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Abstract: Coating structures with dynamically adjustable infrared emissivity are crucial in spacecraft
components to cope with the transient thermal environments of space. For a long time, thermochromic
phase change materials have been widely used in applications requiring emissivity adjustment, and
optimizing the range of adjustable infrared emissivity has always been at the forefront of research.
However, reducing the absorption of solar radiation has significant implications for the practical
application and thermal stability of spacecraft components in space environments. In this paper,
we propose a multilayer film structure based on the phase change material VO, combined with the
materials ZnSe and ITO to achieve low solar radiation absorption and adjustable infrared emissivity
for intelligent thermal radiators in space. Through finite element simulation analysis of the structure,
we achieve a solar radiation absorption rate of 0.3 and an adjustable infrared emissivity of 0.49.
According to Stefan—Boltzmann'’s law, the structure exhibits strong radiative heat dissipation at high
temperatures and weak energy dissipation at low temperatures to maintain the thermal stability of
the device and ensure efficient operation. The intelligent thermal radiator operates based on the
principles of Fabry—Perot resonance. Therefore, the multilayer structure based on the phase change
material VO, demonstrates excellent performance in both solar radiation absorption and adjustable
infrared emissivity, showcasing its tremendous potential in the field of intelligent thermal control
in aerospace.

Keywords: infrared emissivity; thermal radiator; phase change material; Fabry—Perot

1. Introduction

Spacecraft components are constantly subjected to changes in environmental tempera-
ture due to the rotation of the sun, requiring thermal management to maintain long-term
operation. Radiative heat transfer into outer space is an effective measure for thermal
management, with thermal radiation playing a central role [1-6]. In space, spacecraft must
efficiently dissipate heat to maintain an appropriate temperature for internal instruments
and equipment. Traditional thermal radiators, however, cannot adaptively adjust the
infrared radiation required due to temperature changes, making them unsuitable for the
complex environments of space. To address this issue, variable emissivity thermal control
coatings are typically added to assist in maintaining spacecraft within ideal temperature
ranges. According to Stefan-Boltzmann's law, when spacecraft components are in a higher
temperature environment, coatings with higher emissivity structures can dissipate heat,
while when spacecraft components are at a lower ambient temperature, the emissivity
decreases to reduce radiative heat loss, thus maintaining a stable temperature [7].
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Recently, researchers have paid more attention to spacecraft thermal control coatings,
aiming to enhance their practical application value and propose designs more in line with
needs. Specifically, the goal is to maintain infrared thermal control while minimizing
the impact of solar radiation absorption on device performance [8,9]. The research on
smart thermal control coatings typically involves the combination design of thermochromic
phase change material with other materials to provide effective thermal radiation control.
Concerning the need for low solar radiation absorption, phase change material can be
designed in the form of metasurfaces to facilitate reducing solar absorptance, while exploit-
ing surface plasmon effects to achieve adjustable infrared emission [10-14]. In this paper,
we aim to improve the transparency of metasurface structures by selecting appropriate
structural materials, thereby reducing solar absorptance and significantly demonstrating
their infrared emission adjustability through the Fabry—Perot (FP) effect in a multilayer film
structure. Among them, due to the characteristics of Vanadium dioxide (VO,) material,
applications have been extended to smart roof tiles and smart glass [15,16].

Materials for dynamic thermal management have gained rapid attention due to their
ability to adapt to fluctuating environments and achieve higher energy efficiency com-
pared to static modulation. Typically, phase change materials such as VO, can be used
for adaptive and reversible processes [17-20]. At the critical phase transition temperature
Tc = 68 °C, the material undergoes a transition from a low-temperature semiconductor
state to a high-temperature metallic state. VO, exhibits a monoclinic structure at low
temperatures, while it exhibits a tetragonal structure at high temperatures. During the
phase transition process, the emissivity of VO, also changes. Based on this characteristic,
Kruzelecky et al. initially proposed depositing VO, films on metal substrates to achieve
adjustable emissivity. The results indicate that the emissivity modulation is 0.22. Research
has shown that when high-reflectivity metal substrates are configured under VO, films, the
thermochromic properties of VO, can be utilized to further modulate emissivity [21]. Sub-
sequently, researchers have proposed studies on enhancing the performance of spacecraft
intelligent radiators based on VO, /metal multilayer film structures. Gu et al. addressed
these issues by proposing an intelligent infrared radiation regulator based on the FP cavity
structure (VO,/HfO,/Al), which achieved tunable infrared emissivity of 0.51 through
high-power pulsed magnetron sputtering, and by doping with tungsten (W) to lower the
phase transition temperature to near room temperature, 27.5 °C [22]. Araki et al. conducted
direct measurements on a solid-state passive switchable radiator utilizing VO, in simulated
space conditions. A BaF, dielectric layer was added between the VO, layer and the Au
reflection layer to achieve passive switchable thermal emission control based on the VO,
phase transition [23]. These investigations suggest that FP resonators can significantly
improve the emissivity modulation capabilities of intelligent thermal control devices for
spacecraft. Therefore, designing FP resonators in the structure has inspiring significance
for further research [24-26].

This paper presents an intelligent radiation device for spacecraft based on the phase
change material VO,, which achieves low solar radiation absorption and adjustable infrared
radiation effects. Due to the effect of FP resonance, significant changes in emissivity within
the infrared band can be achieved by changing the thickness of the ZnSe layer. Based
on infrared thermal radiation at high and low temperatures, emissivity adjustment can
reach 0.49. We then compare and analyze the red shift of peak wavelengths in the infrared
range corresponding to changes in different layer thicknesses. Furthermore, the emission
enhancement at the peak wavelength is analyzed through the electric field distribution.
Additionally, the absorption of sunlight over a wide angular range and the radiative
capability in the infrared spectrum are studied. Overall, our structure, while maintaining
infrared radiation adjustability, has low absorption in the solar light band, making it more
suitable for aerospace applications.
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2. Structural Design and Analysis

To achieve aerospace applications in a space environment, the structure needs to
dissipate heat radiatively at high temperatures while exhibiting weak energy dissipation at
low temperatures. Furthermore, it needs to have low solar radiation absorption to achieve
thermal stability of the device. Figure 1 illustrates the coating structure controlled by phase
change materials for aerospace. In two different states corresponding to high and low
temperatures, they exhibit partial reflection of visible light from the solar spectrum, at
0.41 and 0.26, respectively. Due to the material characteristics of the structure, they also
have a certain degree of transparency to visible light (0.37 and 0.63), avoiding excessive
heat accumulation caused by absorbing a large amount of solar radiation. Accordingly,
Batista et al. observed the change in transmittance of VO in the infrared band caused by
state changes [27]. In the infrared band, when the spacecraft component structure faces
the direct sunlight, the temperature is higher, resulting in a higher infrared emissivity.
The coating structure allows it to radiate energy to the external environment, achieving
radiative cooling. However, when the device is on the shadowed side, the temperature is
lower, resulting in lower emissivity and thus less energy dissipation [28]. Overall, during
the operation of the device in space, when in contact with the sun, the thermal regulation
achieved through the thermochromic control of phase change materials enables the device
to maintain thermal stability, thereby extending its operational lifespan.

Solar Reflection
T<Tc T>Tc

Low emissivity High emissivity -
nSe
ITO
VO,
|_~dS
| _~d3
Z
X
Y

Visual transparency

Figure 1. Schematic diagram of the designed intelligent thermal radiator.

To explore the optical performance of this structure, we used the commercial software
Comsol (Comsol 2022) for finite element simulation. During the modeling process, a two-
dimensional model was used, focusing solely on the depth of the structure with periodic
boundary conditions. The spacecraft device coating structure we designed consists of
the materials ITO, VO,, and ZnSe. Owing to the dual states of VO,, exhibiting metallic
and dielectric properties, a multilayer film structure in the form of an FP configuration is
typically designed to achieve modulation of the infrared emissivity. In the multilayer film
structure we designed, to reduce the absorption within the solar spectrum range, the depth
of the VO, layer was set as d3 = d5 = 0.03 um. The optimized thickness of the top ZnSe



Coatings 2024, 14, 535

40f12

layer was 1.13 um. According to Kirchhoff’s law, at thermal equilibrium, the emissivity of
a structure can be obtained from its absorptivity as [29-31]:

Ryt +Th =1 1)
Therefore, the emissivity can be expressed as:
ex=ary=1-—Ry—T) 2)

Based on the above relationship, where R, and T represent the reflectance and
transmittance of the structure, respectively, the emission of the object can be calculated
as [32]:

72 (1 R)Igp(A, T)dA

2 Igp(A, T)dA

3)

wherein, Igg(A, T) is the blackbody radiation intensity. Therefore, according to Planck’s
blackbody radiation law, the average absorption in the solar spectrum segment is [33,34]:

22 (1= R)S(A, T)dA

03
&= 25 (4)
235(A, T)dA

where S(A, T) represents the AM1.5 solar spectrum, with a spectral range of 0.3-2.5 pum. We
can understand that within this range, approximately 50% of solar radiation is dependent
on the visible light spectrum. Therefore, by comparing the absorption of the structure
within the visible light range, we can roughly assess its absorption capability within the
solar spectrum range.

Furthermore, for this simulation, the spectra are set within the wavelength ranges of
0.3-2.5 um for solar light wavelength and 2.5-25 um for infrared light wavelength. The
optical data for the material ZnSe are sourced from reference [35]. As a thermochromic
material, VO, exhibits abrupt changes in its optical properties due to temperature variations.
In the low temperature dielectric phase of VO,, it can be represented using tensors as a
uniaxial medium [36,37]:

eo(w) 0 0
gi(w)=| 0 e(w) 0 ®)
0 0 EE(ZU)

As can be seen, ¢o(w) and e (w) correspond to the cases where the incident electric
field is perpendicular and parallel to the optical axis, respectively. When the light inci-
dent is perpendicular to the axis, the material’s dielectric constant can be represented as
follows [38]:

N S.w?
e(w) =€+ Yy ——— 1 6
() I e ©)

Regarding the above equation, S;, i, v;, and w; correspond to the phonon mode
indices, the oscillation strength, the photon vibration frequency, and the damping factor,
respectively.

As the temperature increases beyond the phase transition temperature, VO, transitions
to a high-temperature metallic state. Its optical dielectric constant can be expressed as [39]:

)
Wr

)

Em (w) = _Swm

In the above equation, &4, corresponds to the high frequency constant, and the plasma
frequency and collision frequency are denoted by wr and 7, respectively.
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3. Results and Discussion

We first studied the effect of varying the thickness of two layers of ZnSe within the
FP cavity structure on the infrared emission, as shown in Figure 2. It can be observed
that the infrared emissivity of the structure undergoes significant changes before and after
the thermotropic phase transition of the material VO,. When the temperature is below
the phase transition temperature, it can be seen that throughout the process of increasing
d2 and d4 thicknesses, the corresponding emissivity remains relatively low. Specifically,
as the thickness of d2 increases gradually, the emissivity generally shows a decreasing
trend. However, as d4 increases gradually, it exhibits a trend of initially increasing and
then decreasing when d2 is between 0.2 and 0.5 pum. When the temperature is above the
phase transition temperature, it can be observed that throughout the process of increasing
d2 and d4, the corresponding emissivity becomes relatively high. While the emissivity
generally decreases as the thickness of d2 increases, it shows a trend of initially increasing
and then decreasing when d4 increases gradually, particularly when d2 is between 0.2 and
1.0 um. Therefore, within the infrared wavelength range, the bottom FP cavity exhibits
weaker structural emission effects compared to the top FP cavity, and emission primarily
depends on the FP cavity where d4 is located [40—45]. Then, through calculations, we
obtained the results shown in Figure 2¢, from which it can be inferred that within the
selected range of variation, the difference in emission regulation capability is only 0.18.
The intelligent thermal radiator aims to achieve the optimal emission regulation effect, and
from the figure, it is determined that the optimal emission regulation capability occurs
atd2 = 0.8 pm, d4 = 0.6 um, where the emission regulation equals 0.49. Furthermore, to
minimize the impact of solar radiation absorption on device thermal stability, we selected
the material ZnSe, with high transparency in visible light, as the dielectric layer, and the
material ITO as the infrared-range metal reflector. Additionally, it is noted that visible
light absorption accounts for more than half of solar light absorption. Therefore, from the
perspective of material properties, the absorption capacity of the material VO, before and
after undergoing a thermally induced phase transition essentially represents solar radiation
absorption. Observing Figure 3 reveals that the maximum solar absorption, reaching
0.33, occurs as the thickness of the two ZnSe layers varies under different temperature
conditions. Among them, under the structural parameters determined by the optimal
emission regulation, the corresponding solar absorption is only 0.3. In summary, the
aerospace intelligent thermal radiator designed by us has a solar absorption of 0.3 and an
emission regulation capability of 0.49, which promotes the application and development of
aerospace devices to a certain extent [46].
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Figure 2. (a,b) The infrared emissivity at low and high temperatures, respectively, corresponding
to variations in thicknesses d2 and d4. (c) The emissivity adjustment capability corresponding to
variations in thicknesses d2 and d4.
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Figure 3. (a) The corresponding average solar band absorptance at low temperatures for varying
thicknesses d2 and d4. (b) The corresponding average solar band absorptance at high temperatures
for varying thicknesses d2 and d4.

To better understand the absorption and radiation performance under optimized
structural parameters, the solar absorption and normalized AM1.5, as well as infrared
emission and normalized blackbody radiation intensity of material VO, under different
states before and after phase transition, were compared through simulation calculations, as
shown in Figure 4. Figure 4a illustrates that the coating structure shows minimal absorption
within the visible light spectrum range of solar radiation, regardless of whether they are
in dielectric or metallic states. This feature contributes to the modest absorption of solar
radiation [47-50]. However, within the infrared range, the dielectric state also exhibits
some metallic properties, allowing it to form part of the FP cavity. Nevertheless, compared
to the structure in the metallic state, the FP cavity formed by the dielectric state is relatively
weaker. Consequently, the metallic state exhibits a stronger peak, as reflected in Figure 4b.

(a)'? (b)"

Dielectric
—— Metallic

0.8 0.8
Sos6 06
z
g H
204 = 0.4

0.2 0.2

0.0
0.5 1.0 1.5 2.0 2.5 5 10 15
Wavelength (pm) Wavelength (pm)

0.0
20 25

Figure 4. (a) The absorption of solar radiation by phase change materials in their dielectric and
metallic states differs. (b) Infrared emission of structures in dielectric and metallic states of phase
change material.

Table 1 compares our work with the previous literature in terms of structural design,
solar absorption, and radiation management [22,51,52]. It is evident from this comparison
that our designed structure outperforms in both solar absorption and radiation manage-
ment, making it more conducive to the application of intelligent thermal control in space.
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Table 1. Comparison with previous work on solar absorption and radiation regulation.

Reference Structure Design Solar Absorption Radiation Regulation
[22] VO, /HfO, /Al - 0.51
[51] VO,/5i0,/AZ0O/CaF, 0.3 0.26
[52] VO,/Si0,/Ag 0.38 0.47

Our work  ZnSe(VO,/ZnSe/VO,/ZnSe)ITO 0.3 0.49

The ability to adjust infrared emission is crucial for designing intelligent aerospace
thermal control devices [53-56]. To gain a deeper understanding of the role of the phase
change material VO; in infrared emission modulation, we elucidate this phenomenon from
the perspective of electric field distribution. Figure 5 illustrates the electric field distribution
corresponding to the dielectric state and the metallic state of the intelligent aerospace
radiator at 5.08 um and 21.24 um wavelengths. As depicted in Figure 5a,b, the electric field
distribution is primarily concentrated in the dielectric material, with the majority absorbed
by ZnSe. Similarly, due to the absorption of ZnSe material, the intelligent aerospace
radiator exhibits significant emission capabilities at both the metallic and dielectric states
at a 21.24 um wavelength, with weaker absorption capabilities observed in the ZnSe
material within the bottom layer of the FP cavity at this wavelength. VO, exhibits stronger
metallic properties at high temperatures, whereas at low temperatures, it primarily exhibits
dielectric properties, leading to stronger absorption capabilities in the FP cavity at high
temperatures [57,58].

(a) (b) () (d)

5.08 pm Dielectric 5.08 pm Metallic 21.24 pm Dielectric 21.24 pm Metallic
V/im V/m Vim V/m
x10* x10°* x10* x10*
3i5
2.5
3.5 I I
2 3
3 2
2.5
2.5 15
2 15
2
1.5
15 L 1
1 T
0.5 0.5
0.5 0.5
0 0 0 0

Figure 5. (a,b) The electric field distribution within the structures in dielectric and metallic states at
a wavelength of 5.08 um. (c¢,d) The electric field distribution within the structures in dielectric and
metallic states at a wavelength of 21.24 um.

The performance differences faced by aerospace thermal control devices under dif-
ferent angles as they continuously rotate in space is a major issue that needs to be stud-
ied [59,60]. In order to effectively expand the practical application of intelligent space
radiators, we conducted simulation calculations to compute the spectral absorptance of the
structure over a wide angle range. Figure 6 illustrates the spectral directional absorptance
of the spacecraft intelligent radiator in both metallic and dielectric states across the solar
spectrum range. As shown in Figure 6a,b, regardless of the state, the spectral directional
absorptance of the spacecraft intelligent radiator exhibits multiple peaks at high angles
of incidence. Additionally, with increasing angle of incidence, the peak wavelengths of
spectral directional absorptance tend to blue-shift. Furthermore, the spectral directional
absorptance maintains relatively low levels within a wide range of incident angles.
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Figure 6. The absorptance corresponding to changes in the angle of incident within the solar band
spectrum. (a) At high temperatures. (b) At low temperature.

Furthermore, by simulating the angular performance of the structural emission ability
at different temperatures within the infrared spectral range, the independence of emission
regulation was obtained, as shown in Figure 7. Overall, regardless of the state, the spectral
directional radiance of the spacecraft intelligent radiator remains at relatively low levels at
a larger incident angle. As observed in Figure 7a, when the incident angle is less than 60°,
the spectral directional radiance of the spacecraft intelligent radiator under the metallic
state exhibits only slight changes with increasing incident angles within the 5 to 30 pm
spectral range, but significantly decreases when the incident angle exceeds 60°. As shown
in Figure 7b, the spectral directional radiance of the spacecraft intelligent radiator under
the dielectric state appears to be independent of the incident angle and maintains relatively
low levels within the 2.5 to 25 um spectral range. These results indicate that the device we
designed has good thermal radiation performance within a certain angle range. This result
has been applied in many fields [61-64].

Incident angle (deg)

i 1 L
5 10 15 20 25 5 10 15 20 25
Wavelength (jm) Wavelength (um)

Figure 7. Emissivity corresponding to changes in the angle of incident within the infrared range.
(a) At high temperatures. (b) At low temperature.

Figure 8 depicts the polarization-averaged total directional absorptance and total
directional radiance of the spacecraft intelligent radiator under two states. Over a wide
range of incident angles, the total directional absorptance is observed to remain at relatively
low levels, as illustrated in Figure 8a. It is worth noting that, with increasing incident angles,
there is a tendency for the total directional absorptance to rise, which can be ascribed to
the blue shift observed in the peak wavelengths of spectral directional absorptance [65-67].
Concerning the total directional emission, as depicted in Figure 8b, its variation contrasts
with the change observed in the total directional absorption rate as the incident angle
increases. When the incident angle is less than 30°, the total directional radiation change of
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References

the metallic state is small, while the total directional radiation change of the dielectric state
is 45° and the change is small [68-70]. However, for incident angles greater than 45°, the
total directional radiance significantly decreases with increasing incident angle.

() o ®),

—e— Metallic —e— Dielectric

Figure 8. (a) The average absorption in the solar band spectrum corresponding to changes in the
angle of incident. (b) The emission in the infrared range corresponding to changes in the angle
of incident.

4. Conclusions

In summary, an intelligent radiative device based on the phase change material VO,
and utilizing FP resonance has demonstrated outstanding performance in thermal control
systems of spacecraft. By leveraging the tunable properties of VO, and optimizing layer
thickness, we have achieved an emission tuning of 0.49 within the infrared range, while
maintaining low absorption of solar radiation at 0.3. This enables effective heat dissipation
in space environments while minimizing losses, ensuring stable internal temperatures of
spacecraft components. The ability to adaptively adjust radiation characteristics enhances
the performance of device equipment under different transient thermal environmental
conditions, thereby improving the efficiency of spacecraft components. Meeting and
adapting to large-angle performance and uncorrelated effects during solar rotation aids in
refining spacecraft thermal management techniques and enhances reliability and efficiency
in space exploration endeavors.
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