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The high-performance, wide-range tunable thermal switches play a significant role in the thermal management, high-power-

density intelligent devices, energy systems, etc. However, traditional thermal switch components, such as thermal diodes, suffer
from poor stability, small adjustability, low time efficiency, and difficult implementation. Herein, we propose the superior electric-
controlled thermal switch (ECTS) based on Janus monolayer MoSSe. The high-effective and asymmetric regulation of the thermal
conductivity driven by electric field demonstrates a wide-range adjustable thermal switch ratio, where the peak value reaches 2.09
under the electric field of 0.04 VA~". The underlying mechanism is revealed by electronic structures that the interactions between
electrons and phonons are renormalized due to the electric field driving charge density redistribution, which ultimately modulates
the phonon anharmonicity. The high-efficiency adjustable ECTS component is expected to provide new inspiration for next-

generation thermal management and information processing.

npj Computational Materials (2022)8:260; https://doi.org/10.1038/541524-022-00944-y

INTRODUCTION

Dynamically regulating phonon transport properties plays a
significant role in high-performance thermal management'=,
energy system*5, intellectual terminal and space technology’. To
date, large temperature fluctuations (extremely high or low) are
still one of the most critical factors restricting the stability of chip
performance. For instance, electric vehicle, as the necessary means
of transportation, suffers from the challenges of cold climate or
regions, and the performance is limited by the battery thermal
management system® '2, Thus, developing high-efficiency and
adjustable thermal switches has become increasingly urgent and
important.

With different regulatory effects on thermal conductance or
conductivity, previous reports mainly focus on thermal switches,
thermal diodes, and other heat-related components®. As an
analogue of electrical switch, thermal switch realizes the thermal
modulation by regulating the thermal conductance or conductiv-
ity between the “on” and “off” states'3. The switch ratio r, which
demonstrate the merit of the thermal switch component, is
defined as

r= % _ Gon/ATon
Goff  Gofr /ATt

where the G is the thermal conductance or conductivity, and the g
and AT are the heat flow and the temperature difference,
respectively, under the different “on” and “off” states. Varieties
of traditional thermal switches are realized by the different
physical mechanism, which can be divided into gas-based thermal
switches'#'6, fluid-based thermal switches'”~'%, as well as phase-
change-based solid-state thermal switches?°=2*. For instance,
Vanapalli et al. reported the gas-gap thermal switch (H, and He)
at cryogenic temperature about 120 K, where the r reached 35 and
37 for the different H, and He gases, respectively'®. In addition, a

m

liquid metal droplet (Galinstan) thermal switch was studied by
Yang et al,, where the r was greater than 70 at heat fluxes near
10 W/cm?'”. Moreover, the phase-change thermal switches also
play a key role in the thermal switch family. Shrestha et al.
reported a high-contrast reversible thermal regulator driven by
the structural phase transition in crystalline polyethylene with a
~10x thermal switching ratio®®. Besides, the mechanisms have
been also widely studied for the thermal switching modulation
based on metal-insulator transitions?*, solid-liquid phase transi-
tions®, electrochemical method?S, etc. Most recently, the com-
pressible graphene composite foams are designed for the tunable
thermal switching with a large r (~8x)?”. Nevertheless, the lifetime
is undoubtedly a concern for strain-driven thermal switches. In
fact, all the solid-state thermal switches, more or less, suffer from
the disadvantages of poor stability, weak adjustability, and low
time efficiency?®?°,

In addition to the regulation manners as mentioned above,
external electric field plays a key role in regulating the physical
properties of materials3°-38, which has been widely studied for
manipulating thermal transport. For instance, Qin et al.
obtained the largely modulated thermal conductivity of
silicene, which reaches two orders of magnitude lowered
thermal conductivity compared to the pristine state by
applying an out-of-plane external electrical field of 0.5
VA~13° Following the same strategy, Yang et al. realized the
transition of thermal conductivity from anisotropy to isotropy
for monolayer borophene®®. As an excellent reversible non-
destructive thermal transport regulation method, electric field
has great potential to be used for realizing thermal switches,
which has been verified in the fluid-based thermal diodes*'42,
However, researches on the solid-state thermal switches driven
by the electric field are rare, and are mainly limited in
ferroelectric materials*>*~*>, where the “on” and “off” states
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The effect of electric field on MoSSe. a The top and side views of the configuration of 2H MoSSe. The primitive cell is marked by the

gray line. The Mo, S, and Se atoms are plotted as the purple, yellow, and green balls. The arrows indicate the directions of the external electric
fields, where positive refers to the vertical direction from the S to Se atom planes and negative refers to the reversed direction. b The variation
of the in-plane lattice constants under the electric fields ranging from —0.4 to 0.4 VA~". (Inset) The enlarged view for the electric fields ranging
from —0.05 to +0.05 VA~'. ¢ The relative distance changes of the S-Se, Mo-Se, and Mo-S atoms planes. The d energy, e dipole moment, and

f dielectric constant as a function of the external electric field.

can be realized by the different ferroelectric domain walls
response. Consequently, it is of great significance to develop
new reversible solid-state-based thermal switches realized by
applying electric field.

In this work, we systematically studied the thermal transport
properties of Janus monolayer MoSSe with external electric field
applied. It is shown that the thermal transport in Janus monolayer
MoSSe exhibits significant adjustability that the thermal con-
ductivity reaches 2.13 times the pristine value under an electric
field of 0.040 VA—" applied from S to Se atom. In contrast, the
effect of the opposite electric field (from Se to S atom) is almost
negligible. The significant difference in thermal transport response
to the electric field along different directions can be used to
manufacture electric-controlled thermal switch (ECTS), which is
mainly attributed to the intrinsic out-of-plane asymmetry of Janus
monolayers MoSSe. The success in realizing ECTS from differ-
entiated modulation effect by the asymmetric structural engineer-
ing not only expand the design capabilities of thermal switches,
but also provide an efficient thermal management solution, which
can be used in electric vehicle and intelligent terminal, etc.
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RESULTS
Electric field response of Janus MoSSe structure

The sandwich-like structure of 2H phase Janus monolayer MoSSe
is shown in Fig. 1a. Different from the monolayer MoS, or MoSe,,
the Janus monolayer MoSSe possesses three atomic sublayers
constructed by replacing a layer of S (Se) atom with Se (S) atoms in
the MoS, (MoSe;) monolayer. Thus, the reflection symmetry is
broken compared with the MoS,(MoSe,). In addition, the
distances of the Mo-S and Mo-Se planes are different, which is
caused by the different electronegativity of S (2.58) and Se (2.55)
and also the different atomic radius. As a result, spontaneous
polarization can be observed along the out-of-plane direction.
Moreover, the optimized in-plane lattice constant is 3.25 A for
Janus monolayer MoSSe. The dy.-s (distance of the Mo-S plane),
dmo-se (distance of the Mo-Se plane), and ds s, (distance of the
S-Se plane) are 1.52, 1.71, and 3.23 A, respectively. The bond
lengths of Mo-S and Mo-Se are 2.42 and 2.54 A, respectively. The
geometry parameters as obtained in this study are well consistent
with previous reports®,

The external electric fields are applied perpendicular to the
MoSSe monolayer, i.e., along the out-of-plane directions as shown
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Fig.2 The asymmetric behavior of thermal transport modulated by electric field. a The thermal conductivity at 300 K under the positive
and negative external electric fields ranging from 0 to 0.4 VA~'. b The schematic diagram for the ECTS (Inset: the tunable switching ratio as a

function of external electric fields).

in Fig. 1a. From the geometry evolution of MoSSe under electric
field as shown in the Fig. 1b, ¢, it is interesting to find that, with
the increasing electric fields, the in-plane lattice constant increases
whether positive or negative external electric fields are applied. It
is strikingly different from the change of monolayer thickness
(distance of the S-Se atom plane), where the increasing
phenomenon only happens when negative electric fields are
applied. Thus, the negative Poisson’s ratio occurs in monolayer
MoSSe when the external electric field is applied from the Se to S
atom planes. Moreover, the lattice constants change asymme-
trically when electric fields are applied along different directions
as mentioned above (the difference can reach 0.078%o0 under
electric field of 0.4 VA~"). Such asymmetry is also reflected in the
ground state energy shown in Fig. 1d.

The decreased energy implies the enhanced stability of the
Janus monolayer MoSSe under external electric fields. The dipole
moment decreases linearly as the electric field increases (Fig. 1e),
while the dielectric constant increases monotonically with the
increasing electric fields, as shown in Fig. 1f. It is worth noting that
the dipole moments and the dielectric constants are 0.037 eA and
7.650 without electric field, respectively. The intrinsic dipole
moment and the dielectric constant can be attributed to the
asymmetry of the structure. The intrinsic vertical piezoelectric
response and vertical dipoles have also been well verified in
previous studies*’*8, Due to the structural asymmetry, the lattice
constant, thickness, and energy show asymmetrical changes
under the same intensity of positive and negative electric fields.

The dynamical stability is further verified by the phonon
dispersions without any imaginary frequencies under the repre-
sentative electric fields together with the unapplied electric field
as described in Supplementary Fig. 1. No appreciable changes can
be found for the low-frequency acoustic phonons, while slight
changes occur for high-frequency optical phonons under positive
or negative electric fields compared with the pristine state. The
slightly changed phonon dispersions implies that the external
electric field has a neglected effect on the phonon group velocity,
as shown in Supplementary Figs. 4a, 5a.

Tunable switching effect

The modulated thermal conductivity at 300 K under the positive and
negative external electric fields ranging from 0 to 0.4 VA= is shown
in Fig. 2a. To ensure the accuracy of the calculated thermal
conductivity, the convergence test of cutoff radius and Q-grid for
Janus MoSSe without electric field are fully carried out as shown in
Supplementary Fig. 2. The results demonstrate that the thermal
conductivity is well converged at the cutoff radius including seventh-
nearest neighbors as well as the 101 x 101 x 1 Q-grids. In view of the
convergence test and the consistent results, the same cutoff radius
and Q-grids setting are used for all the following calculations.

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

Under the positive electric fields, the thermal conductivity
increases first with the increasing electric field strength, and then
decreases monotonously after reaching the peak value at £, = 0.04
VA=, As a result, the modulated thermal conductivity of the Janus
MoSSe reaches 2.09 times that with reversed electric fields
applied. Such a selective regulation driven by the external electric
field based on the asymmetric structure of MoSSe finally realizes
the switching effect, which is confirmed in Fig. 2b.

Commonly, the traditional thermal switches only demonstrate
the “on” and “off” states (G, and G demonstrated in Fig. 2b by
the dot dash line) with the absence of the adjustability. Here, the
thermal switch driven by the external electric field not only realize
the wide-range adjustability but also possess high time efficiency.
The large switch ratio in the ECTS can reach 2.09 under the electric
field of 0.04 VA",

In fact, the behavior of on/off switch and the wide-range
adjustability in the ECTS is somehow similar to the field effect
transistor (FET) with two important functions of switch and current
change amplifier. Compared to FET, the ECTS that can also be called
as the electric-controlled thermal transistor (ECTT) has three poles,
which can be defined as Drain, Source, and Gate, respectively. The
difference is that the electric fields applied in ECTS change the heat
flow rather than the current in FET. As demonstrated in Supplemen-
tary Fig. 3, the normalized heat currents Jp/Js is a function of the
voltage applied on the Gate. The thermal transport properties can be
regulated when the external electric fields are applied in either
direction perpendicular to the monolayers. The differentiated
modulation driven by the external electric fields functionalizes the
ECTS. Thus, the heat flux from heat to cold end can be enhanced in
the “on” state by applying a positive voltage on the gate, while the
negative voltage keeps the ECTS in the “off” state.

Mode level analysis

To study the differentiated modulation mechanism demonstrated by
bidirectional electric fields on the thermal transport properties of
Janus monolayer MoSSe, the comparative analysis of the scattering
rate and the Griineisen parameter is presented in Fig. 3. The
apparent decrease of the scattering rate can be seen under the
positive electric field of 0.04 VA~", while there are only slight changes
for the negative electric fields. The low scattering rate suggests a
long phonon lifetime and further a high thermal conductivity. As it is
well known that the scattering rate mainly depends on the scattering
strength and channels, which are quantified by the Griineisen
parameter and volume in phase space*>>° (more details are shown in
Supplementary Fig. 4b, 5b), respectively. The similar order of
magnitude in phase space drives us to explore the phonon
anharmonicity expressed by the Griineisen parameter shown in
Fig. 3¢, d. Widely spreading that the smaller the absolute value of the
Griineisen parameter, the weaker anharmonicity among phonons.
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contour plot.

Because the low-frequency phonon branches dominate the con-
tribution to the thermal conductivity, the statistical data of the
Griineisen parameter is calculated for the frequency region below
5.8 THz. The absolute value of the sum of the Grlineisen parameter
under the positive (negative) electric fields are 1205.3, 1088.4, 1030.2,
1627.8 (1205.3, 545.2, 176.8, 1088.3), respectively, corresponding to
the electric field intensity of 0.000, 0.010, 0.040, and 0.200 VA",
respectively. The statistical results agree well with the variation trend
of the thermal conductivities under the external electric fields.

npj Computational Materials (2022) 260

Difference in charge density induced by electric fields

Furthermore, to elucidate the underlying mechanism for the
electric field modulating thermal conductivity, the evolution of
charge densities under external electric fields are demonstrated in
Fig. 4. On account of the out-of-plane mirror asymmetry in Janus
monolayer MoSSe structure, spontaneous polarization emerges
without any electric field applied, which is indicated by the dipole
moment (Fig. 1e) and the dielectric constant (Fig. 1f). With the
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increasing positive electric fields, the renormalization of the
charge density around the S, Se, and Mo atoms tends to be
gradually noticeable (Fig. 4a-d). However, the renormalization
does not occur with negative electric field applied, especially for
the Mo atoms. The aggregation of charges around Mo atoms even
appears to overturn as the strength of electric field increases
(Fig. 4e, h). More detailed information can be found in
Supplementary Fig. 6. The charge transfer between Mo and the
neighboring S and Se atoms is weakened in the (—1, 2, 0) surface
but enhanced for the (2, —1, 0) surface, which becomes dominant
subsequently with the increasing negative electric fields. Mean-
while, the differentiation could also be confirmed in Fig. 4d, h (E,
= +0.200 VA~") as marked by different colored dashed circles
(blue, crimson, and gray). In contrast, the different charge
responses under reversed electric field leads to different charge
redistribution, which results in the asymmetric phonon renorma-
lization and thermal transport behavior (Fig. 2).

Comparison of electron localization function

The electron localization function (ELF) and Ag ¢ under the typical
electric fields are extracted in Fig. 5 to fundamentally understand
the difference in the electronic states with electric fields applied.
Generally, the value of ELF ranges from 0 to 1, where a larger value
indicates the relatively higher electron occupied states®'. Here,
little difference could be found without and with the positive
electric field of 0.2 VA~" as shown in Fig. 5a, b, respectively. Thus,
the Agf is carried out to further analyse the bonding states, and
the result shows that the Ag r value of Mo atom demonstrates a
generally increasing trend with the increasing strength of the
positive electric fields (Fig. 5c-f), while the reversed trends could
be found for Mo atoms under negative electric fields (Fig. 5g-i).
Note that the variation trend of thermal conductivity is not
consistent with the changes of charge densities, which do not
continuously increase despite the increasing charge densities. The
reason may lie in that the moderate increasing electric field, to
some extent, enhances the polarization charge between Mo and S
(Se) atoms and future enhances the covalent bond. Consequently,
the bond stiffness between Mo and S(Se) atoms is enhanced,
resulting in the weakened phonon anharmonicity and enhanced
thermal conductivity. Nevertheless, excessive electric field make
the charge concentrate extremely close to the Mo, S and Se atoms,
which enhances the ionic nature of Mo and S (Se) atoms. Thus, the
bond stiffness is weakened and the thermal conductivity is
reduced. The competition mechanism resulting from bond
stiffness demonstrates the enhanced or weakened polarization

Published in partnership with the Shanghai Institute of Ceramics of the Chinese Academy of Sciences

) and negative

of the Mo-S(Se) bonding, which finally leads to the electric field
driven increased or decreased thermal conductivities.

Besides, with a reverse electric field applied, the built-in electric
field causes a weakened shielding effect with the increasing
electric fields, which is caused by the charge distribution
transformation from Mo-S(Se) atoms ((—1, 2, 0) surface) to Mo-
Mo atoms vacancy ((2, —1, 0) surface). The shielding effect finally
leads to the continuously enhanced charge distribution from the S
to Se atoms (Fig. 5g—j). The difference in charge distribution leads
to the difference in phonon reforming, which finally leads to the
difference in thermal transport properties. Generally, the differ-
ence mainly originates from the unique Janus structural char-
acteristics, making the difference in the redistributed charge
densities when the electric fields are applied in different
directions. Such charge density redistribution leads to different
phonon renormalization (mainly for the phonon anharmonicity),
which eventually leads to the different responses of the thermal
conductivity to the external electric fields applied in different
directions. Thus, the superior ECTS can be realized based on the
electric field driven asymmetric response of the thermal
conductivity for Janus MoSSe.

DISCUSSION

In summary, based on state-of-the-art first-principles calculations
and analysis, we comprehensively investigated the external
electric fields modulated thermal transport properties of the
Janus monolayers MoSSe. Spontaneous polarization is found due
to the absence of mirror symmetry along the out-of-plane
direction. The asymmetric responses of the thermal conductivities
are obtained when the external electric fields are applied in
opposite directions, i.e., (anti-)parallel to the out-of-plane direction.
Interestingly, the results show that the thermal conductivity
reaches 2.13 times that of the pristine one under the external
electric field of 0.04 VA~", which is district from that under the
reverse electric fields. Detailed analysis shows that the phonon
anharmonicity is responsible for the modulated thermal con-
ductivity under different external electric fields. The changes in
charge densities and Ag ¢ under electric fields further reveal that it
is the redistribution of charge densities that leads to the
renormalization of interactions between atoms, which gives rise
to phonon reorganization (mainly for the phonon anharmonicity),
and finally results in the asymmetric responses of thermal
conductivity to external electric fields. Inspiringly, ECTS can be
achieved deriving from the differentiated modulation effect by the
external electric fields. The more significant realization is that ECTS
driven by the gate voltage virtues from the high adjustability, time
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efficiency, and stability as well as the convenience of implementa-
tion. This study not only expand the selectivity for the design of
thermal devices, but also promote the development of nanoelec-
tronic, thermoelectric, and optoelectronic devices. Boldly, we
foresee that more two-dimensional materials, especially those
with the Janus structures, could be explored for ECTS applications
in future.

METHODS
Computational workflow

The DFT calculation is carried out with the Vienna ab-initio
simulation package (VASP) with the exchange-correlation func-
tional of Perdew-Burke-Ernzerhof (PBE) of the generalized
gradient approximation (GGA)*%°3. The wave function kinetic
energy cutoff is set as the value of 650 eV, which is 2.5 times the
maximal  pseudo-potentials recommended  value. The
Hellmann-Feynman force and energy convergence threshold are
set 10 8 and 10 eV A", respectively. A Monkhorst-Pack k-mesh
of 15 X 15 x 1 in the first Brillouin zone (BZ) and a large vacuum
spacing of 15A along the out-of-plane direction is applied for
structure optimization®*. The large vacuum spacing is used to
ensure the monolayer structure is not affected by the interaction
induced by the periodic boundary conditions between layers. The
dipole corrections are taken into consideration during the
geometry structure optimization under the different external
electric fields along the out-of-plane direction.

The thermal conductivity is obtained by solving the phonon
Boltzmann transport equation (BTE) implemented in the Sheng
BTE package®. As the input of the Sheng BTE package, the
harmonic interatomic force constants (IFCs) and anharmonic IFCs
are extracted by applying the Phonopy® and thirdorder.py®>
package, respectively. Here, a 4 X 4 x 1 supercell is constructed
and a 2 X 2 X 1 Monkhorst-Pack k-mesh is used to sample the BZ.
The phonon dispersions are obtained by diagonalizing the
harmonic dynamical matrix. Besides, a cutoff radius is introduced
during the anharmonic IFCs’ calculations to consider the effective
atomic interactions. The scattering matrix can be constructed after
the anharmonic interatomic force constants are extracted.
Subsequently, the phonon scattering information can be
obtained. The thermal conductivity is calculated according to
the well-known function:

k= quv V2, Taw )

where k donates the lattice thermal conductivity, C, is the heat
capacity depending on phonon frequencies, V,, is the group
velocity of the phonon model with phonon wave vectors g and
phonon branches v, which can be calculated by a central
difference method, and the t,, is the relaxation time of the
corresponding phonon model. For the Janus monolayer MoSSe,
the effective thickness is set as 7.0 A.
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