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High-power satellites offer promising new imaging and communications capabilities, yet
there exist significant thermal management challenges for satellites with a limited radiating
surface area. Conventional approaches for mitigating overheating use deployable radiators to
increase total heat rejection and louvers to switch between heating and cooling states. These
components are often mechanical and can exhibit high broadband emissivity, such as for
radiators comprising composite graphite coatings. As a result, these radiators can absorb
unwanted solar irradiation, which reduces their cooling potential. We present an approach
for radiative thermal management using few-layer optical heterostructures comprising solid-
state phase-change materials that exhibit a tunable refractive index, enabling dynamic control
of emissivity. The thickness and material composition of these layered structures may be
optimized to switch between reflecting solar radiation and emitting long-wavelength radiation
in a cooling state and absorbing solar radiation while reflecting long-wavelength radiation in
a heating state. We describe the design and optimization procedure for these structures and
show that radiators that incorporate phase-change materials could reach temperatures below
a blackbody emitter through selective reflection of solar radiation. We initially evaluate
thermochromic and electrochromic materials and then analyze the use of chalcogenide glasses
as an active variable emissivity thermal management solution. In addition to having a highly
reversible solid-state phase transition, chalcogenide glasses remove the need for mechanical
actuation of louvers and thermal switches when alternating between heating and cooling.
Furthermore, they require no net electrical power to maintain either state.
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I. Introduction

hermal management in space remains a complex optimization of generated and dissipated heat. With state-of-the-

art spacecraft aiming to explore harsh new environments, maintaining a stable temperature is critical to a
successful mission. In addition to designing for new environments, thermal management solutions must also account
for the heat generated and stored aboard these spacecraft. The inclusion of high-power imaging systems and precise
electronics have been observed to constrain the functional operating temperature range of satellites. Heat dissipation
must occur through conduction within the spacecraft body and radiation to space. Without properly engineering its
radiating surfaces, heat can remain trapped due to low thermal emission. To address this bottleneck in heat transfer,
we examine the use of phase-change materials as a variable emissivity coating. These materials display a reversible
solid-state phase transition, resulting in contrasting optical properties between states. Using this principle, we aim to
establish a single material capable of cooling through solar reflection and thermal emission and heating through solar
absorption and thermal reflection, as seen in Figure 1. This concept is key for ensuring satellites remain at consistent
temperatures when facing the Sun and when the Sun is eclipsed by Earth. Additionally, variable emissivity coatings
present a novel thermal regulation solution for future habitats on the Moon and Mars.
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Figure 1. (a) Variable emissivity heating and cooling concept. (b) Cooling state with low solar absorptivity and
high thermal emissivity. (c) Heating state with high solar absorptivity and low thermal emissivity.

In this work, we discuss the materials selection and optimization of few-layered variable emissivity devices using a
residual neural network to efficiently explore the non-convex design space. The method presented is able to account
for lossy materials and can easily be adapted to a wide variety of phase-change materials with known optical
properties. We first establish a figure of merit for heating and cooling in space and then use this to optimize various
few-layer emitters comprising both thermochromic materials and chalcogenide glasses as the phase-change material.
The tradeoff between structure complexity and emissivity contrast will then be evaluated and avenues for future work
will be proposed.
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A. Phase-Change Materials as Variable Emissivity Devices

Thermochromic materials are a passive variable emissivity solution to thermal management in space. These materials
exhibit a temperature-driven reversible phase transition between metallic and insulating states. For many such
materials, these states display highly contrasting refractive indices over solar and infrared wavelengths, making them
an ideal candidate for thermal management in space. In particular, vanadium dioxide (VO_) and lanthanum strontium
manganite (LSMO) have been extensively studied for this environment due to their phase transition temperature lying
within the standard operation range of most spacecraft and satellites.>? This results in a single material which passively
switches between heating and cooling states to achieve a temperature near that of the phase change. Despite not
requiring any power to change state, the functionality of these materials often relies on precisely engineering the phase
transition temperature to lie within the operating range for a given spacecraft. For state-of-the-art small spacecraft and
CubeSats, the maximum allowable temperature for most electronics ranges from 50-60°C,** while bulk VO, exhibits
a metal-insulator phase-change at a temperature of 68°C.>6 The onset temperature for this phase transition can be
reduced through the process of doping with materials such as tungsten; however, this has been found to significantly
decrease the infrared optical contrast between phases.”®

Electrochromic materials, unlike their thermochromic counterpart, do not rely on a constant temperature to maintain
state. The phase-change of these materials is induced by applying a relatively low voltage (~1V).1° Once this transition
occurs, electrochromic materials are able to retain their state for extended periods of time without any applied voltage
due to their optical memory.** As a result, these materials have been largely studied as active thermal management
solutions. The benefit of these materials is their lack of reliance on temperature to induce phase-change, allowing them
to be designed and optimized independently of the specific thermal requirements of a spacecraft. Metal oxides such
as tungsten trioxide (WOs) have demonstrated emissivity modulation over near-IR wavelengths.>!3 Recent studies
have identified layered conductive polymers as a potential electrochromic variable emissivity device;'*'6 however, it
remains unclear if these devices are capable of withstanding the radiation, pressure, and temperatures associated with
a typical space environment.

Chalcogenide glasses display a reversible and continuous transition between amorphous and crystalline phases when
annealed above a specified temperature. This phase change is commonly onset via joule heating for large, uniform
films or focused laser irradiation for high spatial resolution in applications such as optical storage devices, IR sensors,
and optical circuits.?”*8 Of these materials, germanium antimony tellurium (GST-225), a well-studied solid-state
phase-change material, exhibits ultrafast transitions: amorphous to face-centered cubic (~150°C), then to hexagonal
close-packed (~360°C), and back to amorphous (~580°C), all within microseconds.® It has been demonstrated that
the phase-change of these materials may remain stable over a long period without any applied voltage or temperature.?°
Additionally, they boast high tolerance to the repeated thermal cycling necessary to keep a spacecraft at operational
temperature over the course of an orbit. Due to the rapid solid-state phase change of chalcogenide glasses, a pulsed
applied voltage may be used to switch optical states, reducing their power consumption when compared to
electrochromic devices which required a constant voltage supply. While constant power is not required to maintain
state, these materials do exhibit an amorphous-crystalline temperature well above the limits for most spacecraft. Even
greater is the crystalline-amorphous phase transition temperature. Rapid thermal cycling of these materials on a large
scale poses a significant challenge which has yet to be addressed. Despite this, recent studies aboard the MISSE-14
platform located on the International Space Station (ISS) have revealed the durability of GST-225 in Low Earth Orbit
(LEO).%

B. Emitter Design and Optimization Procedure

The design and optimization of multi-layered optical heterostructures remains a consistent challenge due to its non-
convex nature. Arriving at a globally optimal structure requires this design space to be fully explored. Previous studies
have explored this problem through the use of genetic algorithms;?22® however, this approach is gradient-free resulting
in a higher likelihood of solving for a local optima. Recently, the use of generative neural networks has been identified
as an effective way to optimize optical devices.?* These neural networks are initially used to generate a set of layered
materials for which the optical properties are calculated and a loss function is propagated back into the neural network
to train subsequent material sets. This approach, as seen in Figure 2, has been modified for the specific design of two-
phase selective emitters, which account for lossy materials. Initially, a uniformly distributed random noise vector is
generated and used as an input for the residual neural network generator. This produces a distribution of multi-layered
materials, which can have variable thicknesses and refractive indices. This procedure assumes each layer can be a
combination of multiple materials, and as such, the refractive index produced by the neural network does not represent
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a real material but rather a combination of all materials included. These complex layers are then simplified using a
probability matrix to determine the contribution of materials in each layer. Using this information, the layer is then
binarized according to the probability matrix and a single material and thickness is selected. This process is repeated
for both optical states of the phase-change material. The layer composition, including thickness and complex refractive
index, is then used to solve for the total reflectivity and emissivity of the material using the impedance method. The
emissivity of both states is then weighted using solar and thermal blackbody radiation to determine average solar
absorptivity and thermal emissivity. Updating and training the neural network relies on backpropagating the gradient
of our Figure of Merit (FOM). Conventional radiators aim to minimize the solar absorptivity and maximize thermal
emissivity; however, these devices are intended for single state cooling. Using solid-state phase-change materials, we
aim to create a single device capable of heating through high solar absorption and low thermal emission, and cooling
via low solar absorption and high thermal emission. Thus for a two-phase material intended for heating and cooling,
we aim to maximize the contrast in solar absorption, a from 0.3-4.0um, and thermal emission, & from 4.0-20.0um for
two unique phases. For a single material with binary optical states, this becomes:

FOM = |0(h'a - ah'b| + |5h,b - gh,a| (1)

where a and b represent two optical states of variable thermal emissivity and solar absorptivity materials. For and
material capable of perfect solar heating and radiative cooling in different optical states our FOM approach a value of
2, indicating the maximum possible solar absorptivity and thermal emissivity contrast. We evaluate hemispherically
averaged absorptivity and emissivity to ensure consistent performance regardless of orientation with respect to the
Sun. The gradient of this metric was then used to update the neural network training over each iteration as seen in
Figure 2.
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Figure 2. (a) Multi-layer residual neural network optimization procedure including single-layer phase-change
materials. (b) Output heterostructure optimized over a range of solar incidence angles.

Several specifications are initially made using this approach. First, we set the substrate material to be aluminum with
sufficient thickness to prevent transmission over the wavelength range in question. This assumption allows for our
layered materials to be deposited directly on existing satellite busses and radiator structures but does not account for
a joule heating element being placed in contact with the chalcogenide glass layer. We then specify that the phase-
change material must be located directly above the substrate, or the first layer of the heterostructure. This assumption
is critical to designing a device which can not only be fabricated, but also reversibly switched between states. For
thermochromic materials, direct contact with a conductive substrate ensures a rapid response to overall spacecraft
temperature in a dynamic environment. This requirement is also beneficial for chalcogenide glasses and
electrochromic materials, which require a conductive electrode or resistive heater to achieve phase transition. Lastly,
the neural network approach requires that we specify a wavelength range, total number of layers, and maximum
thickness for each layer.
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I1. Results

The residual neural network described above was first used to optimize single-layer phase-change emitters. These
devices comprise a phase-change material placed directly above a thick aluminum substrate. The complex refractive
index of both material phases is then used to solve for the emissivity of both states simultaneously. This process was
initially performed assuming vanadium dioxide (VOy) to be the phase-change material, resulting in an optimal
thickness of 225 nm for this configuration. The two phases for VO, are based on the optical properties at 25°C and
100°C.% We note that single-layer VO, emitters display poor cooling capabilities resulting from high solar absorptivity
in both states. A library of various chalcogenide glasses was then established and incorporated into the optimization
workflow to include both material and thickness analysis. A list of all phase-change materials studied can be found in
the appendix. The resulting hemispherical emissivity for these single-layer materials is found in Figure 3. The single
layer vanadium dioxide emitter has a average solar absorptivity of 0.62 and thermal emissivity of 0.096 at 25°C and
solar absorptivity of 0.58 and thermal emissivity of 0.29 when heated to 100°C. The single layer chalcogenide glass
emitter has a average solar absorptivity of 0.39 and thermal emissivity of 0.08 when amorphous and solar absorptivity
of 0.39 and thermal emissivity of 0.43 when annealed to the crystalline state. We see an improvement in the FOM of
>0.24 when considering chalcogenide glasses over vanadium dioxide for the phase-change material. In particular,
germanium-antimony-selenium-tellurium (GSST) provides the greatest absorptivity and emissivity contrast, with an
FOM of 0.49. In its crystalline cooling state, GSS,Ts displays significantly lower solar absorptivity when compared
to previous thermochromic materials.
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Figure 3. (a) Single-layer optimization of a VO: emitter. (b) Single-layer optimization of a chalcogenide glass
emitter.

To improve the emissivity contrast between states and increase our figure of merit, we reoptimize both thermochromic
and chalcogenide glass based heterostructures to include few-layered photonic surroundings. The complete material
library used for this structure can be found in the Appendix. It comprises various materials used in thin film optics
over UV and IR wavelength ranges. We observe that alternating layers of germanium, zinc selenide, and barium
fluoride provide the greatest optical contrast between states. We present the hemispherical emissivity for few-layered
thermochromic and chalcogenide glass emitters below. These examples highlight the performance improvement of
increasing the total number of layers included in the optimization. A vanadium dioxide emitter with two layer photonic
surrounding has a average solar absorptivity of 0.62 and thermal emissivity of 0.15 at 25°C and solar absorptivity of
0.65 and thermal emissivity of 0.68 when heated to 100°C. The chalcogenide glass, now GSSsT», emitter with two
layer photonic surrounding has a average solar absorptivity of 0.49 and thermal emissivity of 0.076 when amorphous
and solar absorptivity of 0.69 and thermal emissivity of 0.80 when annealed to the crystalline state. When we optimize
a vanadium dioxide emitter with four layer photonic surrounding we see an average solar absorptivity of 0.49 and
thermal emissivity of 0.15 at 25°C and solar absorptivity of 0.51 and thermal emissivity of 0.67 when heated to 100°C.
The chalcogenide glass emitter with four layer photonic surrounding has a average solar absorptivity of 0.52 and
thermal emissivity of 0.087 when amorphous and solar absorptivity of 0.74 and thermal emissivity of 0.89 when
annealed to the crystalline state. As seen in Figure 4, the FOM for a VO, few-layer emitter increases to 0.67 when
our optimization increases to five layers. Similarly, the FOM for a GSSsT. few-layer emitter increases to 0.92. Of
particular interest is the identical material selection for both phase-change materials. The thicknesses associated with
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each layer can be found in the Appendix. In general, we see a decrease in the solar absorption contrast but an increase
in thermal-IR contrast when increasing the number of surrounding photonic layers.
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Figure 4. (a) Three-layer optimization of a VO emitter. (b) Three-layer optimization of a chalcogenide glass
emitter. (c) Five-layer optimization of a VO emitter. (d) Five-layer optimization of a chalcogenide glass emitter.

We observe that the figure of merit previously described is indeed providing suitable thermal emissivity contrast;
however, the introduction of increasingly thick photonic surroundings not only decreases the solar absorption contrast,
but increases the total solar absorption as well. For the case of the chalcogenide glass based emitters, we can clearly
see that a heating state (high absorptivity, low emissivity) is reached, yet the cooling state (low absorptivity, high
emissivity) is less clear. Our complex materials display relatively high broadband emissivity which will result in the
absorption of unwanted solar irradiation in this state. Possible methods to reduce the absorption in this state will be
discussed later, though a redefinition of the figure of merit may also produce more suitable materials which display
low solar absorptivity in both states.

Lastly, we present the tradeoff between emissivity contrast and number of layers for thermochromic and chalcogenide
glass heterostructures designed using the neural network approach. As seen in Figure 5, we observe diminishing
performance enhancement with increasing number of layers. For the various structures designed in this study, it was
determined that a three-layer stack for both thermochromic and chalcogenide glass based emitters provides a suitable
tradeoff between material complexity and emissivity/absorptivity contrast.
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Figure 5. Figure of merit for various numbers of emitter layers using thermochromic and chalcogenide phase-
change materials.

I11. Methods

We assume the temperature of the Sun to be T,,; = 5777K and the temperature of our radiator to be T;;, = 300K.
This temperature was selected to lie within the standard operating range of most components contained within small
spacecraft; however, the actual radiator temperature is dependent on the power consumption of specific internal
components. Using these values, the blackbody spectral radiance is given by:

2mhe (2
L(ALT)=——F—
A5 (e2kT — 1)

A library is then established to include various phase-change and photonic surrounding materials. Using the previously
described residual neural network, a thickness vector, material selection matrix, and PCM selection vector are
generated. The values in these matrices are initially unbounded to provide a more stable optimization and convergence
of the loss function. This means the material selection matrix and PCM selection vector do not assume a categorical
constraint on the refractive index. Instead, it is assumed that each layer is made up of a complex combination of all
materials. The values within each matrix and vector are then restricted to lie between zero and one through the use of
sigmoid and softmax functions. This establishes a probability matrix which reinforces categorical constraints on the
refractive index of each layer, ensuring the output structure contains real materials and thicknesses for each layer. The
resulting thickness and complex refractive index for each layer is used as input for an impedance solver to identify the
unpolarized reflection by averaging both s- and p- polarized light at various angles of incidence. The unpolarized
hemispherical reflection for a given wavelength and material state is then determined using the following relation:

fozn fon/z R(0, ¢p)cosOsinfdOd¢p (4)
fozn f:/z cosfsinfdod¢

h

Where R is the reflectivity, 8 is the incidence angle, and ¢ is the azimuthal angle. By affixing an optically thick
aluminum layer to the bottom of our emitter, we can assume zero transmission over UV and IR wavelengths, allowing
us to determine the hemispherical emissivity at a given wavelength for both states using the following formula:
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Finally, we can determine the solar absorptivity and thermal emissivity by weighting the total hemispherical emissivity
with blackbody spectral radiance at our assumed solar and thermal temperatures using the following equations:

@ (T) = f U501 (D] (4, Tso1)dA (6)
h,sol - [ 1,(A, Tso)dA
epen(T) = J (D)1, (A, T)dA -

J 1y (2, Tep)da

When optimizing few-layered heterostructures using the neural network approach described, an upper bound must be
set to the layer thickness. This was limited to 1.0 um after observing that a lower limit results in several layers of the
same material being placed together in the optimized material. Increasing the layer thickness limit allows us to better
explore the effects of alternating material layers in addition to material thickness. Additionally, the wavelength limits
were set from 0.3 — 20.0 um due to the limited range of available refractive index data for various materials. Beyond
the wavelength range studied here there exists non-zero thermal emission which should be accounted for. The
decreasing emissivity contrast of our optimized GSSsT. emitters near 20um indicates the inclusion of longer
wavelengths may decrease our figure of merit.

IV. Summary and Conclusion

We adopted a neural network-based design approach to optimize variable emissivity coatings for spacecraft heating
and cooling. This approach is successful at identifying few-layer structures capable of significant radiative thermal
contrast. This optimization procedure was used to design emitters comprising both thermochromic and chalcogenide
glasses as the phase-change material. For a chalcogenide glass emitter with four layer photonic surrounding we achieve
a thermal emissivity contrast of 0.81 between states using this approach. A similarly designed structure with a
vanadium dioxide emitter only reaches a thermal emissivity contrast of 0.52. While these materials may have different
applications due to mechanisms associated with their respective phase transitions, we show that for single-layer and
few-layer structures, GSS,Ts results in a greater figure of merit than VO,, one of the most commonly studied
thermochromic materials for space. We then discuss the tradeoff between the number of material layers and our figure
of merit to highlight the diminishing return on optical performance when thickness is increased. Evaluating this from
a fabrication cost and total mass perspective will give a true understanding of the ideal number of layers for any given
variable emissivity device.

The procedure used here may be directly applied to the study of any variable emissivity device which exhibits binary
states. The assumption that our phase-change material may only reach two distinct states is made to simplify
computation and allow for design using preexisting refractive index data for the various materials selected. For both
thermochromic materials and chalcogenide glasses, the phase transition is continuous, allowing for intermediate states
to be reached. Experimental evaluation of the optical characteristics of these intermediate states may result in increased
emissivity contrast. Additionally, these intermediate states could be used to more precisely tune the heating and
cooling limits of the structure in an effort to maintain a more stable temperature. Future work will aim to fabricate
few-layer solid-state phase-change materials and characterize their optical and thermal performance in a near-space
environment. We then expect to incorporate the continous phase transition of chalcogenide glasses into emitter
optimization to better understand the thermal control and switching of these devices.

Lastly, we note the high solar absorption associated with the various materials designed in this work. While our figure
of merit aims to produce high absorptivity and emissivity contrast, there exists a tradeoff between these two. Increasing
layer thickness and total number of layers reduces the solar contrast and increases the thermal contrast between states.
Additionally, the optically thick materials produced show high solar absorption, a poor characteristic for reaching a
cooling state. Future work will aim to reduce solar absorption in both states through inclusion of new materials and
surface patterning. Nonetheless, the presented design approach is general and can be adapted to optimize for different
heating and cooling balances by redefining the optimization loss function or incorporating new materials and thickness
limitations.
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Appendix

Table 1. List of materials included in the photonic surrounding and phase-change layer.

Photonic Surrounding Phase-Change
Materials Materials
Sio2 GST-225
Al203 GSS2T3
HfO2 GSS3T2
TiO2 GSS1T4
Zr02 GSS4T1
MgF2 GSS
BaF2 Sh2Se3
a-Si Sh2S3
ZnSe V02
Ge
ZnS
Si3N4

Table 2. List of materials and thicknesses for thermochromic emitters of 1, 3, and 5 layers.
1-Layer Emitter 3-Layer Emitter 5-Layer Emitter

Material Thickness, um Material Thickness, um Material Thickness, um
VO, 0.255 VO, 0.318 VO, 0.311
Ge 0.460 Ge 0.268
ZnSe 0.934 Ge 0.268
BaF; 0.770
ZnSe 0.319

Table 3. List of materials and thicknesses for chalcogenide glass emitters

of 1, 3, and 5 layers.

1-Layer Emitter

3-Layer Emitter

5-Layer Emitter

Material Thickness, um Material Thickness, um Material Thickness, um
GSS;T3 0.423 GSS3T» 0.633 GSS3T» 0.632
Ge 0.431 Ge 0.416
ZnSe 0.948 ZnSe 0.827
BaF; 0.753
BaF, 0.727
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