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Metasurface based on phase change material (PCM) for switchable thermal radiation is of great significance to
the application of infrared (IR) stealth and thermal management in multi-scenario. However, the previously
reported results based on GST and VO, metasurface face the challenges of relatively low intrinsic loss in metallic
state and weak stability, respectively. In this paper, we have designed a plasmonic metasurface thermal emitter
(PMTE) based on the PCM of In3SbTe, (IST), which can manage the thermal emissivity in the wavelength range
of 5-14 yum as the IST changes from the amorphous to the crystalline state. For IST in the amorphous state, the
PMTE’s average emissivity in the wavelength ranges of 5-8 pm and 8-14 pm, are 0.22 and 0.44 respectively,
which can be used for the long-wavelength IR (LWIR) stealth of object with low temperature in high-temperature
environment. For IST in the crystalline state, the PMTE’s average emissivity in the wavelength ranges of 5-8 pm
and 8-14 pm, are 0.68 and 0.14 respectively, which can achieve radiative heat dissipation and LWIR stealth of
object with high temperature in low-temperature environment. We displayed simulated infrared images of the
PMTE in amorphous and crystalline states to demonstrate its switchable LWIR stealth at different temperatures.
In addition, the radiative heat dissipation properties of the PMTE are discussed. Our proposed PMTE based on IST
can be potentially applied to IR stealth and thermal management in different scenarios.

1. Introduction thermal radiation intensity of an object by controlling its emissivity

[10-13]. To this end, the traditional coating technology for IR stealth

Any object with temperature above absolute zero will generate
infrared (IR) thermal radiation and the temperature determines the
thermal radiation spectrum which could be described by the Planck’s
law [1]. The long-wavelength IR (LWIR) band of 8-14 pm, known as the
atmospheric transparent window, is of significant interests since a large
portion of thermal emission is concentrated in this band [2-4]. There-
fore, the LWIR thermal imaging system has been extensively utilized to
detect and recognize objects, including various military targets and
equipment [5-7]. To counter it, a variety of IR stealth technologies,
which can reduce the intensity difference in thermal radiation between
object and background, have been widely proposed [8]. According to
the Stefan-Boltzmann law, the thermal radiation intensity of an object is
proportional to the surface emissivity (¢) and fourth power of its tem-
perature (T) [9]. As a result, the IR stealth of objects with high tem-
perature is very challenging. It is effective and convenient to regulate

* Corresponding author.
E-mail address: guozhongyi@hfut.edu.cn (Z. Guo).
1 G. Xu and Q. Kang contribute to this work equally.

https://doi.org/10.1016/j.ijthermalsci.2024.109392

has been demonstrated through its low emissivity in the working bands
of IR detector [14-16]. However, it suffers from lacking of thermal
stability and switching ability in multi-scenario. There is an urgent
requirement for switchable LWIR stealth and thermal management at
present.

Over the past decades, a tremendous amount of effort has been
attributed to the switchable IR thermal radiation for the switchable IR
stealth and thermal management. Researchers have begun to develop
advanced materials and applying them to nanophotonic structures to
realize their full potential as switchable thermal emitters. According to
different external excitations, these switchable emitters can be catego-
rized into four types. (i) Thermally responsive emitters, which achieve
switchable thermal emission by changing the material properties
through heating. The most commonly used materials in this category are
phase change materials (e.g., GST, VO, etc.) [17-20]. (ii) Electrically
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responsive emitters, which achieve switchable thermal emission by the
redox reactions of electrochromic materials or modulating the carrier
density in graphene through voltage [21-24]. (iii) Mechanically
responsive emitters, which achieve switchable thermal emission by
stretching and contracting the structure through the application of
external force [25]. (iv) Humidity responsive emitters, which achieve
switchable thermal emission by wetting or drying porous polymer
structures or hydrogels [26]. Among them, the most popular concepts
are the metasurfaces based on phase change materials (PCMs) (e.g., VO,
GST) and active materials (e.g., graphene) owing to their
miniaturization.

Although, the plasmonic metasurfaces based on above tunable ma-
terials can achieve switchable IR thermal radiation, there are still some
shortcomings. The graphene and VO, are volatile materials and require
a continuous energy input to maintain their states, which is high energy
consumption [22]. For example, Wang et al. proposed a tunable radia-
tive metasurface based on graphene for information encryption and
anti-counterfeiting [23]. However, the continuous application of voltage
is required on the graphene to maintain the stability of the metasurface
state. In comparison, the GST is nonvolatile, requiring no external power
sustainment. The GST material is usually used as a spacer layer in the
plasmonic metasurfaces, which can achieve switchable IR thermal ra-
diation by the changes in effective refractive index of GST induced by
annealing conditions [27-29]. However, the metallic property of GST in
crystalline state is much weaker than VO, in metallic state, leading to a
limited modulation range of the management of the IR thermal radia-
tion. For example, Kang et al. proposed a tunable infrared emitter based
on GST for infrared camouflage and thermal management [28]. How-
ever, its modulation range of thermal emission is limited. Recently, the
nonvolatile PCM of In3SbTe; (IST) has been successfully demonstrated
in engineering the thermal emission, taking advantages of its drastic
difference in refractive index between amorphous and crystalline states,
which is comparable to VO3 [30]. Nevertheless, a switchable metasur-
face based on the IST for LWIR stealth and thermal management still
remains a challenging task.

In this paper, we propose a switchable plasmonic metasurface ther-
mal emitter (PMTE) based on the IST, which can manipulate the spectral
emissivity in the wavelength range of 5-14 pm as the IST varies from
amorphous to crystalline states. Specifically, when IST is in the amor-
phous state, the PMTE has lower and higher spectral emissivity at 5-8 pm
and 8-14 pm, respectively, which is used for the LWIR stealth of low-
temperature object in high-temperature environment. In contrast, after
the phase change, the PMTE has higher and lower spectral emissivity at
5-8um and 8-14pm, respectively, which can achieve radiative heat
dissipation in the 5-8 pm and LWIR stealth of high-temperature object in
low-temperature environment. In addition, the simulated IR images of
the PMTE are obtained in the high and low-temperature environments,
which can demonstrate switchable LWIR stealth at different tempera-
tures. Our proposed PMTE based on the IST provides a valuable refer-
ence scheme for IR stealth and thermal management in the different
scenarios.

2. Structural design and spectral analysis

Fig. 1 compares the optical properties of the IST with typical mate-
rials, including metal, dielectric and PCMs. The red arrow marks out the
difference in refractive index of IST between its crystalline and amor-
phous states. It could be seen that a drastic change happens when the
state of IST changes, especially compared with GST224 and GST225
[31-33]. Although VO, has strong metallic properties, it still has some
shortcomings. For example, VO3 is a volatile material that requires a
continuous energy input to maintain its phase change [34,35], which is
energy-intensive. In contrast, GST is non-volatile and does not require
external power maintenance. However, the metallic properties of GST
are much weaker than the IST in the crystalline state, resulting in a
limited regulatory range for its infrared thermal radiation management.

International Journal of Thermal Sciences 207 (2025) 109392

30
n<k , metal A e
AN +
o on
20_ IST
L Al *
-
10
0 /r: é_/;.'/ i ok, dielectric
295 —¢ 8 10 12 14
n

Fig. 1. Comparison of refractive indices of PCMs (IST, GST224, GST225, VO,),
metal (Mo, Ti), metal oxides (ITO), and dielectric (SiO2) at the wavelength of
10 pm (the red, blue and yellow arrows point from amorphous to crystalline
states respectively). The illustration shows schematic of the atomic structure of
the IST before and after the phase change, where the temperature of phase
change (T,) is 300 °C.

Recently, the nonvolatile IST has been successfully demonstrated in the
regulation of thermal emission, taking advantages of its drastic differ-
ence in refractive index between amorphous and crystalline states as
shown in Fig. 1, which means greater manipulation capacity of thermal
emission. That is why we choose the IST as the base PCM for our PMTE.
The atomic distribution of IST in amorphous and crystalline states are
shown in the illustration of Fig. 1. The atomic distribution changes from
a disordered arrangement to an ordered arrangement, which is the main
reason for the change of the IST’s optical properties.

Fig. 2(a) shows the structure schematic of the switchable PMTE
based on IST. It can be used for infrared stealth of high-temperature
objects to avoid detection by infrared detectors. The PMTE can remain
stable below 410 °C, making it suitable for the surface of most infrared
heat sources [30,36]. When the temperature exceeds the phase change
temperature of the IST (300 °C) [37], the state of IST will change from
the amorphous state to crystalline state. As results, the radiation in-
tensity of PMTE will be reduced and enhanced in the IR region of 8-14
pm and 5-8 pm, respectively, which could make us to achieve LWIR
stealth and increase thermal stability simultaneously. As shown in Fig. 2
(b), the PMTE is composed of metal discs (Au), two spacer layers (ZnS
and IST) and reflector layer (Ti) from top to bottom, where the period of
unit cell is P, the radius and thickness of Au disc are r and t4, the
thicknesses of reflector layer and two spacer layers are tj, tz, t3. The
optimized geometric parameters are summarized as follows: P = 4.5 pm,
r =1.7 pm, t; = 200 nm, t; = 360 nm, t3 = 600 nm, t; = 100 nm. It is
worth noting that the two spacer layers could provide more degrees of
freedom to control the IR thermal radiation than a single spacer layer
(dielectric or PCM layer). We can demonstrate fabrication feasibility of
the proposed PMTE by fabrication method in literatures [38,39]. Firstly,
the 200 nm-thick Ti, 360 nm-thick IST and 600 nm-thick ZnS films can
be successively deposited on silicon substrate by magnetron sputtering.
Secondly, the Au disc arrays can be fabricated by using a focused ion
beam system.

The emissivity is a key parameter describing the characteristics of
thermal radiation from objects. According to the Kirchhoff’s law of
thermal radiation, the emissivity (¢) of a reciprocal system equals to the
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Fig. 2. (a) The schematic of the proposed PMTE based on the IST. (b) The unit
cell of the proposed PMTE.
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absorptivity (A) in thermal equilibrium [40,41]. For the proposed
PMTE, the transmission is zero due to the presence of the reflector layer.
Therefore, the spectral emissivity can be conveniently obtained from the
spectral absorptivity of the PMTE by calculating A = 1-R. In this work,
the proposed PMTE is numerically simulated by using a home-built
program based on the finite element method [42]. In the simulation
model, the port conditions and perfectly matched layers are used along
the z-axis, working as open boundaries. Periodic boundary conditions
are applied to boundaries in both x and y directions. The plane wave is
carried out along the z-axis. In order to ensure the simulation accuracy
and save time, we optimize the mesh size. Simulation details such as
mesh size, boundary conditions, port conditions and simulation time
adopted in the simulation are given in Table 1. The refractive indexes of
Au, ZnS and Ti are obtained from Palik’s book [43], and the permittivity
of the IST is obtained from Ref. [44].

To demonstrate that the PMTE can achieve switchable thermal ra-
diation in the IR region of 5-14 pm, Fig. 3(a) shows the spectral emis-
sivity of the proposed PMTE in the amorphous and crystalline states,
which are labelled as aPMTE and cPMTE, respectively. The aPMTE has
low emissivity in the wavelength range of 5-8 pm and high emissivity in
the wavelength range of 8-14 pm, peaking around 9.8 pm. In contrast,
the spectral emissivity of cPMTE increases in the wavelength range of
5-8 pm with two emission peaks, and decreases in the wavelength range
of 8-14 pm. To gain insight into the effectiveness of the proposed PMTE
in achieving the switchable thermal radiation, the emissivity results
with and without PMTE are compared. We use a 200 nm-thick Cr film on
the silicon substrate as a reference, because Cr film is widely used for
coating of objects. As shown in Fig. 3(a), compared to crystalline and
amorphous PMTE, the emissivity of Cr film is lower. Although it is good
for LWIR stealth in the 8-14 pm, it is not good for radiative heat dissi-
pation in the 5-8 pm. As shown in Fig. 3(b), the spectral radiation in-
tensity of the PMTE lies between blackbody and Cr film. It can be
inferred that the Cr film/blackbody with the PMTE can achieve
wavelength-selective and switchable thermal radiation in the wave-
length range of 5-14 pm. Therefore, the PMTE can help objects to
achieve switchable LWIR stealth and radiative heat dissipation. The
radiation intensity is a physical quantity that describes the radiation
ability of an object, which is helpful for analyzing the thermal radiation
process and studying the radiation characteristics of an object at
different temperatures. Fig. 3(b) shows the radiation intensities of the
PMTE and a blackbody at the temperature of 180 °C, and the calculation
process is given by the following formulas:

Epyre(4, T) = epmre(4) X Ep(4,T) €))

21hcy?4~°

B 1) = oo (T = 1

(2)

where epprp(4) is the spectral emissivity, Ep(4,T) is the radiation in-
tensity of the blackbody, h is the Planck’s constant, ¢y is the speed of
light in vacuum, k is the Boltzmann constant, 1 is the wavelength and T'is
the temperature. It can be observed that the radiation intensity of a
blackbody is larger than those of aPMTE and cPMTE, indicating that the
PMTE is able to dynamically switch the IR radiation characteristics of
blackbody as the IST changes from amorphous to crystalline state. In
order to better illustrate the switchable characteristics of thermal
emission from the PMTE, the average emissivity of PMTE in the wave-
length range of 5-8 pm and 8-14 pm is calculated as follows [45]:

Table 1

Simulation parameters.
Mesh Port conditions Boundary conditions Simulation
size time
631 pm® perfectly matched Periodic boundary 20 min

layers conditions
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Fig. 3. (a) Simulated spectral emissivity of crystalline and amorphous PMTE
and Cr film. (b) The radiation intensity of blackbody, PMTE and Cr film at 180
°C. The emissivity spectra of (¢) GST-PMTE, (d) VO,-PMTE under crystalline
state and amorphous state.
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where ; and 2 are the lower and upper limits of the wavelength,
respectively. It can be calculated that the average emissivity increases
from 0.22 to 0.68 and decreases from 0.44 to 0.14 in the wavelength
range of 5-8 pm and 8-14 pm, respectively, when the IST changes from
amorphous to crystalline state. It is known that the state change of IST is
reversible [39]. The reamorphization process requires heating the IST
above the melting temperature with subsequent quenching due to
intrinsic cooling rates that the lattice is melt-quenched into the amor-
phous state. Therefore, the PMTE can achieve switchable LWIR stealth
and radiative heat dissipation by controlling the phase change of IST.

To compare the advantages between IST and GST/VO,, we numeri-
cally calculate the spectral emissivity of GST-PMTE and VO,-PMTE in
the wavelength range of 5-14 pm under crystalline state and amorphous
state, which is used for quantitative comparison. As shown in Fig. 3(c)
and (d), compared with GST and VO, the IST-PMTE has a large dynamic
range of emissivity modulation in the wavelength range of 8-14 pm,
which can help PMTE to achieve dynamically tunable LWIR stealth in
different background environments. In addition, compared with c¢-GST
and c-VOy, the PMTE with c-IST has a broadband and high thermal ra-
diation in the wavelength range of 5-8 pm and a lower emissivity in the
wavelength range of 8-14 pm, which can enhance the performance of
radiative heat dissipation and LWIR stealth for high temperature targets.
To sum up, IST is a better candidate in our proposed metasurface
structure.

3. Results and discussion
3.1. Theoretical analysis

For MIM metasurface structures, there are usually two resonance
modes that affect the absorption characteristics, namely propagating
surface plasmon resonance (PSPR) and local surface Plasmon resonance
(LSPR) [46]. Firstly, LSPR is a local mode that exists in a very small
space near the metal microstructure. When the light impinges on the
metasurface, LSPRs are excited in the Au discs. The resulting charge
distribution causes the inverse oscillate of electrons in the bottom metal,
providing an antiparallel current distribution that produces a magnetic
response. Secondly, PSPR is a special non-local mode of metal surface
electrons excited by incident light, in which the metasurface can supply
additional momentum to satisfy the momentum matching rule. The
magnetic field of the PSPR is not only confined to the region below the
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Au discs, but also in the interface between the dielectric film and the Ti
film. In order to briefly demonstrate the physical mechanisms behind the
three radiation peaks marked as B, C and A in Fig. 3(a), Fig. 4 presents
normalized electromagnetic field distributions at these three wave-
lengths. It can be clearly seen that the electric fields at three points B, C
and A are mainly located and enhanced at both ends of the Au discs,
which is the typical feature of LSPR [47,48]. One can see that the
magnetic fields at points B and C are not only confined to the ZnS film
between the Au disc and the IST film, but also in the interface between
the ZnS film and the IST film, which could be attributed to the hybrid-
ization between a magnetic resonance and an anti-reflection resonance.
One can also see that the magnetic field at point A are mainly concen-
trated on the interface between the IST film and the Ti film, which could
show the characteristics of PSPR [49].

Next, we analyse the effect of geometric parameters on the spectral
emissivity of PMTE. Except for the parameter being discussed, other
parameters are same as those mentioned above. We first study the in-
fluences of geometric parameters of the unit cell on the IR thermal ra-
diation from aPMTE. Fig. 5(a)-(d) present the spectral emissivity of
aPMTE at different parameters of P, r, ty, t3 and t4. Because the radiation
peak in the wavelength range of 8-14 pm originates from the SPRs, the
radiation peak has a red-shift as the period of unit cell and the thickness
of spacer layer increase. As shown in Fig. 5(a) and (b), when the period
of unit cell increases from 3.5 pm to 5.5 pm, the radiation peak gradually
becomes broad in the wavelength range of 8-14 pm. On the contrary,
when the radius of disc increases from 1 pm to 2 pm, the radiation peak
gradually becomes narrow in the wavelength range of 8-14 pm. As
shown in Fig. 5(c) and (d), when the thicknesses of IST and ZnS layers
increase from 240 nm to 480 nm and from 300 nm to 800 nm, respec-
tively, their radiation peaks have an obvious red-shift, which can be
attributed to the increase of effective permittivity. Finally, as the height
of Au disc increases from 100 nm to 300 nm, the spectral emissivity of
aPMTE is almost constant, as shown in Fig. 5(e).

Subsequently, we study the influences of geometric parameters of the
unit cell on the IR thermal radiation from cPMTE. Fig. 5(f)-(i) present
the spectral emissivity of cPMTE at different parameters of P, r, ts and t,.
As shown in Fig. 5(f), when the period of unit cell P increases from 3.5
pm to 5.5 pm, two discrete narrowband radiation peaks gradually form
the broadband radiation in the wavelength range of 5-8 pm, and
meanwhile the emissivity in the wavelength range of 8-14 pm is low and
has a slight change. These characteristics are beneficial for LWIR stealth
and radiative heat dissipation of 5-8 pm. Because the radiation peaks in
the wavelength range of 5-8 pm can be attributed to the hybridization
between the magnetic resonance and the anti-reflection resonance, the
radiation peaks have an obvious red-shift as the radius of Au disc and the
thickness of ZnS spacer layer increase, as shown in Fig. 5(g) and (h).
Specifically, when the radius of Au disc increases from 1 pm to 2 pm, one
broadband radiation peak has an obvious red-shift and gradually divides
into the two discrete narrowband radiation peaks in the wavelength
range of 5-8 um, and one radiation peak in the wavelength range of
8-14 pm appears and gradually moves toward the long wavelength. As
shown in Fig. 5(h), when the thickness of ZnS increases from 300 nm to
800 nm, the narrowband radiation peak has an obvious red-shift and
gradually becomes the broadband radiation peak in the wavelength

6.3pm 6.9pm 9.8pum )
(o B BN C Sl A g 1
FE B 5 R
I S
R ———— e | 0
e B SN C BN A | .
wBIN. ~ =~ ">
[ —— & N 3

Fig. 4. The normalized electromagnetic field distribution of PMTE corre-
sponding to three points B, C and A in Fig. 3(a).
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Fig. 5. The relationship between spectral emissivity of aPMTE/cPMTE and
geometric parameters of unit cell. (a)-(e) The spectral emissivity of aPMTE with
different periods of unit cell, radius of Au disc, thicknesses of IST layer,
thicknesses of ZnS layer and heights of Au disc. (f)—(i) The spectral emissivity of
cPMTE with different periods of unit cell, radius of Au disc, thicknesses of ZnS
dielectric layer and heights of Au disc.

range of 5-8 pm, meanwhile the emissivity in the wavelength range of
8-14 pm is low and has a slight change. These characteristics are
beneficial for LWIR stealth and radiative heat dissipation of 5-8 pm.
Finally, there is little change in the spectral emissivity of cPMTE, as the
height of Au disc increases from 100 nm to 300 nm, as shown in Fig. 5(i).
It can be seen that the height of Au disc has little effect on the spectral
emissivity of PMTE either before or after the phase transition.

Fig. 6 shows the spectral emissivities of aPMTE and cPMTE at
different radiation angles and polarization angles. For the aPMTE, as the
radiation angle increases from 0° to 70° in Fig. 6(a), the bandwidth of
radiation peak in the wavelength range of 8-14 pm becomes broader and
a radiation peak gradually appears in the wavelength range of 5-8 pm.
These features result in the thermal radiation with broader bandwidth in
the wavelength range of 5-14 pm, improving the performances of LWIR
stealth of low-temperature objects in high-temperature environment.
For the cPMTE, as the radiation angle increases from 0° to 70° in Fig. 6
(b), the bandwidth of radiation peak in the wavelength range of 5-8 pm
becomes broader and the emissivity in the wavelength range of 8-14 pm
gradually increases. This increases radiative heat dissipation of 5-8 pm,
but reduces the LWIR stealth performance of high-temperature objects.
Fig. 6(c) and (d) show the spectral emissivity of aPMTE and cPMTE at
different polarization angles, respectively. It can be seen that the radi-
ation spectra of aPMTE and cPMTE remain almost unchanged with the
polarization angle increases from 0° to 90°, which stems from the perfect
symmetry of unit cell. Therefore, the IR thermal radiation from PMTE is
polarization-independent, indicating that the polarization angle does
not affect the radiative heat dissipation of 5-8 pm and LWIR stealth of

8-14 pm.
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Fig. 6. The spectral emissivity of aPMTE (a) and cPMTE (b) with radiation
angles varying from 0° to 70°. The spectral emissivity of aPMTE (c) and cPMTE
(d) with polarization angles varying from 0° to 90°.
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According to the Kirchhoff’s law of thermal radiation, the radiation
characteristics are consistent with absorption characteristics in a
reciprocal system under the thermal-stable condition, which demon-
strates that a good emitter is also a good absorber. In order to reveal the
physical mechanism behind the radiation spectra of both aPMTE and
cPMTE, we calculate magnetic field and power loss distributions of unit
cell at different wavelengths and different positions, as shown in Fig. 7.
As well know, the optical absorption could be enhanced by achieving the
impedance matching, resonance mode excitation and Ohmic dissipation
successively. Fig. 7(a) and (c) show the magnetic field distribution and
power loss distribution of aPMTE over the 5-14 pm wavelength range,
respectively. The magnetic field over the 8-14 pm wavelength range
enters into the spacer layer composed by two dielectric materials and the
corresponding electromagnetic wave is dissipated into the Ti reflection
layer. It will lead to a radiation peak in the wavelength range of 8-14
pm. Fig. 7(b) and (d) show the magnetic field distribution and power loss
distribution of cPMTE over the 5-14 um wavelength range, respectively.
Since the IST in crystalline state can be treated as a metal layer, the
magnetic field over the 5-8 pm wavelength range only enters into the
ZnS spacer layer and the corresponding electromagnetic wave is dissi-
pated into the IST reflection layer. It will lead to the radiation peak in the
wavelength range of 5-8 pm. On the contrary, the magnetic field over
the wavelength range of 8-14 pm is weaker than those of 5-8 pm in the
ZnS spacer layer and the corresponding electromagnetic wave is hardly
dissipated into the IST reflection layer, which causes a little radiation in
the range of 8-14 pm.

3.2. Evaluation of infrared stealth performance

As shown in Fig. 8, the LWIR thermal imager (operating band 8-14
pm) is used to obtain infrared thermal images. The PMTE sample is
mounted on a vertically positioned heating plate with a background
plate behind it. The LWIR thermal imager is placed in front of the
sample. By adjusting the distance and focal length, the infrared thermal
imager can clearly capture the sample and background plate and detect
their radiation temperatures (see Fig. 9).

The three kinds of energy received by the thermal imager are shown
in Fig. 8. The energy Eg, originates from the radiation of the sur-
rounding environment and is then reflected from the surface of the ob-
ject being measured to the thermal imager. Energy E,p; is blackbody
spontaneous radiation and energy Eg,, is atmospheric radiation.
Therefore, in the 8-14 pm band, when the object temperature is heated
to Topj, the energy E(T;qq) received by the LWIR thermal imager is:

E(Traq) = €7E(Topj) + (1 — A)TE(Tyr) + (1 — 7)E(Tum) €))
where E(T) is the radiant energy of 8-14 um band of the blackbody at T,

Trad is the radiation temperature, Top; is the object temperature, Tou, is
the atmosphere temperature, and Ty, is the surrounding environment

(b),
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Fig. 7. Normalized H-field distributions of aPMTE (a) and cPMTE (b) over the
5-14 pm wavelength range. Normalized power loss distribution of aPMTE (c)
and cPMTE (d) over the 5-14 pm wavelength range.
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temperature. 7 (z < 1) is the atmospheric transmittance, ¢ is the average
emissivity of the sample in the range of 8-14 pm, and A is the average
absorptivity of the sample in the range of 8-14 pm. In thermal equilib-
rium, ¢ and A are equal. The value of 7 varies with the wavelength, for
example, 7 is close to 1 in the 8-14 pm band, and is close to 0 in the 5-8
pm band. In thermal equilibrium without atmospheric radiation, the
relationship between Tyqq and Top; is given by the following formula
[23]:

80T4
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where ¢y is the emissivity of the IR thermal imager (usually 1) [50,51].
Since we are calculating the radiation temperature in the band 8-14 pm,
the value of 7 in the formula is 1 [44]. In thermal equilibrium, the
average emissivity € = 0 and 1 represent perfect reflectors and black-
bodies, respectively, and the average emissivity of the actual object is
between 0 and 1. According to Eq. (5), when the average emissivity of
the object £ = 0 and 1, the radiation temperature T,qq is equal to the
surrounding environment temperature Ty, and the object temperature
Topj, respectively.

Fig. 9 shows the relation between the radiation temperature Tyqq and
the average emissivity (¢) of the object when the surrounding environ-
ment temperature (T, = 27 °C) is different from the surface tempera-
ture of the object (T,p = 7-97 °C). When the surface temperature of the
object is the same as the surrounding environment temperature (Top; =
Tsur), the radiation temperature T,qq does not change with the average
emissivity. When the surface temperature of the object is lower than the
surrounding temperature (Top; < Tsyr), the radiation temperature Trqq
decreases with the increase of average emissivity. And the lower the
object temperature, the faster the radiation temperature decreases with
the increase of the average emissivity. When the surface temperature of
the object is higher than the surrounding environment temperature (Top;
> Tg,r), the radiation temperature T4 increases with the increasing of
average emissivity, and the higher the object temperature is, the faster
the radiation temperature increases with the average emissivity. In the
case that T, is not equal to Ty, different average emissivities will
correspond to different radiation temperatures. Therefore, according to
the different average LWIR emissivities of the PMTE in the two states,
the target can present thermal images of different colors.
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Fig. 9. The relationship between radiation temperature (T,,q) and average
emissivity (€) at different surface temperatures (Toy). The surrounding envi-
ronment temperature is fixed at Ty, = 27 °C. The red dots represent the in-
tersections of the average emissivity vertical (¢ = 0.14) and the radiation
temperature curves.
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Next, we considered two application scenarios for the PMTE. In this
study, the background plate is made of aluminum with an emissivity of
0.09. Firstly, we verify the LWIR stealth performance of high-
temperature targets in low-temperature environments (forests, grass-
lands, etc.). We calculated the radiation temperature of cPMTE at Ty, =
27 °C, 37 °C, Topj = 47 °C, 57 °C, 67 °C, 77 °C, respectively, and plotted
corresponding LWIR thermal images according to the temperature field
distributions, as shown in Fig. 10(a). The temperature of the background
aluminum plate is maintained at 30 °C. It can be seen that the radiation
temperature of cPMTE is much lower than the surface temperature,
which is beneficial to the LWIR stealth of high-temperature objects.
Secondly, we verified the LWIR stealth performance of low-temperature
targets in high-temperature environments (deserts, workshops, etc.). We
simulated LWIR thermal images of aPMTE at Ty, = 77 °C, 87 °C, Topj =
37 °C, 47 °C, 57 °C, 67 °C, respectively, as shown in Fig. 10(b). The
temperature of the background aluminum plate is maintained at 80 °C. It
can be seen that the radiation temperature of aPMTE is higher than the
surface temperature, which is beneficial to the LWIR stealth of low-
temperature objects. The red dotted boxes indicate that the radiation
temperature of the target is very close to the background temperature. It
should be noted that the temperature T,p; and Ty, are not fixed and can
be changed to other values according to the needs of actual application
scenarios.

To comprehensively evaluate the LWIR stealth performance of the
PMTE, the IR signal reduction rate 3(T) at different surface temperatures
is calculated by Ref. [52]:

r(T)

B(T) = (1 - @) x 1009%0 (6)

where y(T) and §(T) are the radiation intensities of the PMTE and the
blackbody at temperature T, respectively. Herein, the radiation intensity
of the PMTE is considered, while the environmental radiation and the
solar radiation energy reflected by the emitter are ignored. y(T) and 5(T)
are calculated using the following equations:

/(T) = /AZ cDE(ALT)AL 8(T) = /leb(/l,T)dll @

A A

where 1; and Ay are the lower limit and upper limit of the bandwidth,
respectively. Fig. 11 shows the IR signal reduction rates of aPMTE and
cPMTE as functions of temperature in the LWIR range. As the temper-
ature increases from 300K to 700K, the signal reduction rate of the
aPMTE is around 60 % and the signal reduction rate of the cPMTE is
around 85 %, demonstrating that the cPMTE can better suppress the
radiation intensity of blackbody than the aPMTE. The feature is useful
for switchable LWIR stealth.
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Fig. 10. (a) Simulated thermal images of cPMTE heated to 47 °C, 57 °C, 67 °C
and 77 °C respectively when the background temperatures are 27 °C and 37 °C.
The radiative temperatures of the background aluminum plate are 27.3 °C and
36.4 °C, respectively. (b) Simulated thermal images of aPMTE heated to 37 °C,
47 °C, 57 °C and 67 °C respectively when the background temperatures are 77

°C and 87 °C. The radiative temperatures of the background aluminum plate are
77.3 °C and 86.4 °C, respectively.
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Fig. 11. The red and blue lines indicate the IR signal reduction rates of cPMTE
and aPMTE in the LWIR range at different temperatures.

3.3. Evaluation of radiative heat dissipation performance

According to energy balance theory, the net radiative heat dissipa-
tion power of the PMTE is the comprehensive manifestation of the four
energy flows (PMTE’s radiative energy, solar energy absorption, atmo-
spheric radiative energy and intrinsic cooling loss) [53]. Here we
consider a simple scenario. On a sunny day and at room temperature, the
radiative energy and solar energy absorption from the PMTE play a
dominant role in the radiative heat dissipation. In order to reduce the
temperature of the PMTE by radiative heat dissipation, the PMTE must
have a high emissivity in the atmospheric window (8-14 pm) and high
reflectivity in the solar radiation spectrum. However, the spectral re-
quirements of radiative heat dissipation conflicts with that of LWIR
stealth. To balance the spectral requirements between LWIR stealth and
radiative heat dissipation, PMTE has a high emissivity in the
non-atmospheric window (5-8 pm) and a low emissivity in the atmo-
spheric window (8-14 pm).

According to the above, we can know that the radiative heat dissi-
pation in non-atmospheric window (5-8 pm) and reflectivity in the solar
radiation spectrum are important for the radiative heat dissipation of
high-temperature object. Therefore, we investigate the radiated power
of aPMTE and cPMTE in non-atmospheric windows. As shown in Fig. 12
(a), when the temperature increases from 300K to 650K, the radiated
power of both aPMTE and cPMTE are going up. When the temperature
exceeds the phase change temperature of IST, the amorphous state will
not exist. Meanwhile, the radiative heat dissipation of cPMTE is much
larger than that of aPMTE. The trend is consistent with the Stefan-
Boltzmann law: E = eoT? (where ¢ is the emissivity, o is the Stefan-
Boltzmann constant, and T is the surface temperature) [54]. In addi-
tion, we simulate the reflectivity of PMTE in the solar radiation spec-
trum, as shown in Fig. 12(b), where the orange shaded part is the
normalized spectral irradiance of solar radiation [55,56]. It can be seen
that PMTE has a high reflectivity in the visible light and near-infrared
spectrum, which greatly reduces the absorption of solar energy. In
summary, on the basis of LWIR stealth, in order to achieve radiative heat
dissipation as much as possible, PMTE need have high thermal radiation
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Fig. 12. (a) The radiation intensities of aPMTE and cPMTE in the wavelength
range of 5-8 yum at different temperatures. (b) Spectral reflectivity of cPMTE
and normalized solar spectral irradiance in the visible light and near infrared
spectral ranges.
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in non-atmospheric window of 5-8 pm and high reflectivity in the solar
radiation spectrum.

4. Conclusions

In summary, this paper proposes a switchable plasmonic metasurface
based on the IST, which realizes the functions of LWIR stealth and non-
atmospheric window high radiative heat dissipation in multiple sce-
narios. Firstly, the method overcomes the problems of volatility and
weak metal property of traditional PCMs (e.g., VO3, GST). The structure
does not require a continuous energy input to maintain the phase change
and can achieve a wide range of emissivity switching. For example, the
emissivity difference between the aPMTE and cPMTE are 0.89, 0.65 and
0.81 in the wavelengths of 9.8 pm, 6.9 pm and 6.3 pm, respectively.
Specifically, the average emissivities of aPMTE are 0.22 and 0.44 in the
wavelength ranges of 5-8 pm and 8-14 pm, which is used for the LWIR
stealth of low-temperature object in high-temperature environment. The
average emissivities of cPMTE are 0.68 and 0.14 in the wavelength
ranges of 5-8 pm and 8-14 pm, which can achieve radiative heat
dissipation in the 5-8 pm and LWIR stealth of high-temperature object in
low-temperature environment. Secondly, we explain the physical
mechanism of radiation peak. In addition, we evaluated the stealth
performance of the PMTE and presented simulated thermal images of
the PMTE at different temperatures and application scenarios. It can be
seen from the simulated thermal image that the proposed PMTE has
excellent LWIR stealth performance. Finally, we also evaluated the
radiative heat dissipation performance of the PMTE. The work in this
paper may open up new possibilities for military or civilian stealth ap-
plications, thermal management, and energy-saving devices.
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