or facilitates (high k) heat flow across the device 
would be of great use in heat engines,[2] cryogenics,[120] thermo-
electric,[121] refrigeration,[2,122,123] or spacecraft applications.[124]

This part is divided into different sections based on the 
external parameters that lead to a switch in the thermal prop-
erties of the device. Special attention is paid to the following 
features, which are key performance descriptors of thermal 
switches:

i. Switching thermal ratio: This determines the ability of the de-
vice to switch from a low conductivity (off state) to a high 
conductivity thermal (on state) state. It is mathematically ex-
pressed as

SR
on

off

Q

Q


=  (2)

where 
on

Q  and offQ  are the heat fluxes in the on and off state, 
respectively.
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Figure 11. Overview of the discussed rectification ratios, working approaches, problems, applications, and advantages of the solid-state thermal diodes.
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ii. Characteristic time τ: This defines how quickly the thermal 
switch transitions between on/off or off/on states.

3.1. Switching with Electric Field

In this section, we present solid-state thermal switches trig-
gered by an electric field. Ferroelectric materials, i.e., materials 
that change their electrical polarization due to an external elec-
tric field, are potential candidates.[125] A pristine ferroelectric 
material consists of many domains with a randomly orien-
tated spontaneous polarization, resulting in a net polarization 
close to zero. When applying an electrical field, domains with 
a polarization in a similar direction as the direction of the elec-
trical field are aligned with each other. At the maximum polari-
zation, most of the domains are oriented in the same direction. 
The thermal transport in ferroelectric materials is affected by 
the domain walls, i.e., domain boundaries, because heat car-
riers are bound to scatter at them.[126] The boundary scattering 
is minimized when the domain wall density is at its minimum. 
This occurs when the electric field is turned on and all domains 
are oriented in the same direction. Hence, the thermal switch is 
considered to be in the on state. When turning off the electric 
field, the domains misalign. This leads to an increased density 
of domain walls that enhances the scattering of phonons, i.e., 
reduces the thermal conductivity of the material.[126–128] Then, 
the thermal switch is considered to be in the off state.[126]

Foley et  al.[126] reported a ferroelectric thermal switch made 
of a thin film PbZr0.3Ti0.7O3 (PZT) membrane presented in 
Figure  12. Figure  12a illustrates the changes of the material 
due to the switching process. The authors observed an incre-
ment of the thermal conductivity with a SR ≈ 1.13 (from k  ≈ 
1.42 W m−1 K−1 to k ≈ 1.61 W m−1 K−1 at room temperature) by 
applying an electric field of 100 kV cm−1.[126] This process was 
reversed by turning off the electric field.[126] Figure 12b presents 
the thermal conductivity of the switch as a function of time 
during several cycles. The data show that the switching pro-
cess did not degrade after several cycles. The authors estimated 
that the characteristic time was down to τ ≈ 40 ns.[126] Addition-
ally, the authors stated that the magnitude of the electric field 

at switching was almost equal to the coercive field of PZT, i.e., 
the electrical field at which the polarization reverses.[126] This 
agreed well with the theory that the thermal switching occurs 
due to phonon scattering at the domain walls. In other words, 
below an electric field of 100 kV cm−1 domains started to shrink, 
the remaining polarization disappeared, and the thermal con-
ductivity decreased because of the increasing phonon domain 
wall scattering.[126]

Yigen and Champagne[129] reported the thermal modula-
tion of suspended graphene when doping it using a back-gate 
electrode. The authors studied the thermal conductivity of sus-
pended graphene at temperatures between 50 and 160 K.[129] 
The graphene was suspended above a Si/SiO2 substrate, which 
acted as a back-gate electrode, while being thermally connected 
to two gold contacts. A voltage VG up to 5 V was applied and 
the electronic thermal conductivity (ke) was extracted via self 
thermometry and self-heating methods. An increase of the 
electronic thermal conductivity by more than a factor of 2 
(from around 2 W m−1 K−1 at VG = 0 V, to above 4 W m−1 K−1 
at VG = −5 V and 100 K) was observed. The authors stated that 
high-energy carriers are injected into the suspended device and 
thus the increase of ke is related with the increase of the charge 
carrier while the bias is applied.[129]

Additionally, thermal switching has been observed in elec-
trochromic materials, which are specially interesting for space-
craft applications.[130,131] Electrochromic materials can vary their 
optical properties electrochemically,[132] which also affects their 
radiative heat transport. Radiative heat transfer is especially 
important for space applications, where radiation is the only 
efficient heat transfer mechanism. The thermal management 
of satellites has to take into account the temperature changes 
between day and night and changes in solar radiation between 
the exposed and shadowed position, which could differ up to 
2000 W m−2.[133] Demiryont et  al.[130,131] developed a thermal 
switch (EclipseVED), which consists of a multilayer struc-
ture containing a transparent electrode, an ion storage layer, 
an electrolyte layer, an electrochromic layer, and a reflective 
electrode. When a low voltage (±1 V) was applied, the electro-
chromic material switched between a colored high emittance 
state (on) and a bleached low emittance state (off). On the one 
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Figure 12. Thermal switching in a ferroelectric thin film investigated by Foley et al.[126] a) Schematic drawing of the structural changes due to domain 
wall movement when applying an electrical field. When an electric field is applied, the domain wall density decreases (left side). Without electric field, 
the phonon scattering at the domain walls is increased (right side), and b) thermal conductivity (k) variation as a function of time (t) with electric field 
for multiple cycles. Reproduced with permission.[126] Copyright 2018, American Chemical Society.
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hand, heat was efficiently radiated due to the high emittance 
of the electrochromic layer in the on state. On the other hand, 
heat was retained due to the low emittance in the off state.[130] 
The authors claimed that the emittance of this device can be 
switched with a SR ≈ 7.7 at a temperature of 300 K.[131] In this 
particular case, space was considered as the heat sink. Typical 
electrochromic materials are metal oxides,[134–136] small organic 
and inorganic materials, or conjugated polymers.[137,138]

3.1.1. Theoretical Predictions of Thermal Switches with an Electric 
Field

Recently, some theoretical works have been carried out tar-
geting thermal switching effects in ferroelectric materials. Liu 
et al.[125] used linearized Boltzmann transport equations to pre-
dict thermal switching in other ferroelectric materials. In this 
theoretical work, the authors investigated ferroelectric PbTiO3 
(PTO) structures and determined how the thermal conductivity 
of the material changed under the presence of an electric field. 
Their results showed that in order to maximize the switching 
properties of this type of ferroelectric switches, three strate-
gies must be followed: i) use samples with domain sizes larger 
than the critical domain size; ii) maximize the sensitivity of the 
domain sizes to an electrical field; and iii) decrease the absolute 
temperature to maximize the thermal conductivity and increase 
the switchability.[124] Additionally, Bellido et  al.[139] reported on 
the impact of the domain walls in similar structures, showing 
promising properties for thermal switches. Liu et  al.[140] theo-
retically investigated thermal switching in BaTiO3 triggered by 
an electric field. Their results indicated a theoretical maximum 
switching ratio of 9.4.

3.2. Switching with Magnetic Field

In this section, we present thermal switches triggered by a mag-
netic field. Several magnetic materials and structures have been 
explored for thermal switching.[141,142] Some of these thermal 
switches were observed at low temperature,[120,143] which make 
them good candidates for cryogenic applications.[143]

Zhao et  al.[141] presented a thermal switch based on an 
antiferromagnetic Co3V2O8 single-crystal insulator at low 
temperatures. This material was used as a thermal switch at 
temperatures between 6 and 12 K. In this temperature range, 
magnetic phase transitions occur from a paramagnetic to a 
commensurate ferromagnetic phase with several intermediate 
transitions. At the phase transition, phonon scattering was 
increased by the magnetic excitation of the transition process, 
which decreased the thermal conductivity.[144] The authors 
observed that the magnetic ground state can be stabilized by 
applying a magnetic field up to 14 T. The presence of this mag-
netic field (on state) reduced the phonon scattering, leading to 
an increase of the thermal conductivity.[141] This resulted into a 
maximum SR ≈ 100.

Ferromagnetic materials can also be used for developing 
thermal switches. In these materials, it is important to take into 
account that not only phonons and electrons but also magnons 
transport heat.[145–147] A magnon is a quantized spin wave due to 

the exchange interaction of the electron spins in the ferromag-
netic material.[148] It can be seen as a quasiparticle, whose prop-
erties are strongly dependent on the arrangement of the mag-
netic moments, the domain wall distribution, and the applied 
magnetic field. As an example, Huang et  al.[149] investigated a 
thermal switch based on ferromagnetic Ni nanowires. In these 
ferroelectric structures, when no magnetic field was applied 
(on state), the total thermal conductivity (ktotal) could then be 
expressed as follows

total e ph m _ short m _ longκ κ κ κ κ= + + +  (3)

where κe is the electronic, κph is the lattice, κm_short the mag-
nonic (with short wavelength) and κm_long the magnonic (with 
long wavelength) thermal conductivity contributions. However, 
when a magnetic field of certain magnitude was applied to the 
sample, the long wavelength magnons were inhibited from 
contributing to the net thermal conductivity.[149] This led to a 
variation of the thermal conductivity of the sample. Under a 
magnetic field applied (off state), the total thermal conductivity 
could be expressed as

total e ph m _ shortκ κ κ κ= + +  (4)

Therefore, the difference in thermal conductivity between 
the on and off state was mostly due to the change of long wave-
length magnons, i.e., ∆k ∼ km_long. The authors observed a vari-
ation of the total thermal conductivity from k = 32 W m−1 K−1 
to k  = 12 W m−1 K−1 when applying a magnetic field up to 
0.101 T at room temperature. This change is equal to a thermal 
switching ratio of ≈ 2.7.

Kimling et  al.[150] developed a thermal switch based on a 
nanometer ferromagnetic Co/Cu multilayer structure. The 
thermal switch was achieved by combining layers of Co fol-
lowed by Cu layers. In this configuration, an external mag-
netic field varied the remanent magnetic polarization of the Co 
layers. When a magnetic field was applied to this multilayer 
structure, all the Co layers were oriented in a parallel direction 
so that the spin-up electrons were transported easily along the 
Co/Cu layer. Under no magnetic field applied, the configuration 
was antiparallel, and the carrier transport was diminished. As a 
consequence, the authors observed a variation of the thermal 
conductivity from k = 18 W m−1 K−1 (antiparallel configuration) 
to k = 32 W m−1 K−1 (parallel configuration) under a magnetic 
field of 200 mT.

Dhara et  al.[151] explored the tunability of the thermal con-
ductivity of an InAs nanowire field-effect transistor. In their 
measurements, the authors investigated both the influence of a 
magnetic and an electrostatic field on the thermal conductivity. 
The thermal properties were obtained by means of a modified 
3ω method while applying a magnetic field and at different 
gate voltages of the transistor structure at low temperatures 
between 10 and 50 K. At a gate voltage of −10 V the thermal 
conductivity was measured to be k ≈ 0.2 W m−1 K−1 and at 10 V 
k ≈ 0.5 W m−1 K−1 with SR ≈ 2.5. In the same device, the authors 
observed a reduction from k ≈ 0.45 to k ≈ 0.2 W m−1 K−1 with SR 
≈ 2.3 when applying a magnetic field of 6 T.

Additionally, superconductors have also been proposed 
for developing low-temperature thermal switches.[143] In this 
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particular case, the thermal switching occurs when an external 
magnetic field above the critical field of the superconductor 
is applied. In pure metal superconductors, e.g., Sn or Pb, a 
switching ratio of above SR ≈ 100 could be achieved at tempera-
tures below 1 K.[143]

3.2.1. Theoretical Predictions of Thermal Switching with a 
Magnetic Field

Latella and Ben-Abdallah[152] theoretically calculated the thermal 
resistance changes of a linear InSb nanoparticle chain. A 
thermal gradient was set along the chain and the structure 
was investigated at room temperature using a Landauer-
like formalism. The radius of the nanoparticle was set to 
be 100 nm with 200 nm distance between two particles. The 
authors observed an increase of the thermal resistance by 
almost a factor of 2 when a magnetic field of 2 T was applied to 
it (SR ≈ 2). The authors stated that the change of thermal resist-
ance was due to a shift of the resonant heat transfer modes.

3.3. Switching with Pressure/Strain

In this section, we present thermal switches triggered by 
a change in the external pressure or due to strain. When an 
external pressure is applied to the material, it can induce a 
phase change that leads to changes in the thermal properties 
of the material. As an example, Talyzin et al.[153] worked on the 
phase transition in mm sized LiBH4 structures through the 
application of high pressure (≈1 GPa). The authors observed 
that the thermal conductivity switched by a factor of 2–3 when 
the pressure was varied from 1 to 0.5 GPa. This is due to a mate-
rial phase transition that happens at ≈0.7 GPa, which led to an 
increase of the thermal conductivity from k ≈ 1.5 W m−1 K−1 to 
k ≈ 3.5 W m−1 K −1. Using these values, a switching ratio of ≈2.3 
was obtained.

Similarly, McGuire et  al.[154] proposed a pressure thermal 
switch based on the B1 (face-centered cubic) to B2 (body-
centered cubic) phase transition in NaCl.[154] Originally, this 
structure was not presented as a thermal switch, but the data 
of the changes in the thermal conductivity were equal to a 
switching ratio of ≈1.6.[154]

Zeng et  al.[155] investigated the thermal conductivity in 
strained multilayer graphene. The authors measured the 
thermal conductivity as a function of an applied tensile strain. 
The thermal conductivity decreased from k ≈ 551 W m−1 K−1 in 
the unstrained state to k ≈ 395 W m−1 K−1 at a tensile strain of 
1%, which is equal to a SR ≈ 1.4. The authors stated that the 
reduction of thermal conductivity was related to an increased 
phonon-grain boundary scattering induced due to the strain.[155]

3.3.1. Theoretical Predictions of Thermal Switching with 
Pressure/Strain

Liu et al.[156] theoretically evaluated a switchable graphene struc-
ture triggered by an external pressure. The authors investigated 
a single-layer graphene device which is partly sandwiched by 

two clamps in the center of the layer. The distance between 
the two clamps was adjusted due to the external pressure. The 
authors used MD simulations to evaluate the difference in the 
heat flux depending on the applied pressure. The heat flux was 
induced due to a heat source and heat sink located at the two 
ends of the graphene layer. By applying an external pressure of 
50 GPa a switching of the heat flux with a factor of up to SR ≈ 
1.5 was observed. The authors claimed that the external pres-
sure induced a change in the phonon dispersion relation of the 
clamped region. As a result, phonon scattering at the interface 
of the clamped/nonclamped region occurs, leading to a reduced 
heat flux.

Gao et al.[157] investigated a switchable MoS2/Graphene Bilayer 
heterostructure triggered by an external strain using LAMMPS 
simulations. The authors calculated the thermal conductivity in 
a heterostructure consisting of a single layer of graphene and a 
single layer of MoS2 with a spacing of 0.335 nm between layers. 
First, the heterostructure was equilibrated at 300 K. Then a uni-
form stretching was induced along the x-direction. A heat flux 
was obtained by applying a temperature gradient from 320 K at 
the heat source to 280 K at the heat sink. In the unstrained case, 
a thermal conductivity of around 34 W m−1 K−1 was predicted. 
At a strain of 15% the predicted thermal conductivity reduced 
to 18 W m−1 K−1, which would result in a SR ≈ 1.9. The authors 
claimed that the application of the strain was leading to a shift of 
the phonon frequency from high to low modes, which resulted 
in the decreased thermal conductivity.

3.4. Switching with Light

In this section, we present a polymer thermal switch, trig-
gered by a light stimulus. Polymers are attractive materials 
for thermal management given their possibilities to tune their 
thermal conductivity with doping,[158] porosity,[159] size,[160] or 
chain orientation,[161] among others. Additionally, polymers 
can change their structures due to external stimuli. As an 
example, Shin et  al.[162] reported for azobenzene polymer a 
change of structure from a planar (trans) to a nonplanar (cis) in 
response to UV light stimuli. The whole switching process is 
illustrated in Figure 13. In Figure 13a,b the structural change of 
this polymer thermal switch is illustrated. When radiating the 
sample with an UV light (wavelength of 375 nm), the polymer 
switches from its trans to its cis structure. However, by radi-
ating the polymer with green light (wavelength of 530 nm), the 
polymer switches back to the trans structure. Figure 13c shows 
how the thermal conductivity of the polymer changes under 
these stimuli. The authors measured thermal conductivity 
changes from k  ≈ 0.35 W m−1 K−1 to k  ≈ 0.1 W m−1 K−1, i.e., 
SR of ≈3.5. Figure 13d shows several thermal switching cycles, 
indicating that this process was reversible. The characteristic 
switching times were estimated to be τ ≈ 10 s.

3.5. Summary and Comparison of Thermal Switches

In Section  3, we presented the recent progress in solid-state 
thermal switches. Table S2 (Supporting Information) com-
pares the most important features of the thermal switches 
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presented in this section, like switching ratios, temperature 
of application, and type/magnitude of the external trigger 
applied. High SRs can be obtained at low temperatures in 
magnetic materials, which is especially interesting for cryo-
genic applications.

In comparison to fluidic and especially mechanical 
devices,[12] the SRs for solid-state thermal control devices under 
ambient conditions are still relatively low. The SR values for 
solid-state devices typically start from below 2 (ferroelectric 
PZT[126] or Co/Cu Multilayer[150]), to values between 2.5 and 3.5 
(Ni nanowires[149] or azobenzene[162]) up to values above 5 (e.g., 
electrochromic materials[130,131]). In fluidic thermal switches 
at ambient conditions, SR values start below 2 (electrically/
magnetically induced anisotropy in liquid crystals[163,164]), to 
higher values typically around 10–50 (fluidic bridge thermal 
switch with glycerol[165] or nanofluids[166]) and above (fluidic 
bridge thermal switch with galinstan and vaporized NaOH[167] 
and electrically induced jumping water droplets in air[168]). In 
mechanical devices, SR values start around 2 (thermal switch 
based on electromechanical effect in aluminium film[169]), can 
overcome SR = 20 in some cases (thermal switch based on elec-
tromechanical effect in parylene C[170]), or SR ≤ 1000 in some 
particular cases (thermal switch based on electromechanical 
effect in polypropylene film[171]).

However, the recent progress of the field over the recent 
decade shows a high potential for further improvement. Future 

thermal switches need to be designed to maximize the SR and 
characteristic time by considering new material structures and 
strategies.[139] An improvement in the properties of solid-state 
thermal switches is key to use them for thermal management 
applications.
Figure  14 shows key aspects of the reviewed solid-state 

thermal switches of this section. Hereby the advantages, prob-
lems, possible applications, materials, switching times, and 
switching ratios are summarized.

4. Thermal Regulators

In this section, we present solid-state devices for thermal 
regulation. The thermal properties of thermal regulators are 
modified with temperature.[172] In these devices, the thermal 
conductivity of the material changes when a critical transition 
temperature, Tcrit, is reached. This is typically due to a change 
of the material crystal structure.[172] PCMs are the main class of 
thermal regulators, since their change of phase at certain tem-
perature leads to a variation in their thermal properties.[172,173] 
In this section, we review different types of solid-to-solid PCMs 
that can be used as thermal regulators. This type of device can 
be integrated in electronics to prevent overheating,[2] as well as 
in other applications, such as cryogenics,[174] phononic data pro-
cessing,[10] or thermal energy storage.[173]
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Figure 13. Thermal switching in azobenzene polymers investigated by Shin et al.[162] a,b) The polymer changes its structure (trans vs cis) under UV or 
green light stimuli; thermal conductivity (k) variation of the trans and cis structures c) as a function of the temperature (T) and d) as a function of time 
(t). Adapted with permission.[162] Copyright 2019, PNAS.
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First, we review thermal regulators based on solid-to-solid 
metal alloy phase changes. Second, we present MIT solid-state 
thermal regulators based on VO2. Special attention is paid to 
the following features, which are key to determine the perfor-
mance of thermal regulators:

i. Switching thermal regulation ratio: The definition is the same 
as the SR explained for thermal switches in Equation (2).

ii. Characteristic time (τ): This defines how quickly the ther-
mal properties of the regulator vary at the transition 
temperature.

4.1. Thermal Regulators Based on Metal Alloys

Compounds of base metals,[175] known as metal alloys, exhibit 
solid-to-solid phase change. They show potential to modulate 
their thermal properties for thermal regulation applications. 
As an example, Zheng et al.[176] reported thermal regulation in 
MnxMGe (M = Co, Ni, 0.98 < x  < 1.02) alloys that transform 
from a martensitic to an austenitic phase between 300 and 
600 K depending on the material composition. This phase 
change resulted in the formation of twin boundaries, i.e., grain 
boundaries that were oriented in parallel. These twin bound-
aries contributed to the scattering of heat carriers, leading to 
a reduction of the thermal conductivity. The authors reported 
a maximum switching of the thermal conductivity from 
k ≈ 11 W m−1 K−1 to k ≈ 15.5 W m−1 K−1 (SR ≈ 1.4) for Mn1.014NiGe 
with a phase transition temperature at near Tcrit ≈ 600 K. Addi-
tionally, the authors also observed thermal switching behavior 
in Mn1.007CoGe, with a thermal conductivity variation from k ≈ 
7 W m−1 K−1 to k ≈ 8.5 W m−1 K−1 and corresponding SR ≈ 1.21. 
These results show major improvements compared to previous 
investigated metal alloys, such as NiTi.[177]

Recently, Zheng et al.[172] also presented new types of thermal 
regulators based on polycrystalline Ni-Mn-In Heusler alloys, 
whose thermal regulation working principle was similar to the 
one explained above. In these structures, the phase transition 
occurred between 320 and 370 K. As shown in Figure 15a, the 
authors observed reversible switching of the thermal conduc-
tivity from k  ≈ 7.5 W m−1 K−1 to k  ≈ 13 W m−1 K−1 with SR ≈ 
1.75. Moreover, the authors calculated the average logarithmic 
rate of change in thermal conductivity in a certain tempera-

ture range as 
( ln( ))

( ln( ))
Z

k

T
=

∂

∂
 for Ni-Mn-In alloys in comparison 

to other materials.[172] This parameter gives an indication on 
how fast a change in the thermal conductivity occurs.[172] The Z 
values of Ni-Mn-In alloys and other materials are presented in 
Figure 15b.

4.2. Thermal Regulators Based on VO2

As explained in Section  2.1.2, VO2 is one of the well-known 
solid-to-solid phase change materials. VO2 can be used as a 
component in thermal diodes as discussed earlier, but also as 
a thermal regulator, taking advantage of its insulator-to-metal 
phase change transition at a temperature of Tcrit ≈ 340 K.

Dahal et  al.[178] developed a thermal regulator based on a 
vanadium (V) core surrounded by a VO2 shell (V-VO2 core 
shell) which is schematically shown in Figure 15c. The struc-
tures are thermally insulating below Tcrit ≈ 340 K, due to the 
insulating VO2 shell. However, above the transition temper-
ature, free electrons can be transferred from the metallic V 
core to the metallic VO2 shell. Since the electrons are heat car-
riers, this resulted in a higher thermal conductivity. On the 
one hand, changes in the electronic component of thermal 
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Figure 14. Overview of the discussed switching ratios and times, working materials, problems, applications, and advantages of solid-state thermal 
switches.
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conductivity were relatively high (from ke  ≈1.5 W m−1 K−1 to 
ke  ≈ 4.5 W m−1 K−1). On the other hand, the lattice compo-
nent of the thermal conductivity decreased at the same time 
(from kph ≈ 6.5 W m−1 K−1 to kph ≈ 4.5 W m−1 K−1). This led to 
a rather small change in the total thermal conductivity, with a 
maximum SR ≈ 1.22.

Another approach was reported by Xie et  al.,[173] who pro-
posed a single-crystalline VO2 nanobeam structure to achieve 
controlled thermal regulation. Figure  15d shows the VO2 
nanobeam connecting an input terminal Tin as a heat source 
to an output terminal Tout as a heat sink. Both terminals 
are connected to the substrate with the temperature (Tbase). 
When the input terminal is heated up, the heat flows to the 
output terminal across the nanobeam and to the substrate. 
When the input temperature reaches Tcrit ≈ 340 K, the phase 
of the VO2 nanobeam changed from insulating to metallic, 
resulting in a sharp increase of Tout. The authors obtained 
a high and a low temperature state in the output terminal 
which was regulated due to the phase change.[173] Under this 
configuration, the VO2 nanobeam can work as a thermal 
memory. The authors observed a SR ≈ 1.07 in the nanobeam 
when reaching Tcrit ≈ 340 K with a characteristic time of τ ≈ 
4 s. This effect, the authors applied a bias between the two 
terminals, as shown in Figure 15d. The authors observed an 
enhancement of the switching ratio and a reduction of the 
phase change transition temperature. The electronic contri-
bution to the thermal transport was significantly higher than 
before so that the impact in the total thermal conductivity 
was higher as well.

4.3. Thermal Regulators Based on PE Nanofibers

Zhang and Luo[179] proposed the use of PE nanofibers to develop 
a thermal regulator. PE nanofibers can change their phase from 
an ordered to a disordered system when reaching a transition 
temperature.[76] Using NEMD simulations on a PE nanofiber 
chain, the authors reported a SR ≈ 5 due to a phase transition at 
around Tcrit ≈ 400 K. Additionally, the simulation was repeated 
under strained conditions, showing that the initial thermal con-
ductivity of PE nanofibers can be adjusted from k ≈ 10 W m−1 K 
to almost k ≈ 50 W m−1 K−1.

Recently, such a thermal regulation was investigated experi-
mentally by Shrestha et  al.,[180] where the authors showed 
promising properties of PE nanofibers for thermal regulation. 
In this case, the thermal conductance of the fiber is regulated 
with switching ratios up to 10 and the transition occurs at tem-
peratures above Tcrit ≈ 400 K.

4.4. Summary and Comparison of Thermal Regulators

In Section 4, we presented the recent progress in solid-state 
thermal regulators. Table S3 (Supporting Information) sum-
marizes the most important features of the thermal regula-
tors presented in this review, like the SR, working temperature 
(i.e., the range of temperature in which the regulator can 
work), and the transition temperature (Tcrit). While VO2 is an 
often-considered material for thermal regulation purposes, the 
Heusler alloys reported by Zheng et  al.[172] present one of the 
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Figure 15. Thermal regulation in different structures. a) Thermal conductivity (k) of the Ni-Mn-In alloy investigated by Zheng et al.[172] as a function of 
the temperature (T) during the heating and cooling processes, b) average logarithmic rate change (Z) versus T for a selection of materials including 
Ni-Mn-In alloy samples (point A–D). Reproduced with permission.[172] Copyright 2019, Advanced Engineering Materials. c) schematic image of the 
VO2/V core–shell structure investigated by Dahal et al.[178] Reproduced with permission.[178] Copyright 2017, RSC Advances. d) Schematic drawing of 
the VO2 nanobeam thermal regulator device developed by Xie et al.[173] Reproduced with permission.[173] Copyright 2011, Advanced Functional Materials.
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largest thermal regulation ratios to date near room tempera-
ture. Recently, Shrestha et  al.[180] showed high thermal regula-
tion in PE nanofibers at temperatures above 400 K. However in 
comparison to fluidic and mechanical devices where switching 
ratios above 100 were obtained, these SRs (usually below 2) are 
still moderate.[12] While the ability to modulate the thermal con-
ductivity in solid-state thermal regulators and switches holds 
great promise to develop a novel thermal technology, like heat 
logic,[10] future work must focus on enlarging the SR using new 
phase change materials or strategies. As an example, silver 
sulfides and silver selenides are materials that could also be 
used for thermal regulation purposes.[53,181] Others like pentae-
rythritol,[182] manganese,[183] or Ge2Sb2Te5

[184,185] could also lead 
to highly switchable thermal devices. Those materials might be 
the base for further research to develop new solid-state thermal 
regulators.
Figure  16 shows the key aspects of the solid-state thermal 

regulator devices that have been discussed in this section. Here 
we consider the switching ratios, the used materials, possible 
applications, advantages, and problems.

5. Thermal Transistors

In this section, we present the recent developments of solid-
state thermal transistors. While in a thermal switch we have 
two distinct on and off states, thermal transistors typically 
allow a higher modulation of the thermal conductivity of the 
sample.[186] Strictly speaking, the thermal transistors reported 
here do not amplify the heat flow with the gate, as their elec-
trical counterparts can do with electrical signals, but they work 
more like modulators for heat.[186] Thermal transistors are the 
holy grail component for thermal management applications 
that require a more dynamic control.[187] For example, thermal 
transistors (as thermal switches) could be used in batteries to 
avoid overheating[188] or as a thermostat in a car.[189] When the 
car battery is cold the thermal transistor remains off to retain 
energy.[189] When the car battery is overheating the thermal 
transistor is turned on to facilitate the heat dissipation and 
to maintain an optimal operating temperature.[189] Another 
example of usage could be in phase change energy storage 
elements, between the storage element and the heat source. 
When the heat source is active, the thermal transistor could be 

in a thermally conductive state, which allows the phase change 
material to absorb heat rapidly. Once the energy is stored via 
the phase change, the thermal transistor could change to an 
insulating state. Additionally, the solid-state thermal transistor 
is a key element to develop future thermal technology based on 
heat logic (thermal computers).[9,189,190]

This section focuses mainly on electrochemical thermal 
transistors, as this is one of the most popular approaches to 
modulate the thermal conductance across the material. It is 
worth noting that some of the thermal switches presented in 
Section  3 could be categorized as thermal modulators. How-
ever, we believe that the devices presented in this section are 
better categorized as transistors because of the more contin-
uous thermal modulation in comparison to the strict separation 
of thermal states characteristic of switches. Special attention is 
paid to the following features, which are key to determine the 
performance of thermal transistors:

i. Switching thermal ratio: The maximum achievable difference 
between the lowest and highest possible heat flux across the 
device. This is equally defined as the SR in Equation (2).

ii. Characteristic time τ: The time needed to change the thermal 
conductivity from its maximum to its minimum value, and 
vice versa.

5.1. Thermal Transistor Based on LixCoO2

Cho et  al.[191] proposed a LixCoO2 structure with a reversible 
lithiation intercalation process that can work as a thermal 
transistor. The results of this publication are presented in 
Figure 17. Figure  17a illustrates this device, where the electro-
chemical cell consists of a 500 nm thick LiCoO2 cathode and 
a Li counter electrode. LiCoO2 was used because of its revers-
ible lithiation characteristics. The liquid electrolyte in between 
the electrodes was composed by 1:1 ethylene carbonate and 
dimethyl carbonate containing 1 m LiClO4. Sapphire was used 
as the substrate because of its optical transparency and high 
thermal conductivity, which assured a low temperature rise 
during the measurement of the thermal conductivity with time-
domain thermoreflectance (TDTR).[191] The Al layer worked as 
thermal transducer and the SiO2 layer acted as a thermal insu-
lator between Al and sapphire. The LiCoO2 was annealed at 
500 °C to maximize its discharge capacity. During the charging 
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Figure 16. Overview of the discussed switching ratios, working materials, problems, applications, and advantages of solid-state thermal regulators.
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process, the Li content of LixCoO2 was decreasing to a value of 
x = 0.6. The electrochemical cell was cycled between a working 
voltage VWE 3 and 4.2 V, while after each charge/discharge step 
the potential was held constant for 1 h.

Figure  17b shows the potential and the thermal conduc-
tivity variation during different charging and discharging 
cycles. During the charging process the cross-plane thermal 
conductivity decreased from a value of k  ≈ 5.4 W m−1 K−1 to 
k ≈ 3.7 W m−1 K−1. This is equivalent to a maximum SR ≈ 1.5, 
while the characteristic time was τ ≈ 6 h. Figure 17c shows the 
potential and thermal conductivity as a function of the Li con-
tent x during the electrochemical reaction. As the Li content 
reduced, the thermal conductivity decreases until it saturated for 
values below 0.8. In order to explain this behavior, the authors 
considered two plausible explanations: i) LixCoO2 has two 
phases with two different thermal conductivities; ii) the phonon 
scattering is increased due to Li-vacancies in the charged state.

5.2. Thermal Transistor Based on Black Phosphorus (BP)

Kang et al.[192] proposed a bulk black phosphorus sample in an 
electrochemical bath to control the thermal conductance via 
Li ion intercalation as illustrated in Figure 18. Black phospho-
rous has a high specific capacity for ionic Li intercalation,[193] 
which makes it a good candidate for developing an electro-
chemical thermal transistor. Similar to the LiCoO2 transistor 
of Section  5.1, this structure is suitable for charging and dis-
charging of the phosphor electrode using Li. Figure  18a illus-
trates the black phosphorus thermal transistor, where the Li 
electrolyte is located between the two electrodes, i.e., BP and 
Li. The authors measured the thermal properties of the BP via 
TDTR. Under this configuration, Li ions were reversibly inter-
calated into the BP.

The results of the cross-plane thermal conductivity (kc) as a 
function of Li content x and as function of the cycle number 
is shown in Figure  18b,c, respectively. The authors claimed 
that the foreign Li atoms acted as phonon scattering centers, 
leading to a thermal conductivity decrease as the Li content 
increased. The maximum switching ratio was SR ≈ 1.6 which 
is slightly higher than in the LixCoO2 transistor presented in 
Section  5.1. In order to reach an equilibrium, a long waiting 
time between the steps was chosen, resulting in a characteristic 
time of τ ≈ 36 h. Nevertheless, this characteristic time could be 
lower by reducing the time between steps.

5.3. Thermal Transistor Based on Thin MoS2 Films

Sood et  al.[187,194] reported a thermal transistor based on the 
lithiation and delithiation processes of a 10 nm thick MoS2 
film as illustrated in Figure 19. Figure 19a illustrates the setup 
and the electrochemical cell used for developing such device. A 
lithium pellet was used as the reference electrode while MoS2 
was used as the working electrode. These two are immersed in 
a LiPF6 electrolyte. Figure 19b shows that the Li ions intercalate 
between MoS2 layers during lithiation and that the Al layer on 
top of this material was used as a transducer for TDTR meas-
urements. The Li content x in the MoS2 was adjusted from 
pristine (x = 0) to fully lithiated (x = 1). Figure 19c,d shows the 
variation of the thermal conductance G during lithiation and 
delithiation process over time and in terms of Li content x, 
respectively.

The characteristic time was τ  ≈ 14 min which is drasti-
cally lower in comparison to the transistors presented before. 
Additionally, the switching ratio was SR ≈ 10, being one of the 
highest thermal ratios reported to date for solid-state thermal 
transistors (and switches).[187] The authors carried out NEMD 

Figure 17. LixCoO2 thermal transistor investigated by Cho et al.[191] a) Schematic drawing of the thermal transistor, b) thermal conductivity (k) and poten-
tial of LixCoO2 during two complete cycles of delithiation and lithiation as a function of time (t) and c) as a function of the Li content (x). Reproduced 
with permission.[191] Copyright 2014, Nature Communications.



www.advancedsciencenews.com

© 2020 Wiley-VCH GmbH2000625 (21 of 28)

www.advelectronicmat.de

Adv. Electron. Mater. 2020, 2000625

simulations of the steady heat flux across the LixMoS2 film in 
order to understand the fundamental reasons for the reduction 
of the thermal conductance with increasing x. Based on these 
results, the authors considered three mechanisms for such 
behavior: First, the Li atoms act as phonon rattlers, enhancing 
the phonon scattering and reducing phonon lifetime.[187,195] 
Second, the intercalation of the Li atoms leads to a strain in 

c-axis, which reduces the group velocity (v) of the phonons. 
Third, it is assumed that the MoS2 lattice is stacked by so-called 
2H-MoS2 phase layers in the unlithiated state. Due to the lithi-
ation, the lattice structure changes and is stacked alternating 
by a 2H-LiMoS2 and a 1T-LiMoS2 layer. Zhu et al.[196] stated that 
the disorder created due to the coexistence of these two layers 
results in a reduction of thermal conductivity in MoS2. These 

Figure 18. Black phosphorous thermal transistor investigated by Kang et al.[192] a) Schematic drawing of the BP thermal transistor, b) cross-plane 
thermal conductivity (kc) as a function of the Li content (x) while discharging (solid rectangular symbols are experimental data, solid line is fitting), 
c) kc of the full charged state at a working voltage of VWE = 2 V (black squares) and at VWE = 0.78 V (red circles) as a function of the cycle number. 
Reproduced with permission.[192] Copyright 2017, American Chemical Society.

Figure 19. MoS2 thermal transistor investigated by Sood et al.[187] a) Schematic drawing of the LixMoS2 thermal transistor, b) cross-section view along 
the MoS2 lithiated sample, thermal conductance (G) of the LixMoS2 during the electrochemical reaction as a function of c) the reaction time (t) and 
d) the Li content (x). Reproduced with permission.[187] Copyright 2018, Nature Communications.
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three mechanisms are believed to explain the big difference in 
the thermal conductance observed experimentally between the 
lithiation and delithiation states.[187]

5.4. Thermal Transistor Based on SrCoOx

Lu et  al.[197] presented an electrochemical cell with tunable 
thermal conductivity based on the phase transition of SrCoOx. 
The authors showed that a phase change of brownmillerite 
SrCoO2.5 (BM-SCO) to perovskite SrCoO3 (P-SCO) can be 
induced by applying an anodic bias. But also, the authors 
observed a phase change from BM-SCO to a hydrogenated 
H-SrCoO2.5 (H-SCO) phase by applying a cathodic bias. In 
their setup, the authors deposited a thin film BM-SCO on an 
yttria-stabilized zirconia (YSZ) substrate via pulsed laser depo-
sition (PLD). The authors used an ionic liquid as the electrolyte 
and a Pt wire as the counter electrode for the electrochemical 
cycling. As a part of their project the authors demonstrated that 
the thermal conductivity was tuned from k ≈ 1.70 W m−1 K−1 in 
BM-SCO to k ≈ 4.33 W m−1 K−1 in PV-SCO which is equal to a 
switching ratio of ≈2.5.[197] In H-SCO, the authors measured an 
even lower thermal conductivity of k ≈ 0.44 W m−1 K−1.

The authors claimed that the changes in thermal conduc-
tivity are caused by the changes in the oxygen stoichiometry, 
lattice constant, and lattice symmetry, while the influence of 
the electrical changes on the thermal conductivity is compa-
rable small.[197] In SrCoOx oxygen vacancies acted as traditional 
defects. Thus, in the BM-SCO the higher amount of oxygen 
vacancies induces an increase in phonon scattering. BM-SCO 
has a higher lattice constant than PV-SCO. The authors claimed 
that the resulting lattice expansion is leading to a decrease in 
thermal conductivity in the BM phase.[197] Moreover, the authors 
hypothesized that PV-SCO should have the highest thermal 
conductivity due to its high lattice symmetry. A higher lat-
tice symmetry leads to a constriction of the phonon scattering 
space.[197,198] Finally, the initial oxidation step from BM-SCO 
to P-SCO can be achieved within a minute, while the reversed 
step took longer.[197] Further research will be required to deter-
mine the exact cycling time in this particular material. In a dif-
ferent research project, a phase transformation from H-SCO to 

BM-HSCO and from P-SCO to BM-SCO was achieved with a 
transformation time of 38 min in both cases.[199]

5.5. Summary and Comparison of Thermal Transistors

In this section, we showed that electrochemistry presents an 
enormous potential to develop thermal transistors. Table S4 
(Supporting Information) summarizes the most important fea-
tures of the thermal transistors working at room temperature 
and presented in this review, like SRs, switching times τ, type 
and thickness of the materials used. The largest SR and fastest 
cycle time to date were achieved for the MoS2 sample.[187] As 
the authors claimed, the switching ratio of ≈10 observed for this 
thermal transistor represents an important advance in the field. 
As an example, the inclusion of these thermal devices in power 
electronics could avoid failure due to temperature oscillations. 
First-order calculations suggested that their MoS2 thermal tran-
sistor will reduce the temperature swing in a device by 10×, 
and increase its lifetime by ≈3000×.[187] Although this is very 
promising, the thermal characteristic times are still moderate 
(τ ≈ 14 min full cycle time). Future work should focus on devel-
oping thermal transistors with faster cycling times to respond 
better to the fast heat flux transients found in electronic devices.
Figure 20 summarizes key aspects of the solid-state thermal 

transistors reviewed in this section, like switching ratios/
time, materials used, advantages/problems, and possible 
applications.

6. Future Work and Outlook

Solid-state thermal control devices represent an emerging field 
that could make the leap into advanced heat control, expanding 
our thermal management capabilities or developing new 
thermal technology, like computing using heat logic. However, 
one of the limiting factors of these thermal devices is related to 
their characteristic performances.[12]

In order to make progress in this field, solid-state thermal 
control devices should reach performances much higher than 
those observed to date. Nanotechnology has contributed to 

Figure 20. Overview of the discussed switching ratio, characteristic time, problems, applications, and advantages of solid-state thermal transistors. 
Thermal transistor diagram reproduced with permission.[187] Copyright 2018, Nature Communications.
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develop devices based on materials with exciting thermal proper-
ties, like graphene or hBN. Nanotechnology is expected to keep 
on playing a key role in this field by developing materials with 
tuned thermal properties and new device designs for advanced 
thermal control. Additionally, the combination of some thermal 
control methods explained in this review could be explored 
to bring new opportunities in the field. For future progress, 
it is also important to account on theoretical approaches for 
designing novel thermal devices with improved performances. 
Although some of them have been presented in the theoretical 
subchapters, we need to create and study new conceptual solu-
tions for high-performance thermal devices that are simulated 
in high-performance computing environments and experimen-
tally validated for specific applications and their conditions.

Another important factor that must also be addressed is 
related with the scalability of these thermal components for 
optimum integration in certain applications. On the one hand, 
thermal control devices in the nano or microscale are desired 
for local heat control, like thermal management of electronic 
components.[2,29,93] On the other hand, these devices should 
also be scalable to larger sizes to facilitate integration in other 
applications. As an example, thermal switches or diodes could 
be integrated in caloric energy conversion systems to enhance 
the power density by fast and oscillating heat transfer from/to 
the caloric material and the heat source/sink, but their sizes 
must be typically larger than the nanoscale.[123,200] Macroscopic 
or microscopic thermal diodes could solve the remaining 
problem of unwanted heat diffusion, in, e.g., thermoelectric 
heat pumps for heating and cooling.[2] The same applies to 
thermal switches or thermal transistors, which could provide 
an important advantage for future high power density, ultra-
high temperature thermal storage systems adapted to charge 
or discharge the system between the heat source and sink. An 
example of giant surface thermal diode systems is their inte-
gration into building envelopes, which could, enable future 
developments in the field of energy in buildings, adapted to dif-
ferent and changing environments. In a similar way, such sys-
tems could also be used in clothing and in transport vehicles.

7. Conclusion

In conclusion, we reviewed some of the most recent solid-
state active thermal devices. In Section  2, we showed the cur-
rent status of thermal diodes based on their working principle. 
In Section  3, we presented thermal switches based on their 
switching mechanism. In Section 4, we reviewed thermal regu-
lators and the different materials that can be used. In Section 5, 
we reported the recent advances in the development of electro-
chemical thermal transistors. Finally, in Section 6, we presented 
an overview of future key aspects of this field.

Based on this, we can conclude that the performances of solid-
state thermal devices are still lower than those found for fluidic 
or mechanical devices.[12] However, this field is still in its early 
stages, and recent advances have shown that large improvements 
can be achieved by using novel materials or structures. Especially 
interesting is the impact of nanotechnology, which has offered 
new approaches for the development of efficient thermal devices. 
These solid-state devices present key advantages, namely, non-

moving parts, scalability, and reliability,[5,6] that make them ideal 
for developing new thermal technology, like heat logic,[9–11] or new 
thermal management capabilities.[7,8] Additionally, these thermal 
control devices could contribute to our sustainable energy transi-
tion, due to their potential use in energy reduction or scavenging 
systems.[2] Finally, new parameters could be used to better 
determine the performance of our thermal control devices. As 

an example, an energy efficiency parameter switch

on

off

Q

Q P


ε =

+






, 

defined as the ratio of the heat flux in the on state 
on

Q  versus 
heat flux in the off state offQ  plus the power supply P required to 
switch the operation, could be an important indicator to evaluate 
the efficiency of a thermal switching process.
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