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Abstract: Nanoscale thermal cloaks have great potential in the thermal protection of microelectronic
devices, for example, thermal shielding of thermal components close to the heat source. Researchers
have used graphene, crystalline silicon film, and silicon carbide to design a variety of thermal cloaks
in different ways. In our previous research, we found that the porous structure has lower thermal
conductivity compared to bulk silicon; thus, so we tried to use the porous structure to construct the
functional region to control the heat flux. We first calculated the thermal conductivity of crystalline
silicon and porous silicon films by means of nonequilibrium molecular dynamics, proving that the
porous structure satisfied the conditions for building a thermal cloak. A rectangular cloak with a
porous structure was constructed, and a crystalline silicon film was used as a reference to evaluate
its performance by the index of the ratio of thermal cloaking. We found that the thermal cloak built
with a porous structure could produce an excellent cloaking effect. Lastly, we explain the mechanism
of the cloaking phenomenon produced by a porous structure with the help of phonon localization
theory. Porous structures have increased porosity compared to bulk silicon and are not conducive to
phonon transport, thus producing strong phonon localization and reducing thermal conductivity.
Our research expands the construction methods of nanocloaks, expands the application of porous
structure materials, and provides a reference for the design of other nanodevices.

Keywords: porous silicon; thermal cloak; phonon localization; molecular dynamics; nanoscale

1. Introduction

The manipulation and regulation of heat flux has always been a research hotspot, and
the transformation thermotics theory [1] and thermal metamaterials have further promoted
its development. Researchers have realized the regulation of heat flux. For example, the
thermal cloak [2–11] is a thermal function device that protects the objects in the functional
region from the outside temperature without disturbing the background temperature field.
Hu et al. [12] put forward the concept of “inverse heat cloak”, whereby the heat flux is
successfully concentrated to the functional region to achieve local heating, also known as
the thermal concentrator [13]. In addition, researchers have designed a thermal rotator [14],
thermal camouflage [15–21], thermal illusion [22–25], encrypted thermal printing [26], etc.
and conducted experimental verification. So far, the regulation of heat flux has been
achieved in various situations on the macroscale. This has also greatly promoted the
development of thermodynamics and put forward different thermodynamic evaluation
indicators, such as local entropy production rate [27], and response entropy [28], thus also
better evaluating the effect of heat flux regulation and providing a powerful tool for perfor-
mance optimization of heat flux regulation devices. To advance the application of heat flux
control devices in industrial production, Li et al. [29] evaluated the cloaking performance
and environmental response of a 2D thermal cloak based on a dynamic environment in the
form of sinusoids, using variables such as ambient amplitude and temperature difference.
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Considering the heat dissipation and energy loss of the whole process, the local entropy
generation rate was introduced to analyze the influence of environmental parameters on
the cloaking system. The results showed that, in the functional region, the thermal dissipa-
tion and irreversible energy loss of the system were caused by the difference in thermal
conductivity between adjacent layers, and the heat dissipation capacity of the thermal
cloak increased with the increase in the ambient amplitude and temperature difference.
According to the distribution of entropy yield, it was found that thermal cloaking has a
corresponding application range for different environmental variables. Considering the
requirements for different energy types and functions in practical applications, research
on metamaterial structures that simultaneously realize complex tuning functions in multi-
physics is particularly important. Xu et al. [30] solved the complex regulation problem in
multiphysics by designing a discrete array of “sources” using the “rotation–linear” map-
ping method. Discrete arrays of “sources” were designed to reconfigure each physical field
produced by a single excitation source and form a “multiple source” array field distribution.
This research provided a new way to efficiently manipulate and distribute the energy
generated by excitation sources, which could lead to the development of solar cells and
thermoelectric devices. Li et al. [31] designed and built an intelligent flux transfer regulator
with uniformly distributed conduction parameters and efficient operation in both thermal
and DC electric fields. In addition, with the help of the discretization method, effective
medium theory, and other control devices, the effectiveness of the established device was
verified experimentally. This work not only further develops the diversity and applicability
of energy regulation methods, but also provides a reference for studying energy transport
phenomena from different disciplines. However, there are still great challenges to achieve
complete thermal cloaking in practical experiments.

In recent years, due to the miniaturization of electronic equipment, the heat flux den-
sity of electronic devices has become larger and larger, and nanoscale heat flux control
has become particularly important. Phonons, as micro/nanoscale heat transfer carriers,
have unique characteristics of wave–particle duality. Researchers have designed thermal
diodes [32,33], the phonon Hall effect [34–36], thermal rectification [37–40], etc. with the
help of molecular dynamics and other means. The commonly used means for thermal
protection of electronic devices is to use physical isolation for thermal shielding of thermal
components close to the heat source. The research on the nanoscale thermal cloak is very
important. Ye et al. [41] first used a graphene film to construct a nanocloak of chemical
functionalization. The partial chemical functionalization on graphene was used to form
heat flux channels that avoid specific regions. Due to the phonon localization, the heat flux
automatically avoided the transition region, and the central part was protected from the
heat flux. Considering the popularity of graphene, this study not only has important appli-
cation value for thermal protection of graphene-based devices, but also has far-reaching
implications for the development of other nanoelectronic devices. Liu et al. [42] used a
crystalline silicon film with the “melting–quenching” technique to build a nanocloak. The
results showed that the thermal cloaking effect was proportional to the width of the cloak
ring. By exploring the underlying mechanism of nanoscale thermal cloaking by computing
PDOS and MPR, it was found that phonon localization occurred in the nanocloak ring
region and was responsible for the reduced thermal conductivity of amorphous silicon. The
proposed method to engineer nanocloaks by in situ tuning of the material’s atomic lattice
structure is more practical and efficient, and it may open the way for nanoscale thermal
functions and thermal management in nanophotonics and nanoelectronics. Choe et al. [43]
designed a particle irradiation platform and observed the phenomenon of thermal cloaking
experimentally. The ability to control microscale heat flux using this platform provides an
opportunity to explore new ideas for microscopic thermal management. Furthermore, the
demonstrated ion-writing microcaloritics has the potential to be a versatile platform for
controlling heat flow at the microscale, similar to what nanofluids do to fluids. In addition,
we built a nanocloak by perforating a crystalline silicon film [44–46], while the effects of
the number, size, and arrangement of perforations on its performance were explored. The



Energies 2022, 15, 1827 3 of 13

results showed that the nanocloak designed by the perforation method could also show a
good cloaking effect, and the cloaking effect was positively correlated with the number and
size of the holes. When the number and size of holes were fixed, the best arrangement was
circular. The nanocloak performance was optimized using the response surface method,
and the fitting equations of multiple influencing factors were obtained. The best param-
eter selection interval was obtained by analyzing the interaction between two different
parameters. By selecting the parameters in the best interval, the best cloaking effect could
be obtained. The dynamic response and the effect of concave depth on its cloaking perfor-
mance were studied, and the functional relationships of response temperature and the ratio
of thermal cloaking with concave depth were obtained. The results showed that, under the
condition of ensuring the stability of the structure, a greater depth led to better cloaking
performance. Xiao et al. [47] used nanoporous thin films to realize the thermal cloaking.
This work presented periodic square nanoholes and rectangular nanogrooves as efficient
methods to locally tune the thermal conductivity and thermal anisotropy of thin films and
potentially atomically thick materials. Thermal cloaking efficiencies were calculated and
compared with theoretical predictions of continuous thermal conductivity distributions.
This new approach enables two-dimensional nanocloaking of thin-film devices by eliminat-
ing the challenges of fabricating nanocomposites with well-controlled thermal properties.
The periodic arrangement of the porous structure can be equivalent to a phononic crystal.
According to the research of Chen et al. [48], the porosity has a great influence on the
thermal conductivity of the phononic crystal. A greater porosity leads to a lower thermal
conductivity, because a larger porosity corresponds to larger nanocubic pores, thereby
narrowing the path for phonon transmission and increasing the surface-to-body ratio of
the system, which leads to stronger structural reflections and, ultimately, lower thermal
conductivity. No thermal cloak based on a porous structure has been found. Therefore, we
used a porous structure to build a thermal cloak in this research.

In this paper, on the basis of nonequilibrium dynamics (NEMD), we calculate the ther-
mal conductivity of porous structures and crystalline silicon films, and we use the porous
structure to build a rectangular nanocloak. According to the index of the ratio of thermal
cloaking, we find that the porous structure can be used to build a nanocloak to produce an
excellent cloaking effect. Furthermore, the heat flux and temperature distribution are drawn
to intuitively show the cloaking phenomenon. In addition, we explain the mechanism of
the cloaking phenomenon produced using a porous structure with the help of phonon
localization theory. Porous structures have increased porosity compared to bulk silicon and
are not conducive to phonon transport, thus producing strong phonon localization and
reducing the thermal conductivity. Our research can promote the application of porous
materials and expand the construction methods of nanocloaks. Section 2 introduces the
model and the basic theory of numerical simulation, Section 3 analyzes the simulation
results, and Section 4 introduces the main conclusions of this paper. Figure 1 shows the
overall calculation flow of this paper.
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2. Model and Methodology
2.1. Construction of Computational Models

In this paper, the material we chose was crystalline silicon with a lattice constant of
5.431 Å. The basic unit constituted a unit cell (UC). We used LAMMPS [49] to construct
the model and conduct the simulation. The built-in modeling commands of LAMMPS
were used for modeling. First, a silicon film plate model was constructed as a calculation
reference, and then a porous structure was built on the plate. Since the number of regions
is limited in LAMMPS, we created it in two steps. The first step was to delete the plate
x- and y-direction atoms, as shown in Figure 2b, while the second step was to delete the
z-direction atoms. The thermal conductivity calculation model is shown in Figure 2. The
size of the simulation box was 50 × 12 × 4 UC.
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Figure 2. The thermal conductivity calculation model: (a) crystalline film; (b) porous structure film.

Since the porous structure selected in this paper was a cubic nanoporous structure,
it was not easy to build a classic circular nanocloak. Therefore, according to our previous
research experience, we selected a more reasonable scale to build a porous rectangular
thermal cloak. The calculation model of the nanocloak is shown in Figure 3. The model
size was 60 × 40 × 4 UC; the functional region was constructed with a porous structure,
while the remainder was crystalline silicon. The two ends were fixed regions to prevent the
whole model from moving, and the length was 2 UC. The thermostat region was divided
into cold and hot baths, both of which were 8 UC in length. The remaining regions were
background regions.

2.2. Methodology

In this research, the Verlet algorithm [50] was used to solve Newton’s equations of
motion, as it is the most accurate velocity calculation method. The canonical ensemble
(NVT) and the microcanonical ensemble (NVE) were used in the simulation. The correctness
of the molecular dynamics simulation results depends on the accuracy of the potential
function. According to our previous research, we chose the Tersoff potential [51].

E = ∑
i

Ei =
1
2 ∑

i 6=j
fC
(
rij
)[

fR
(
rij
)
+ bij fA

(
rij
)]

, (1)

where E is the total energy, i and j are atom labels, r is the distance between atoms, f is
the potential function, C is the cutoff function, R and A are repulsive and attractive pairs,
respectively, and b is the bond order between atoms.

2.2.1. Thermal Conductivity Calculation

The key to design a nanocloak is to construct a functional region with low thermal
conductivity; thus, calculating the thermal conductivity is crucial for successful construction.
There are two commonly used methods, EMD and NEMD. We chose the NEMD method,
which is also known as the “nonequilibrium” method. The so-called nonequilibrium
state is a state opposite to the equilibrium state. In most molecular dynamics simulations,
relaxation is required. Relaxation is also called the “running equilibrium”, whereby the
shape of the material in the equilibrium state is obtained, while the temperature and
energy of the system remain basically unchanged. The nonequilibrium state is the opposite,
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whereby the temperature is not constant, but maintains a certain gradient. We can calculate
the lattice thermal conductivity as follows:

J = −κ∇T, (2)

where J is the given heat flux,∇T is the temperature gradient, and κ is a tensor [52–55]. Our
calculated thermal conductivity was κxx. Since the simulation was mainly in the xy plane,
κzz was ignored, periodic boundary conditions were used in the simulation process, and
the model was symmetrically distributed; hence, in the xy plane, thermal conductivity was
isotropic, κxx = κyy.
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2.2.2. Heat Flux and Temperature Calculation

In order to evaluate the cloaking performance of the nanocloak and visually display
the cloaking phenomenon, referring to [56], we can calculate the single-atom heat flux
as follows:

J =
1
V

[
∑

i
eivi −∑

i
Sivi

]
, (3)

where J is the heat flux, V is the volume, i is an atomic label, e is the total energy, which
includes kinetic and potential energy, v is the velocity vector, and S is the pressure tensor.
In all three directions, the heat flux can be described as follows:

Jx =
1
V

[
∑

i
eivxi −∑

i

(
Sixxvix + Sixyviy + Sixzviz

)]
(4)

Jy =
1
V

[
∑

i
eivyi −∑

i

(
Siyxvix + Siyyviy + Siyzviz

)]
(5)
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Jz =
1
V

[
∑

i
eivzi −∑

i

(
Sizxvix + Sizyviy + Sizzviz

)]
(6)

According to two regions A and B in Figure 3, the ratio of thermal cloaking (RTC) can
be calculated as follows:

RTC =
JA
JB

, (7)

where J is the average heat flux. In addition, we can also calculate the single-atom tempera-
ture during the simulation as follows:

∑
i

εi =
dim

2
kBNT, (8)

where ε is the kinetic energy, i is an atomic label, dim is the dimensionality (dim = 3), kB is
the Boltzmann constant, and N is the total number of atoms.

2.2.3. Phonon Localization Theory

Phonon localization theory has important applications in various fields. In a related
study on graphene [57–59], with the help of phonon localization theory, it was found that
phonon localization mainly affects long-wave and high-frequency modes, and it was found
that the strong localization of low-frequency phonons caused by reverse short thermal
contacts leads to a clear temperature transition. In the study of heterostructures [60,61], with
the help of phonon localization theory, the internal mechanism of the abnormal interfacial
thermal conductance (ITC) change at the interface of Gr and h-BN was explored, aiming
at the topological defect-based semi-defective graphene/hexagonal boron nitride. With
respect to the thermal conductivity of the in-plane heterostructure interface, it was found
that the phonon coupling on both sides of the interface and the phonon localization effect
of the heterostructure were the two keys determining the heterostructure ITC factor. In
other fields [62], the effect of anti-substitution on thermal conductivity was investigated
using nonequilibrium molecular dynamics simulations, and it was found that, when the
defect concentration was low, localization was the main reason for the decrease in thermal
conductivity, whereas, when the defect concentration was high, the main reason was
phonon defect scattering in all phonon modes.

With the help of the phonon localization theory, we can explain the cloaking mecha-
nism by calculating the phonon density of states (PDOS). To make the results meaningful,
we selected the same region in the cloak and the crystalline film. Since the cloaking phe-
nomenon is caused by the existence of the functional region, we chose the whole functional
region as the calculation region. PDOS can be described as

PDOS(ω) =
1

N
√

2π

∫
e−iωt

〈
N

∑
j=1

vj(0)vj(t)

〉
dt , (9)

where N is the total number of atoms, ω is the phonon frequency, v is the velocity vector,
and j is an atomic label.

To better understand the PDOS, the mode participation rate (MPR) can be calculated
as follows [63]:

MPR(ω) =
1
N

[
∑i PDOSi(ω)2

]2

∑i PDOSi(ω)4 , (10)

where N is the total number of atoms, and PDOSi (ω) is local density of states based on
Equation (9).
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2.3. Simulation Process

We used NEMD to calculate the thermal conductivity of the constructed model. This
method requires a heat source and a heat sink to be applied to the model, both of which
were 0.0005 eV·Å/ps in this paper. The initial temperature of the whole system was fixed
at 300 K, and the simulation was run for 10 ns.

We then simulated the thermal cloak. The timestep was 1 fs. Periodic boundary
conditions were used in all three directions during the simulation. The whole process was
divided into two stages. In the preparation stage, the energy of the whole system was first
minimized, and all atoms except the fixed region were given an initial velocity satisfying a
Gaussian distribution at a temperature of 300 K (achieved by specifying a random number
in LAMMPS; the random number in this paper was 4,928,459). In the simulation stage, the
selected calculated system was first placed in the NVT ensemble, simulated for 100 ps at
300 K for full relaxation, and then placed in the NVE ensemble and simulated for 1000 ps.
The hot bath and cold bath were 350 K and 250 K, respectively, and the thermostat used
was Nose–Hoover [64].

d
dt

pi = Fi − γpi, (11)

d
dt

γ =
1
τ2

[
T(t)
T0
− 1
]

, (12)

T(t) =
2

3NkB
∑

i

p2
i

2mi
, (13)

where i is an atomic label, p is the momentum, F is the force, γ is a dynamic parameter, τ is
the relaxation time, m is the mass, kB is the Boltzmann constant, and N is the number of
atoms in the thermostats.

3. Results and Discussion
3.1. The Thermal Conductivity

We obtained the temperature change curve through simulation and fit it to obtain
the slope of the curve, as shown in Figure 4. The slope was ∇T. Using Equation (2), we
calculated the thermal conductivity. The results prove that the thermal conductivity of the
porous structure was lower than that of bulk silicon; hence, it could be used to construct
the nanocloak.
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3.2. The Calculation of Thermal Cloak Performance

Figure 5 shows the RTC of the thermal cloak and crystalline silicon film at 600 ps.
The RTC of the thermal cloak was much higher than that of the crystalline silicon film,
confirming the cloaking phenomenon, and the cloaking effect was obvious. Compared with
bulk silicon, the porous silicon structure had a large porosity, which was not conducive
to the transmission of phonons, resulting in low thermal conductivity and producing the



Energies 2022, 15, 1827 8 of 13

cloaking phenomenon. Increasing the porosity of the porous structure could produce
excellent cloaking effects.
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To prove the occurrence of the cloaking phenomenon, the heat flux and temperature
distribution of the crystalline film and the nanocloak at 600 ps are plotted in Figure 6. In the
simulation process, we calculated the heat flux and temperature of a single atom; however,
we do not care about the state of a single atom but the state of the whole system. Therefore,
we first divided the whole system into 40 small blocks, and then calculated the average heat
flux and average temperature in each small block. By analyzing the heat flux distribution,
we can clearly see the cloaking phenomenon. The heat flux of the whole functional region
of the thermal cloak was kept extremely low, and the heat flux was spread around the
functional region. However, when observing the temperature distribution, the cloaking
phenomenon was not obvious, because the nanocloak is a typical heat flux control device,
rather than a temperature control device.

3.3. Analysis of Cloaking Mechanism of Nanocloak

Figure 7 shows the PDOS of the crystalline silicon film and the thermal cloak. For the
crystalline silicon film, consistent with a previous study [65], a weak and a strong peak
appeared at 5 THz and 17 THz, respectively. Phonons are generated due to the excitation
of atomic vibration. For the same atom, the vibration frequency was the same, and the
phonons excited by the vibration were roughly the same. For the thermal cloak, due to
the reduction in the number of atoms in the functional region, both the low- and the high-
frequency peaks shifted to the left, and the PDOS was larger than the crystalline silicon
film in the range of 0–5 THz, while the PDOS was smaller than the crystalline silicon film
in the range of 15.5–18.5 THz. In addition, a large number of phonon modes appeared in
the range of 5–15 THz.

Figure 8 shows the MPR in the calculated region of the different structures. For
the crystalline silicon film, the MPR was uniformly distributed, basically greater than
0.6, indicating that these phonon modes were decentralized. For the thermal cloak, all
MPRs were lower than 0.6, and the distribution was uneven, proving the occurrence of the
phonon localization phenomenon [66]. The main reason is that the number of atoms in
the functional region of the thermal cloak was reduced, while there were fewer phonons
excited by vibration in the same region, and the porous structure was not conducive to
the propagation of phonons, which in turn affected the PDOS. The PDOS at low frequency
increased, and the peak shifted to the left, while the PDOS at high frequency decreased, and
the peak shifted to the left, resulting in a strong phonon localization, which in turn reduced
the thermal conductivity of the functional region, resulting in the cloaking phenomenon.
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4. Conclusions

In this paper, we used LAMMPS software for modeling and simulation, and we
constructed thermal conductivity and thermal cloak calculation models. The RTC was
used to evaluate the cloaking performance, and the phonon localization theory was used to
explain its cloaking mechanism. This research has important applications in the thermal
isolation of microelectronic devices, expands the construction methods of thermal cloaks,
and promotes the application of porous materials. The main conclusions are summarized
as follows:

(1) Through NEMD simulation, we found that the thermal conductivity of the porous
structure was significantly lower than that of the crystalline film, satisfying the conditions
for building the thermal cloak;

(2) The RTC was used to evaluate the cloaking performance, proving that the nanocloak
built with a porous structure could produce excellent cloaking effects, which was verified
by drawing the heat flux distribution;

(3) The cloaking mechanism of the nanocloak was analyzed by phonon localization
theory; we calculated the PDOS and MPR, and we found that due to the reduction in the
number of atoms in the functional region of the thermal cloak, the phonons generated by
vibration were reduced, while the porous structure was not conducive to the propagation
of phonons, which in turn affected the PDOS. The PDOS at low frequency increased, and
the peak shifted to the left, while the PDOS at high frequency decreased, and the peak
shifted to the left, resulting in a strong phonon localization. As a result, the thermal con-
ductivity of the functional region of the thermal cloak was reduced, and the phenomenon
of cloaking occurred.

In this paper, it was pointed out that an increase in porosity of the porous structure led
to a decrease in thermal conductivity, but the effect of porosity on the cloaking performance
of the nanocloak was not explored, as this paper only explored the cloaking performance of
the porous cloak within a constant temperature boundary. In order to facilitate engineering
applications, the dynamic environment response is also critical, and we will focus on
addressing these issues in the future to advance the application of porous structures in the
field of heat flow regulation.
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