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ARTICLEINFO ABSTRACT

Keywords: Tunable thermal emitters have attracted much attention due to their applications in communications, sensing,

Metamaterial and control system. To date, the emission performance of many reported thermal emitters require continuous

zﬂ“sf"["(e external energy for the purpose of continuous modulation. Here, a GeaSbyTes (GST) array-based metasurface
ssion

thermal emitter is proposed and measured. The maximum emissivity (crystalline) is 95.3%, while the minimum

ion ( phous) amplitude is 15.1%. Based on the phase transition states (amorphous and crystalline) of
the GST array, the emissi litude and r wavelength of this metasurface thermal emitter are clearly
switchable. Moreover, the thickness of the GST arrays is set to be 1.54m, 2.0um, and 2.5um, which results in the
emissivity peak shifting to longer resonant wavelengths. The thermal emitter reveals continuous tunability,

broad wavelength selectivity, and switchability.

1. Introduction

Over the past twenty years, electromagnetic (EM) metasurfaces/
metamaterials have attracted great attention based on the rich reso-
nance properties in a wide range of fields [1-6]. Such devices based on
EM metasurfaces/metamaterials show a series of interesting applica-
tions, for example, absorbers, surface plasmon manipulations, and
wavefront controllers [7-10]. The application of EM meta-
surfaces/metamaterials to communications and thermal emitters is an
interesting field [11-15]. This is because thermal emission is an inherent
property of materials whose temperature is above absolute zero [16,17].
The inherent thermal emission properties of natural materials are usu-
ally shown as wide band, non-convertible, and non-modulated. Unfor-
tunately, most applications involving thermal emission require tunable
properties, such as thermophotovoltaics, infrared camouflage, and heat
management [18-21]. The frequency selectivity is also an interesting
property of the thermal emitters [22-26]. Currently, many strategies for
actively modulating metamaterials or metasurfaces are proposed and
verified [27-31]. However, the tunable thermal emission performance
has not been achieved. With the deepening of research and the devel-
opment of processing technology, many interesting strategies have been
proposed and verified to control the thermal emissivity. For example,
materials with thermal expansion properties are used in EM

faces, ials thermal emitters (such as SiNx) [32]. By
changing the ambient temperature, the volume of the thermally
expanding material can be controlled, thereby adjusting the vertical
distance of the metal resonators in the unit structure, and realizing the
tunability of the thermal emission properties.

Another interesting tunable strategy is the application of electrically
modulated materials to develop EM metamaterial/metasurface thermal
emitters, such as graphene, Dirac semimetal, and quantum wells. By
setting a suitable external electrical signal stimulus, the carrier transport
properties inside the voltage-sensitive material can be effectively
changed, so that the thermal emission performance can be tailored
statically or dynamically [33]. Brar VW et al. reported a thermal emitter
(made of graphene/SiNx/Au nanoresonators) in the narrow-band
mid-infrared range. The charge density and thermal emission proper-
ties of graphene are controlled by setting the voltage of the electrostatic
gate [34]. The fast response of thermal emission resonance behaviors are
revealed by this strategy of adopting external voltage modulation.
However, the disadvantage of this method is that the external power
should be maintained continuously. Once the external power is fails, the
thermal emission properties can’t be stable. Further, the design and
development of tunable thermal emitters using phase-change materials
has attracted the attention of researchers. Phase change materials have a
remarkable property that their optical properties vary depending on the
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morphology. For example, vanadium dioxide (VO;) exhibits an
insulator-to-metal resonance in different temperature environments and
is a typical phase change material [35]. When the ambient temperature
is lower than 68 °C, the conductivity of VO is effectively suppressed,
while the temperature is higher than 68 °C, obvious metal conductivity
is achieved by VO,. Therefore, by setting an appropriate ambient tem-
perature, temperature-controlled modulation performances can be
effectively achieved by the VOj-based thermal emitters. However,
similar to electrically modulated materials, the metallic phase of VO,
needs to continuously consume external energy, otherwise, the tem-
perature conditions required by the metallic phase can’t be maintained
to excite the metal-to-insulator phase transition [36]. It can be seen from
the above discussion the currently verified thermal emitters need to
continuously consume external energy to achieve tunable thermal
emission performance. Therefore, we need to design and validate an
energy-efficient solution to maintain the resonant emissivity of thermal
emitters with zero static power consumption in ambient temperature
environments. According to such design principles, phase-change ma-
terials that can maintain their own phase-change morphology at room
temperature without continuously consuming external energy have
become a key factor in the development of tunable thermal emitters.
GeySbyTes (GST) is a material that can maintain its phase transition
state without continuous external energy consumption. GST has obvious
amorphous and crystalline states, and at the same time, many inter-
mediate states can be realized between these two states (the ratio of
crystalline and amorphous components is determined according to the
annealing time and annealing temperature). Due to the rich resonances
and switchable properties of GST, it has been widely used in many fields,
such as, optical storage, absorbers, memory, and color devices [37-40].
In this paper, a GST array-based metasurface thermal emitter is
designed and validated. The thermal transmitter reveals continuous
tunability, frequency selectivity, and switchability, Low thermal emis-
sion peak (95.3%) and high emission amplitude (15.1%) are obtained
under the amorphous and crystalline conditions, respectively, enabling
switchable thermal emission behaviors. The thickness of the GST array is
varied during sample preparation to effectively shift the emission peak,
revealing the wavelength selectivity. Moreover, this emission window is
stable even if the external energy is disabled at room temperature.
Metasurface thermal emitters based on phase change materials GST
have received extensive attention from researchers. For example, under
the amorphous and crystalline states, the reported GST array-based
metasurfaces reveals single-mode and multi-mode emission properties
[37,38]. Moreover, the emission amplitude and resonance wavelength
can be controlled by changing the crystallinity, which is similar to the
resonance behaviors exhibited by the proposed metasurface in this
paper. It should be indicated that, by setting the appropriate annealing
temperature and annealing time, the emission window of the proposed
metasurface thermal emitter is switched with the “ON" and “OFF" states
(emission peak into emission valley), which is different with the
repoarted works [37,38]. Regrettably, even though the thermal emission
peak can be effectively shifted by changing the crystallinity, due to the
excitation of multiple resonance modes, multiple thermal emission
peaks and valleys appear simultaneously “ON” and “OFF" under the
same crystallinity condition, which leads to an increase in the difficulty
of processing metasurface thermal emission signals. Individual and
controllable the “ON” and “OFF" states of the emission windows is
difficult for many reported thermal emitters. For the proposed meta-
surface thermal emitter, due to the nature of the single resonance mode,
the single emission window can be switched with the “ON” and “OFF”
states individual and controllable by changing the annealing tempera-
ture. More importantly, the proposed metasurface shows a single reso-
nant mode, which is suitable for sensing applications. Single resonance
mode has the advantages of simple signal processing, strong
anti-jamming ability, no need to analyze the complex signal formed by
multi-mode change, and no signal loss caused by multi-mode covering
each other. Once the phase transformation morphology is obtained
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under suitable annealing temperature and annealing time conditions,
the GST layer can maintain its own morphology for several years at room
temperature without continuous external energy consumption. Finally,
the surface resistive loss of GST arrays is an important factor leading to
the thermal emission behavior, which has rarely attracted the attention
of researchers. The resistive loss intensity on the surface of the GST array
is directly related to the thermal emission amplitude under different
temperature conditions. Therefore, it is feasible to develop tunable EM
metamaterials/metasurface thermal emitters using GST.

2. Structural design, le p

P

tion, and si

2.1. Structural design

The structural design of the metasurface is shown in Fig. 1. The
structural unit consists of five layers of materials: the metal layer, the
BK7 layer, the ZnS layer, the SU-8 layer, and the GST array. Among
them, the metal layer works as a heat reflector and eliminates the
transmission of electromagnetic waves, while the GST array works as the
main thermal resonator for absorbing and emitting electromagnetic
wave energy. These dielectric layers serve two roles: (a), as a support
material for the structural unit, isolating the GST array from the un-
derlying metal layer. (b), these dielectric layers have little energy loss
for electromagnetic waves in the operating wavelength range. These
three dielectric layers can be combined according to a certain thickness
to form a low-loss buffer layer, which can ensure that most of the energy
is absorbed by the GST array or reflected by the underlying metal layer.
The lattice constant of the structural unit is P = 10.0um, and the
thickness of the material is: h1 =1.5um, h2 =3.0ym, h3 =5.0pym, h4 =
5.0um, and h5 = 2.5um, respectively. The diameter of the GST disk
array is d = 3.8um. Moreover, HFSS is used for simulation and equiva-
lent medium theory is used for theoretical calculation.

2.2. Sample preparation

The preparation and measurement of this metamaterial sample are as
follows:

(1) Selecta 2 mm thick glass piece as a temporary substrate, and use
acetone and ultrapure water to clean the glass piece to ensure no
impurities. This glass piece is dried by a hot plate (C-MAG HP10,
4 min). Fix the temporary substrate in the center of the spinner
and spin-coat a layer of SU-8 on the temporary substrate (MSC-
400Bz-6 N, spin time should be 5 min, the spin speed should be
2000 rpm). The SU-8 layer is cured by slowly heating the tem-
porary substrate using a hot plate. (2) Use a coating machine to
cover a metal layer on the surface of the SU-8 layer (ZZL-U400C,
working pressure should be 55¢~%(atm), warm-up time should
be 40 min, at a rate 2.1 As ”, vacuuming time should be 4.5 h).
Soak the semi-finished product in acetone to remove the SU-8
layer, and cured by a hot plate (C-MAG HP10, 4 min). (3) Simi-
larly, the BK7 layer, the ZnS layer, and the GST layer are alter-
nately deposited using the same coating machine (ZZL-U400C,
working pressure should be 55¢~%(atm), warm-up time should
be 45 min, at a rate 2.4 As _’, vacuuming time should be 4.5 h).
(4)The semi-finished product is cleaned with ultrapure water and
dried with the hot plate. (5) Using an etching machine to define
the disk array on the GST layer (CABL-9000C). (6) The SEM
pattern of the metamaterial sample is shown in Fig. 1(c), the
using device is JSM-7610F. (7) The absorption properties of the
metamaterial samples are measured by Bruker Optics Equinox,
the transmitting port is 10 cm away from the sample and the
receiving port is 8 cm away from the sample. (8) The thermal
emission properties of this metamaterial are measured by Bruker
Vertex 70 FTIR, the receiving port is 5 cm away from the sample.
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Fig. 1. (a) The three-dimensional structure of this metasurface heat emitter. (b) The cross section of the structural unit. (¢) SEM images of metasurface samples.

(9) The metamaterial sample is cleaned with ultrasonic waves
(VGT-QTD).

2.3. Simulation

In the simulation, the metal layers are defined using the Drude model
[41]:

0}

i m
w? —iwy,

elw)=1-—

In this theoretical model, the collision frequency is defined as y, =
9 x 105!, and the plasma frequency is defined as wj, = 1.37x 105!,
The refractive indices of the dielectric layers BK7 and ZnS are defined as
[42]:

_ [l o oxp 1.0/ -
Mo =AY ome T Ao | F—10356
0.14383 4430.99
Nzus = ‘/8,393 +F—7 T +f—2 T 3)

here, the f is the calculating frequency point. Meanwhile, the resonance
properties of GST arrays are mainly defined by the MIE theoretical
model [38]:

2 e 2 2;
Qo =g g(llﬂ)[lnm\ +1bul] )
D,.(nKR) = (nkR) /w(nkR) (5)

Among them, the electromagnetic resonance properties (a, and by)
of GST arrays are defined as:

_ [Du(nKR) [ 1+ m/ KR}y, (kR) — w,,_,(kR)

= (D (nKR) 1+ m]RRIE, (KR) — &, (&R) e

L
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@)

here, Q.o should be set to be the ratio between the geometrical cross-
section of the array and the scattering cross section. k = 2x/4 should
be set to be the wave number with the incident wavelength. n should be
set to be the refractive index of the proposed GST array. y(kR) should be
set to be the first Riccati-Bessel functions, and the &, (kR) should be set to
be the second Riccati-Bessel functions. Moreover, the total scattering of
the proposed GST array should be calculated based on the multipole
contributions by the quardupole order.

3. Results and discussion

Itis well known that the thermal emission properties of materials are
directly related to the energy absorption properties of electromagnetic
waves. Therefore, the absorbance of this metasurface sample is
measured with Bruker Optics Equinox (because the metal layer of the
sample is much larger than the penetration depth of electromagnetic
waves, the transmittance can be ignored), as shown in Fig. 2. When the
GST array is in a crystalline state (100% crystalline), the metasurface
sample achieves a distinct absorption peak at resonance wavelength
12.56 ym with an amplitude of 99.2%. And when GST is in the amor-
phous state, the amplitude of the absorption peak is 23.7% (resonance
wavelength is 6.82 ym). The measurements show that under the crys-
talline condition, most of the energy of the electromagnetic wave is
absorbed and lost by this metasurface sample at wavelength 12.56 ym.
These dissipated energies imply strong resonant emission based on the
Kirchhoff’s law of thermal radiation.

The thermal emission properties of the metasurface based on the
phase transformation states of GST array (crystalline and amorphous)
are shown in Fig. 3 and Fig. 4. During the initial measurement phase, the
metamaterial sample is not heated and the GST array is under an
amorphous state. Due to its small refractive index and dielectric con-
stant, the GST array is transparent to electromagnetic waves with very
little energy loss. Meanwhile, the energy loss of the BK7 layer, SU-8
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Fig. 2. Black curve : measured absorption spectra of the metasurface samples
in crystalline state. Red curve : Measured absorption spectra of the metasurface
samples in amorphous state.
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Fig. 3. The emissivity at amorphous state: The measured emissivity, black
curve. The calculated emissivity, red curve. The simulated emissivity,
green curve.

layer, and ZnS layer to electromagnetic wave is also very small. There-
fore, most of the energy of the electromagnetic wave is reflected by the
metal layer. The measured absorption of the metasurface sample to
electrc ic waves is i d and a very weak absorption peak is
achieved, as shown in the red curve in Fig. 2. Fig. 3 shows the mea-
surement, simulation and theoretical calculation results with the GST
array in the amorphous condition. The amplitudes of the emissivity are:
15.1%, 27.3%, and 12.5%, respectively, while the resonance wave-
lengths are all around 6.91 pm.

The crystalline state of the GST array is obtained by heating the
metasurface sample. After cooling of the sample, the measured emis-
sivity is shown as the black curve in Fig. 4. The measured emission
amplitude 95.3%, the resonance wavelength is 12.66 um, seen in the
black curve in Fig. 4. The simulation and calculation results are also
shown in Fig. 4. The total quality factor Q in Fig. 4 can be defined as
follows:

Q=== (8)
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Fig. 4. The emissivity at crystalline state: The measured emissivity, black
curve, The calculated emissivity, red curve. The simulated emissivity,
green curve,

here, the /\f is definec as the full width at half maximum (FWHM), and
the f, is definec as the resonance frequency. In Fig. 4, the measured
quality factor Q reaches about 7.9. The calculation results of the quality
factor show that the metasurface thermal emitter has the potential for
sensing.

Comparing the measurement results in Figs. 3 and 4, it can be seen
that based on the phase transition characteristics of the GST array, the
emission properties of the metasurface sample can be switched between
high emissivity and low emissivity, and the modulation depth reaches
80.2%. Therefore, the metasurface has applications in thermal control or
communication switch.

To further reveal the emission resonance behaviors of this metasur-
face sample, the resistive loss intensity distributions under two phase
transition morphology are simulated, as shown in Fig. 5. Under the
amorphous condition, the simualted resistive loss intensity of the GST
array is suppressed, as shown in Fig. 5(a). Moreover, when the elec-
tromagnetic wave penetrates the GST array, the electric field strength is
weakened, as shown in Fig. 6(b). Most of the energy of the electro-
magnetic wave is emitted by the metal layer. The energy loss on the
surface of the metal layer is also suppressed, which results in the cor-
responding induced electric field strength on the surface of the metal
layer weaken, as shown in Fig. 6(d). This indicates that most of the
energy of the electromagnetic wave penetrates the GST array, thereby
weakening the energy absorption and emission behaviors. On the con-
trary, when the GST array is in the crystalline state, the simulated
resistive loss is greatly enhanced, and the electric field strength of the
GST array is enhanced, as shown in Fig. 6(a). The measured absorption
and emission of electromagnetic wave energy are enhanced, as shown in
Fig. 5(b), which excites the emission peak in Fig. 4.

According to the simulated resistance loss distributions in Fig. 5, the
emission performance of the metasurface sample is based on the loss of
electromagnetic wave energy by GST array. Therefore, it is necessary to
reveal the influence of the thickness of GST array on the emission per-
formance of the metasurface sample. In sample preparation, the thick-
ness of GST array is set to be 1.5um 2.0um, and 2.5um respectively, and
the corresponding thermal emission measurement results are shown in
Fig. 7 and Fig. 8. Under the amorphous state, the measured thermal
emission peaks are 15.1%,17.6%, and 19.3%, respectively, while the
resonance wavelengths are 6.91 ym,7.35 pym, and 7.52 um, respectively,
as shown in Fig. 7. The measurement results show that the thickness of
the GST array has a weak effect on the emission properties of the met-
asurface samples before the phase transition occurs. This is because the



X. Pengkang and W. Qing

(a) (b) .

F 7.9135¢+008

7. 7302e+005

q 7. 88 70¢ 205
7.5437c 008

7. N20%4 4005

1 7. 297104005
7. 173504205

7. 8506¢ 205

€. 927 3e+05

€. 00%0e 005

0. 5007005

. 5875¢ 085

6. 950 2e 205

Optical Materials 133 (2022) 112832

B w66a o205
€. 7833« +205
5. 1501¢ 4005
6. 936004005

Fig. 5. (a) The simulated resistive losses of GST arrays in amorphous conditions, z = h1+h2+h3+h4. (b) The simulated resistive losses of GST arrays in crystalline

conditions, z = h1+h2+h3+h4.
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Fig. 6. (a) The simulated electric field strength distribution of the GST array under crystalline conditions, z = h1+h2+h3+h4. (b) The simulated electric field
strength distribution of the GST array under amorphous conditions, z = h1+h2+h3-+h4. (c) The simulated electric field strength distribution of the metal layer under
crystalline conditions, z = hl. (d) The simulated electric field strength distribution of the metal layer under amorphous conditions, z = hl.

emission peak is mainly derived from the reflection of electromagnetic
wave energy on the surface of the metal layer, as shown in Figs. 5(a) and
Fig. 6(b, d).

When the metasurface emitter samples are heated to the fully crys-
talline state with different thicknesses, the amplitudes of the thermal
emission peaks are 95.3%, 96.7%, and 99.2%, and the resonance
wavelengths are 12.66 um, 14.52 ym, and 16.23 um, respectively, as
shown in Fig. 8. Under crystalline conditions, this metasurface sample
exhibits a clear sensitivity to the thickness of the GST array. This is
because the emission peak is mainly derived from the resistive loss and
thermal emission of the electromagnetic wave energy of the GST array,
as shown in Figs. 5(b) and Fig. 6(a, ¢). The absorption loss and emissivity
of electromagnetic energy are enhanced by the GST array. Under
different thickness conditions, the modulation depth of the emission
amplitude is 80.2%, 79.1%, and 79.9%, respectively, as shown in Figs. 7
and 8.

Based on the good phase transition stability, the phase transition
morphology of the GST array can be maintained at room temperature for
a long time, even if the external energy source is disabled. Meanwhile,
between the crystalline and amorphous states, a large number of inter-
mediate states can be achieved by the GST arrays. These intermediate
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states contain corresponding proportions of crystalline and amorphous
components. Therefore, by changing the phase transition temperature
point and annealing time, all phase transition morphology of the GST
array can be efficiently modulated, resulting in the continuously tunable
properties of this metasurface sample. In detailed experiments, the
thermal emission properties of this metasurface sample are measured
under different phase transition temperature conditions, as shown in
Fig. 9. When the phase transition temperature reaches 100 °C, a weak
thermal emission peak (with a resonance wavelength of 6.91 um) is
obtained, as shown in Fig. 9 (black curve) and Fig. 3. Due to the
amorphous state of the GST array, the energy of the electromagnetic
waves is partially reflected by the metal layer of the metasurface sample.
When the phase transition temperature increases gradually, such as 140
°C, 145 °C, 150 °C, and 155 °C. The measured thermal emission peaks
are 28.5%, 47.3%, 66.7%, and 85.4%, respectively, while the corre-
sponding resonance wavelengths are 8.36 ym, 10.04 ygm, 11.3 ym, and
11.86 um, respectively, as shown in Fig. 9. When the phase transition
temperature reaches 160 °C, the GST array reaches a fully crystallin
state, and a strong thermal emission peak (at ce wavelength
12.66 um) is obtained, as shown in Fig. 9 (purple curve) and Fig. 4. The
continuous tunability of this metasurface sample is verified as shown in
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Fig. 8. The measureed emissivity (crystalline state) of the metasurface emitter
samples under different thicknesses of GST arrays.

Fig. 9. Fig. 10 shows the statistical results of the tunability of the thermal
emission properties. When the measured temperature is between 140 °C
and 160 °C, the resonance wavelength and phase transition temperature
of the metasurface sample show an approximately linear change trend.

The switchability and continuous tunability of this metasurface
sample are important properties for developing corresponding commu-
nication devices. The crystallinity of GST arrays is related to annealing
temperature and annealing time. Therefore, the dielectric constant de-
pends on the crystallinity of the GST array. When the GST array achieves
a definite crystalline states, the dielectric constant is derived from the
crystalline and amorphous components. According to the effective me-
dium theory, the dielectric constant (Based on crystalline or amorphous
state) of a GST array can be define by the Lorentz-Lorenz relation, as
follows [43,44]:

£A,C)—1_
e(1,C) +2

&(d)—1
+(]—C]Xm 9)

ec(4) —1
ec(d) +2
In equation (9), the dielectric constants of GST arrays in amorphous

and crystalline states are: &, and ¢c. Permeability and refractive index
can be defined as:
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Fig. 9. The measured emission spectrum of the sample with different annealing
temperature.
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Fig. 10. Statistical results of the resonance properties of the metasurface
samples at different annealing temperatures. (a) Resonance wavelength. (b)
Emission amplitude.

u(d) = (10)

m(d) = /1y (4) /e (4) an

According to the equivalent medium theory, the resonance wave-
length is revealed as follows:

_m—¥/n
A= IRe(g)d a2

here, 4 is the resonance wavelength, ny is the refractive index, Z, is the
wavelength associated with the resonance, y, is the permeability of
vacuum,F is the filling factors. According to the above equation, the
theoretical calculation refractive index of GST array under different
crystalline conditions (100 °C, 140 °C, 145 °C, 150 °C, 155 °C, and 160
°C) is shown in Fig. 11. The theoretical resonance wavelengths are: 6.48
um, 8.15 um, 9.67 um, 11.24 ym, 11.78 pm, and 12.58 um. According to
equation (9), the dielectric constant of the GST array is enahnced with
the increase of crystallinity. According to equation (10), the refractive
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Fig. 11. The theoretical calculated refractive index of GST array at different
temperatures. (a) Real part. (b) Imaginary part.

index is enhanced simultaneously. The real and imaginary parts of the
refractive index are enhanced with the annealing temperature
increasing, as shown in Fig. 11, which leads to the emission peak shift to
longer wavelengths. Moreover, the huge imaginary part results in the
enhancement of the loss and emission of electromagnetic wave energy
by the GST array. It should be pointed out that both the real and
imaginary parts of the refractive index of the GST array is increased
slowly in the intermediate state.

On the other hand, the simulated resistive losses of GST arrays under
different crystalline state conditions are simulated, as shown in Fig. 12.
The strength of the simulated resistive loss directly determines the
emission amplitude of this metasurface sample. At the same time, the
amplitude of the simulated resistive loss is related to the dielectric
constant and the strength of the electric field distributions. According to
the equivalent medium theory, it can be known that:

Optical Materials 133 (2022) 112832

Qp=nee,e (A)|E] / pl (13)

Itis clear that the simnulated resistive loss and the thermal emissivity
amplitude of the GST array are enahnced due to the increase in the
crystallinity. Under the amorphous condition, the energy of the elec-
tromagnetic wave is partially emitted by the metal layer, and only a part
of the energy is absorbed and emitted by the GST array due to the
resistive loss, as shown in Fig. 12(a). When the crystallinity of the GST
array is gradually increased, according to equations 9 and 11, dielectric
constant and refractive index are increased with temperature, as shown
in Fig. 11, which strengthens the absorption and emission of electro-
magnetic wave energy by the GST array. According to equation (13), the
simulated resistive losses of the GST array are sharply intensified, as
shown in Fig. 12, which results in the amplitude of the emission peak
enhancement and shifting toward longer wavelengths, as shown in
Fig. 9. It should be pointed out that the refractive index of the dielectric
layers BK7, SU-8, and ZnS is not affected by the temperature during the
increase of crystallinity. Therefore, according to equations (2) and (3),
the enhancement and shifting of the thermal emission peak are inde-
pendent of the dielectric layers BK7, SU-8, and ZnS. When the fully
crystalline state is reached, the dielectric constant and refractive index
reach the maximum values, and most of the electromagnetic wave en-
ergy at resonance wavelength 12.66 ym is lost and emitted due to the
simulated resistive loss of the GST array, as shown in Fig. 12(f), forming
the largest emission peak, as shown in Fig. 9.

4. Conclusion

In summary, a metasurface thermal emitter with a GST array oper-
ating in resonance wavelength 5-17 um is designed and validated. This
metasurface thermal emitter shows the switchability between the
maximum emissivity (amplitude is 95.3%) and the minimum emission
(amplitude is 15.1%) based on the crystalline and amorphous phases of
the GST array. Moreover, the continuously tunability of emission is also
achieved by continuously controlled the GST array morphology between
amorphous and crystalline states. The wavelength selectivity of the
proposed metasurface thermal emitter is revealed by changing the
thicknesses of the GST array. This metasurface thermal emitter can be
applied in light sources, and radiative coolers.
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Fig. 12. The simulated resistive loss of the GST array. (a) 100 °C. (b) 140 °C. (c) 145 °C. (d) 150 °C. (e) 155 °C. () 160 °C, z = h1+h2+h3+h4.
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