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In recent years, there is a strong interest in thermal cloaking at the nanoscale, which has been achieved by using
graphene and crystalline silicon films to build the nanoscale thermal cloak according to the classical macroscopic thermal
cloak model. Silicon carbide, as a representative of the third-generation semiconductor material, has splendid properties,
such as the high thermal conductivity and the high wear resistance. Therefore, in the present study, we build a nanoscale
thermal cloak based on silicon carbide. The cloaking performance and the perturbation of the functional area to the external
temperature filed are analyzed by the ratio of thermal cloaking and the response temperature, respectively. It is demonstrated
that silicon carbide can also be used to build the nanoscale thermal cloak. Besides, we explore the influence of inner
and outer radius on cloaking performance. Finally, the potential mechanism of the designed nanoscale thermal cloak is
investigated by calculating and analyzing the phonon density of states (PDOS) and mode participation rate (MPR) within
the structure. We find that the main reason for the decrease in the thermal conductivity of the functional area is phonon
localization. This study extends the preparation method of nanoscale thermal cloaks and can provide a reference for the

development of other nanoscale devices.

Keywords: nanoscale thermal cloak, silicon carbide, molecular dynamics, in-situ annealing

PACS: 44.10.41, 65.40.-b, 67.25.dp

1. Introduction

In 2008, Fan et al.!l'l proposed transformation ther-
motics with reference to transformation optics, and intro-
duced the concept of metamaterials into the field of ther-
After they
predicted the thermal cloak, researchers have designed a se-

motics, also known as thermal metamaterials.

ries of thermal cloak,>® and other thermal functional de-

vices are also designed, such as thermal concentrators,[!0-12]

5, [13-16] e, 1723

thermal illusion: ! thermal

[9,24

thermal camouflag
rotations,!”?* and macroscopic thermal diodes.?>-?%! Thermal
cloak as a typical representative of thermal functional devices
has attracted extensive interest from researchers. Han ef al.]
and Xu et al.!”l almost simultaneously designed a thermal
cloak by the scattering cancellation method based on effec-
tive medium theory. Compared with the coordinate transfor-
mation method, the thermal cloak designed by this method is
isotropic.

At the nanoscale, due to the wave-particle duality of
phonons, some thermal functional devices have also been de-
signed, such as quantum thermal rectification>’-3%! and topo-
logical phonon Hall effect.[3! Nanoscale thermal cloaks with
the same function as macroscopic thermal cloaks have also
been developed. Ye er al.3%) designed a chemically function-
alized graphene thermal cloak, and Liu et al.[*3 designed an
in-situ annealed silicon film thermal cloak by the “melt and
quench” technique. Choe et al.’*! developed a platform for

fCorresponding author. E-mail: hczhang @hit.edu.cn
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ion-write microthermotics (IWMT), first observed the phe-
nomenon of cloaking at the nanoscale.

Existing nanoscale thermal cloaks are mostly constructed
by graphene and crystalline silicon, while silicon carbide, as
a representative of third-generation semiconductor materials,
has splendid properties, such as the high thermal conductiv-
ity and the high wear resistance. It is suitable for aviation
aerospace, automotive, and nuclear industries. In the present
study, we construct a nanoscale thermal cloak based on sili-
con carbide. Besides, we quantitatively measure the perturba-
tion of the existence of cloaking devices to the external envi-
ronment by response temperature. Moreover, considering that
the cloaking effect of the nanoscale thermal cloak is generated
from the reduction in thermal conductivity due to phonon lo-
calization in the functional area, the potential mechanism of
the designed cloak studied by calculating and analyzing the
PDOS and MPR within the structure. This study extends the
preparation method of nanoscale thermal cloaks and can pro-
vide a reference for the development of other nanoscale de-
vices.

2. Molecular dynamics

We use the LAMMPS packages®*! to conduct the non-
equilibrium molecular dynamics (NEMD) simulations. The
potential of Tersoff is used to denote the interatomic interac-
tions of Si and C atoms in the film, which can be expressed as

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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follows: [30]

1
i

iZj
Vij = fc (rij) [fr (rij) +bijfa (rij)] (1)

where E denotes the total energy of the system, i and j repre-
sent the atoms of the system, r;; depicts the distance between
atom i and atom j. fa represents the potential of attractive pair,
Jr denotes the potential of repellent pair, fc is just a smooth
cutoff function aimed to limit the range of the potential. The
b;j is used to measure the bond order.

We use the macro classic model to establish the nanoscale
thermal cloak in Fig. 1. Taking the unit cell (UC) as the ba-
sic unit, the number of UC in x, y, and z directions are 60,
40, and 2 respectively, where the lattice constant of silicon is
4.38 A. The nanoscale thermal cloak is divided into four areas,
the fixed area, the thermostat area, the background area, and
the functional area. The functional area is the amorphous sili-
con carbide obtained after annealing, and the rest area is crys-
talline silicon carbide. The fixed area is the two ends along the
x direction with the length of 2 UC, to prevent the whole sys-
tem from moving. The thermostat area consists of two parts,
the hot bath, and the cold bath, each the length of which along
x direction is 8 UC, as shown in Fig. 1. In the thermostat area
all the atoms are kept at high and low temperature respectively

at both sides by Nose—-Hoover thermostats 37}
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dtpl =1 —YDi,
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where p;, m;, F; denotes the momentum, mass, and force of
atom i respectively, ¥ and T are the dynamic parameters and
relaxation times of the thermostat, N is the atomic number of
the thermostats, and kg is the Boltzmann constant.
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Fig. 1. Schematic diagram of the system consisted of the nanoscale thermal
cloak and the external environment. The environment contains three parts:
fixed region, hot bath, and cold bath.
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Fig. 2. Temperature variation during annealing in the ring region of the
nanoscale thermal cloak.

The functional area is constructed by amorphizing crys-
talline silicon carbide with reference to the treatment of crys-
talline silicon amorphization. Periodic boundary conditions
are used in all directions with a time step of 1 fs. At the be-
ginning of the simulation, the left and right ends of the silicon
carbide film are fixed to prevent it from moving. Then, all
atomic velocities except those in the fixed region are set to the
values corresponding to 300 K and obey the Gaussian distribu-
tion. The system is relaxed for 1000 ps in the NVT ensemble
and the energy minimization process is stopped when all com-
ponents of the force on the atoms are smaller than 1073 eV/A.
The functional area is heated from 300 K to 6000 K at a rate
of 2.85 x 10'* K/s and maintained at 6000 K for a period of
time to melt the silicon carbide crystals. Then the temperature
is rapidly quenched to 300 K. At this time, the functional area
has changed from the crystalline state to the amorphous state.
The temperature change of the functional area during this pro-
cess is shown in Fig. 2. In this way, 1 nm (inner radius of
25 A and outer radius of 35 A) and 2 nm (inner radius of 15 A
and outer radius of 35 A) rings are constructed, respectively.
Afterward, the NEMD simulation is performed. First, the en-
ergy is minimized again, then all atoms except those in the
fixed region are given an initial velocity. After that, the sys-
tem is placed in the NVT ensemble to equilibrate for 100 ps
at 300 K. Finally, the temperature of the cold bath is set at
250 K, and the temperature of the hot bath is fixed at 350 K.
Except for the fixed and the bath region, the entire system is
simulated for 1000 ps in the NVE ensemble. The temperature
and heat flux of the system are calculated, and the equation for
calculating the temperature of each atom can be described as

;
Y &= S keNT, (5)
i

where €; denotes the kinetic energy of the atom i, dim is the
dimensionality of the simulation and we set dim = 3, N rep-
resents the atomic number, kg is the Boltzmann constant. The
equation calculating heat flux can be expressed as

J= % [;eivi - ;Si’vz} ; (6)
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where J denotes the heat flux, e; is the total energy each atom,
S; denotes the stress tensor each atom, and it has 9 compo-
nents: xx, yy, zz, Xy, Xz, ¥X, ¥Z, X, zy. v; denotes the velocity
vector each atom. V denotes the volume of this area. The heat
flux in three directions can be described by

Y eivii— Y (Sivevie + Siyviy + Sixzviz)] ;o (6a)
7

1

1

. -
Jy = V Zeivyi - Z (Siyxvix + Siyyviy + Siyzviz)] ) (6b)
i

1

. -
J, = v Zeivz,- — Z (Sizxvie + SizyViy + Sizzviz)] . (6¢)
i

3. Results and discussion

In Fig. 1, we define two regions A and B, where B is lo-
cated in the cloaking area. To evaluate the thermal cloaking
performance, we first calculate the ratio of thermal cloaking
(RTC):

RTC = Ja/Jg,

where J is the average heat flux, A and B are calculated re-
gions.

The calculation results of RTCs are shown in Fig. 3. The
amorphous silicon carbide film has realized the control of the
heat flux, so that the heat flux bypasses the functional area to
achieve thermal cloaking, and the larger the width of the amor-
phous region, the better the cloaking effect.

6

s

2_

| I

0 0 1 2

Cloak ring width (nm)

RTC (times)
w

Fig. 3. RTC:s at different cloak ring widths.

350.0
330.0
310.0

290.0

Fig. 4. The heat flux and temperature distribution at different cloak ring widths at 400 ps: (a)—(c) the perfect film, 1-nm cloak ring and 2-nm cloak ring
heat flux distribution, respectively; (d)—(f) the perfect film, 1-nm cloak ring and 2-nm cloak ring temperature distribution, respectively.

The single-atom heat flux is calculated by referring to the
calculation method of Chen e al.138! At the nanoscale heat flux
is generated due to the motion of individual atom, but we are
not concerned with the motion of individual atom. We chunk
the computational domain, compute the average heat flux and
average temperature within each chunk, and plot the heat flux
and temperature distribution, as shown in Fig. 4. The silicon
carbide film with cloaking structure produce the cloaking phe-
nomenon. Besides, it can be experimental verified by refer-

ring to the platform for ion-write microthermotics IWMT) de-
signed by Choe ez al.3¥ Tt is proved that the amorphous struc-
ture can impede the flow of heat flux, and the reason for this is
the reduced thermal conductivity of the amorphous structure.
In addition, the cloaking phenomenon becomes more obvious
as the width of the amorphous region increases. However, it
is difficult to evaluate the disturbance to the external environ-
ment in the presence of the functional area, and for this reason
further analysis is performed by calculating the response tem-
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perature (7re):
ATy
ATg

where T denotes average temperature of the perfect silicon

Tpe = . ATy =|TA—Ta|, ATg=|Tz—Ts|,

carbide film, T’ represents average temperature of the film
with cloak, A and B indicate calculated regions. The main
function of the thermal cloak is to make the heat flux bypass
the functional area, thus protecting the functional area from the
external environment, so the functional area remains low tem-
perature, indicating that the smaller the response temperature
value is, the better cloaking. For this purpose, the response
temperature is calculated under different widths of cloak ring,
as shown in Table 1. When the width of the amorphous area
is 2 nm, the response temperature is the smallest, which indi-
cates the impact on the external temperature field is minimal
at this time. To further investigate the effect of inner and outer
radius size on the cloaking performance, we separately fix the
inner and outer radius to construct two ring (1 nm (inner radius
of 15 A and outer radius of 25 A) and 2 nm (inner radius of
25 A and outer radius of 45 A)) for calculation, and results are
shown in Table 2.

Table 1. ATx, ATp, Ti. under different widths of the ring.

The width of the ring (nm) ATy ATy Tre
1 7.692 7.455 1.032
2 3.775 9.315 0.405

Table 2. RTC, T under different radius of the ring.

Inner radius (A)  Outer radius (A) RTC Te
15 25 6270 0413
25 45 5513 0430

The smaller the inner radius, the better the cloaking ef-

the external temperature. In addition, the cloaking effect is re-
lated to the size of the whole system, but as the amorphous
region becomes larger, the cloaking effect increases.

To investigate the cloaking mechanism, we calculate the
PDOS in the ring area. Besides, to control the same region
variables, the ring regions we use to calculate PDOS in three
structures are the same. Therefore, we take the cloaked do-
main of 2-nm ring as the standard, and we also calculate the
PDOS in the inner and outer radius 1-nm ring respectively.

The PDOS can be expressed as follows:

1
NV2rm

. N
PDOS (0) = /eﬂ“” Y v (0)v; () )de, (D)
j=1

where v; denotes the velocity vector of atom j, N represents
the total number of atoms of the system, @ is the frequency
of phonon. Figure 5 shows the PDOS of the atoms in the se-
lected standard domains. In the perfect film, there is a strong
peak at 27 THz and 75 THz respectively, which is consistent
with previous studies.?*) While for the film with cloak ring,
the amorphous silicon carbide atoms have a lower vibrational
frequency, resulting in a weaker peak at the high-frequency
region and an increase in the modulus at the low-frequency
region. It can be observed the amorphous ones show a large
number of modes from 20 THz to 80 THz. Compared with the
outer radius interface, the inner radius interface has a greater
impact on PDOS, not only the peak is reduced, but the fre-
quency of the peak also shifts. The main reason is that the
proportion of amorphous silicon is larger than that of the 1-nm

ring at the inner radius interface compared to the outer radius

fect; the larger the outer radius, the greater the disturbance to interface.
0.25 - -
. b -= Perfect film -=Perfect film

o - fne;ierclfaf(lillll?i 15 A; (a) —~0.15F TCloak with film (b) 0.20F §° Cloak with film (C)
£ 0.20r ring width: 2 nm z ' o
=} f - Inner radius: 25 A; E B
s | ring width: 1 nm = ‘ | g 0.15}
8 0.15 | ~ Inner radius: 15 A : 0.10F : [ .
— ring width: 1 nm -e ) Nel
E o - Inner radius: 25 A; a E 0.10F
w0 0.10 ring width: 2 nm ~ f i ’ ~
@) N B | g | n

3 0.05} i A z

il I L

E A 9 ! i 5 0.05

Ay by [a ]

Ll 1ER
0 20 40 60 80 100 0 20 40 60 80 100

Frequency (THz)

Frequency (THz) Frequency (THz)

Fig. 5. Results of PDOS: (a) different ring widths; (b) inner radius interface; (c) outer radius interface.

To analyze the differences in PDOS, we further calculate
the MPR [40:41]

5 2
| |ZPDOS; (@)
- N ¥,PDOS;(0)*

MPR () ; (®)

where PDOS; (w) denotes the local density of states of ith ac-
cording to Eq. (7), N denotes the total number of atoms in
the system. The MPR of perfect silicon carbide film and sil-
icon carbide film with cloaking structure is shown in Fig. 6.

Compared with the perfect silicon carbide film, the MPR of
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the low-frequency phonons and high-frequency phonons of
the silicon carbide film with a cloaking structure has been
significantly reduced. For perfect silicon carbide films, most
of the MPRs are above 0.5, which means that these phonon
modes have been decentralized. However, the MPRs of sil-
icon carbide films with cloaking structures are all lower than
0.5, which means the localization of the phonon mode.[**! The
results confirmed that the localization of phonons is the cause
of the decrease in the thermal conductivity of amorphous sili-
con carbide. Since only half of the silicon carbide atoms in the
1-nm ring region are composed of amorphous silicon carbide,
the rest are crystalline silicon carbide, and the atoms in the 2-
nm ring region are all composed of amorphous silicon carbide,
both MPRs of films with cloak of different sizes are lower than
that of the perfect case, leading to the stronger phonon local-
ization. The MPR of the 1nm ring at the inner and outer radius
interface is similar, but the MPR of the 1nm ring at the in-
ner radius interface is slightly lower, indicating that the inner
radius interface has a greater contribution to the cloaking per-
formance. In short, the appearance of cloaking is related to the
localization of phonons in the specific region. The stronger the
localization, the better the thermal cloaking performance.

1.0

= Perfect film

(a) © Inner radius: 15 A; ring width: 2 nm
4 Inner radius: 25 A; ring width: 1 nm

0.8 Inner radius: 15 A; ring width: 1 nm
# Tner radius: 25 A; ring width: 2 nm

F:
A | N

MPR

40 60 80 100
Frequency (THz)

0.8
= Perfect film
]
0.7t (b) . ® © Cloak with film ! i
0.6 = . m ¥
- | .
[ |

MPR
o O
PN
Y
!u:;"_
w

| Vit
0:3 g& - % o3

Frequency (THz)

(C) = Perfect film
« Cloak with film  f}

MPR
o O
= Ot
-.- [ ]
u il
<.
{-‘
£
L ot Fuum

Frequency (THz)

Fig. 6. Results of MPR: (a) different ring widths; (b) inner radius interface;
(c) outer radius interface.

4. Conclusion

In summary, we construct a nanoscale thermal cloak
based on silicon carbide film, and the functional area is con-
structed by transforming crystalline silicon carbide into amor-
phous through the “melt and quench” technique. First, the
cloaking performance of the constructed nanoscale thermal
cloak is explored by calculating the ratio of thermal cloak-
ing, and it is proved that the amorphous silicon carbide film
can also realize the regulation of the heat flux, so that the heat
flow can bypass the functional area. Then, by drawing the
distribution of heat flux and temperature, the existence of ther-
mal cloaking phenomenon is confirmed. And the heat transfer
around the functional area of the nanoscale thermal cloak is
consistent with the heat transfer around the functional area of
the macro thermal cloak. In addition, the disturbance of the
external temperature field caused by the existence of the cloak-
ing structure is analyzed by the response temperature. Results
show that the smaller the inner radius, the better the cloak-
ing effect; the larger the outer radius, the greater the distur-
bance to the external temperature; but as the amorphous region
increases the cloaking effect increases. Finally, through the
phonon localization theory, the reason for the decrease of the
thermal conductivity of the functional region is explained, and
the potential mechanism of the nanoscale thermal cloak is dis-
cussed by calculating PDOS and MPR. The main reason that
reduces the thermal conductivity of amorphous silicon carbide
is phonon localization. The stronger the localization, the lower
the thermal conductivity. Moreover, the inner radius interface
contributes more to the cloaking performance than the outer
radius interface. Our research has expanded the methods of
building nanoscale thermal cloaks, and lays the foundation for
the research of new nanoscale thermal functional devices.
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