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ABSTRACT

Optical Solar Reflectors (OSRs) combine low solar radiation absorption (a) and high broadband infrared emissivity (¢) and are applied to
the external surface of spacecraft for its thermal management. Bulk glass OSR tiles are the incumbent, but ultra-lightweight and thin-film
flexible OSR coatings are raising considerable interest for both space and terrestrial radiative cooling applications. In this work, a genetic
algorithm combined with a transfer matrix method is used for the design and optimization of multimaterial thin-film OSRs for broadband
radiative cooling. The algorithm simultaneously optimizes the spectral performance of the OSR at two parts of the wavelength spectrum,
solar (0.3-2.5 ym) and thermal infrared (2.5-30 ym). The designed optimized OSR structure consists of 18 alternating layers of three mate-
rials, SiN, SiO», and Ta;Os, on top of an Al mirror backreflector, with a total thickness of only 2.088 ym. The optimized multilayer stack
contributes distributed Bragg reflections that reduce the residual solar absorption below that of an uncoated Al mirror. The optimized
OSR is demonstrated experimentally on a 150 mm (6 in.) Si wafer and on a flexible polyimide substrate using a production level reactive
sputtering tool. The fabricated thin film OSR shows good thermal-optical property with a = 0.11 and & = 0.75 and achieves a net cooling
power of 150.1 W/m?* under conditions of one sun total solar irradiance in space. The ultrathin coating fabricated using hard inorganic
materials facilitates its integration onto flexible foils and enables large-scale manufacture of low-cost OSRs for broadband radiative cooling
applications.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).

I. INTRODUCTION electronics, and extending the service life of the spacecraft.”” The

only way to exchange heat between the spacecraft and space is
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During the operation of spacecraft, large variations in the exter-
nal environment can result in temperature fluctuations between
—150 and 150 °C.! The spacecraft thermal control system plays a
vital role in maintaining survivable conditions for the equipment
on board, ensuring the normal operation of the spacecraft’s internal

APL Photon. 8, 090802 (2023); doi: 10.1063/5.0156526
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through thermal radiation at infrared wavelengths.” As one of the
most important passive thermal control devices for spacecraft, Opti-
cal Solar Reflector (OSR) coatings provide low absorption of inci-
dent solar radiation (a) and high broadband infrared emissivity (e).
To achieve efficient thermal dissipation for spacecraft, the ratio of
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emissivity to absorption of the OSR (e/a) should be high and is
typically of the order of 8-16 depending on the type of OSR.”

Since the 1960s, the glass-tile based optical solar reflectors
(OSRs), also known as secondary surface mirrors, are the main ther-
mal radiators used on spacecraft. The basic structure of these is
a 100 nm thin film of aluminum or silver deposited on the side
of a borosilicate glass with thickness around 150-200 ym.” These
glass tile OSRs are fragile and cannot be bent or folded, and the
assembly process is labor intensive and expensive.'’ Flexible OSRs
were, therefore, developed, which are predominantly based on sliv-
ered fluorinated ethylene propylene (FEP). However, the FEP OSR
is well-known to suffer severely degradation under solar irradiation
and thermal cycling, making it only suitable for short space missions
of 3-5 years.' "' Development of flexible, lightweight, and durable
OSR solutions for the radiative cooling of spacecraft is of great inter-
est for application in lightweight spacecraft, large-scale structures,
such as space-based solar power systems, starshot lightsails, and
future solar sail technology.

In recent years, much effort has been directed toward the
development of daytime radiative cooling devices for terrestrial
applications.”” '* In 2014, a multilayer thin film based radiative
cooler was introduced that not only achieved a high solar radia-
tion reflectivity of 97% but also a high infrared emissivity of 60%
in the 8-13 ym atmospheric window. This was the first experi-
mental demonstration of daytime radiative cooling and achieved
temperatures nearly 5° lower than the ambient environment under
direct sunlight.'"” However, several studies have demonstrated high-
performance day-time radiative cooling using a diversity of struc-
tures, including besides thin film stacks also metasurface designs,
with the purpose of cooling applications for terrestrial objects, such
as buildings, smart windows, and solar cells.”” %

In comparison to terrestrial applications, demonstrations of
thin-film inorganic multimaterial structures for broadband radia-
tive cooling in space have remained limited with some recent
efforts directed at conventional Salisbury screen designs and thicker
distributed Bragg stacks.””’' Recently, our team has developed
meta-surface-based OSRs, based on a Salisbury screen metamaterial
perfect absorber geometry and consisting of an Aluminum-doped
Zinc Oxide (AZO) metasurface on a SiO, dielectric layer on an Al
mirror.’”> The fabrication of patterned OSRs is relatively expensive
due to the complex lithography processes involved, and scaling up
involves techniques such as nanoimprint lithography, rendering the
high cost compared to unpatterned thin-film structures.

Organic material-based radiative cooling films and radiative
cooling paints with porous structures can also achieve broadband
infrared absorption, and the simplicity of those techniques could
be applied to different surfaces by painting or spraying.””* How-
ever, organic polymer materials based radiative cooling film or
paints are generally not suitable for space applications because of
the extreme conditions of the radiation environment in outer space,
which includes high energy cosmic rays as well as ionizing solar
radiation and stronger solar UV radiation.””” " Prolonged radia-
tion exposure causes self-oxidation, degradation, and breakage of
the polymer’s chemical bonds and seriously affects the spacecraft’s
thermal control capability and ultimately its lifetime.*®

Here, we demonstrate the use of optimized inorganic, oxide-
based thin-film stacks to achieve broadband radiative cooling sur-
faces compatible with the requirements for space applications. For
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the initial design, we combine a Genetic Algorithm (GA) with the
Transfer Matrix Method (TMM) to optimize the thin-film multi-
material OSR in both the solar absorptance (0.3-2.5 ym) and the
infrared emissivity (2.5-30 ym), with the aim of achieving the maxi-
mum ¢/a for efficient radiative cooling of spacecraft. In our study,
the GA optimizes the combination of the total number of layers,
the material choice for each layer, and the thickness of each layer.
In recent years, the application of machine learning algorithms to
accelerate the design and optimization of optical devices and coat-
ings has become an important tool.””** Evolutionary algorithms
have been successfully applied for the optimization of multilayer
radiative coolers.'” "’ Those previous studies involved optimiza-
tion of stacks consisting of two different materials (HfO,-SiO,,"
SiN-SiO,,* SiN-MgF,,*® or TiO,-Si0,*) and focused on achiev-
ing a high absorption in the atmospheric window (8-13 ym). As we
show here, by increasing the number of different materials in the
stack beyond two and strategically including materials with absorp-
tion at longer wavelengths, we significantly extend the spectral range
over which a high emissivity is obtained.

Considering the practical fabrication, the material candidates
for the thin film OSR optimization are chosen to be compatible
with our reactive sputter deposition system. This ensures that the
OSR can be achieved in a one-go manufacturing process without
breaking the vacuum state between each layer, which is essential for
getting a high-quality film stack. The optimized design of the thin
film OSR in this work is made of 18 layers of SiO», SiN, and Ta;Os,
where Ta,Os is introduced for improving the absorption at wave-
lengths in the range 13-25 ym. The selected thin-film OSR design
is experimentally fabricated on both a 150 mm (6 in.) silicon wafer
and on a polyimide foil (DuPont Kapton® PFC 300) to demon-
strate its use in flexible thin-film and ultra-lightweight applications.
Here, Kapton PFC 300 is chosen for its high robustness and duration
for space environment as demonstrated in the recent EU FIRST-
FLEX project by Consorzio CREO. Thus, all dielectric layers, along
with an aluminum reflector and polyimide, can withstand temper-
atures of up to 350 °C, making them suitable for the harsh space
environment.

Il. MATERIALS AND METHODS
A. Optimization using genetic algorithm

The optimization strategy used in this work is the genetic algo-
rithm (GA), which is based on the principle of natural selection.
The main framework of genetic algorithm used is based on DEAP
(Distributed Evolutionary Algorithms in Python), which could be
used as a groundwork for application of evolutionary algorithms,
such as the particle swarm optimization and genetic algorithm.”
The GA is used to search the maximum object function in the prede-
fined range with an evaluation function, which is normally to get a
maximum or minimum Objective Function/Figure of Merit (FOM),
and here, it is to achieve the maximum FOM defined as the ratio of
thermal emissivity to solar absorption, e/a. GAs tend to be very use-
ful when the objective function is highly complex or discontinuous.
The two most notable advantages of a GA over other optimization
algorithms are the capability of dealing with complicated prob-
lems and parallelism in the computation.”’ The various offspring in
one generation can search the design space in different directions
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simultaneously, and this feature offers the GA the advantages of
internal parallelism.

The GA was coupled with the Transfer Matrix Method (TMM)
to optimize the optical properties, including reflectance, transmit-
tance, and absorptance. The flow chart of the GA for the OSR
is shown in Fig. 1(a). The first generation was randomly initial-
ized at the beginning to avoid a local optimum. Each generation
consists of a parameter set known as chromosome; different layer
thicknesses and layer materials combinations are coded into these
chromosomes. The chromosomes were subsequently divided into
many subsets, where each subset represents a gene referring to
the selected thickness and material parameters. In each optimiza-
tion cycle, the absorption spectrum of each subset was calculated
by TMM through decoding those genes into thickness and mate-
rials related parameters. The gene population was optimized (after
crossover and mutation phases) and stored according to the qual-
ity of the evaluation function; the chromosomes with highest fitness
were selected and passed on to the next generation. After the number
of the generations reached the predefined value of 100, the optimiza-
tion was terminated. The crossover and mutation probabilities were
set to be 0.8 and 0.2, respectively. The population size of each gener-
ation in the GA was set to 100. The total thickness was constrained to
below 2.5 ym by setting the maximum number of layers to 25 and the
maximum thickness of each layer to 100 nm; constraining the range
of thicknesses allows us to maintain the thin-film characteristics of
the resulting coatings, such as mechanical flexibility, conformality,
and manufacturability. The GA can define thicker layers >100 nm by
using the same material for two or more adjacent layers in the stack.
Below, we present the merged layer structure where adjacent layers
of the same material are combined into one layer, thus reducing the
effective total number of layers in the stack.

(@)

Random Initial
Population

Transfer Matrix Methods

Transfer Matrix
Solver

Absorption Spectrum

Crossover and
Mutation

Individual Evaluation

{

Evaluation Function

Calculation of € and a

Calculation of FOM

Individual Selection

Termination
Condition

B. Fabrication

Reactive sputtering under high vacuum conditions is used for
the optical film coating in a one-go process. As an industrial-level
sputtering equipment for the fields of precision optics and optoelec-
tronics, the Biihler Helios sputtering tool provides the capability to
load 12 pieces of 200 mm (8 in.) wafer at one time and to process
intricate stacked layers in a single run using a programmed recipe,
all without breaking the vacuum. Figure 2 represents an illustration
of the process. The Helios sputtering tool has two mid-frequency
plasma sources (for dielectric sputtering) and one DC source (for
metal sputtering). The sputter source is made of two separate sputter
electrodes that act as sputter cathodes alternatively. The alternat-
ing electrical field for the alternating polarity of the electrodes is
provided by the mid-frequency (MF) generator, while the dielectric
sputter sources are supplied by the same MF generator and can only
operate separately. Each sputter electrode is equipped with a rect-
angular target, which is bonded on to a copper backing plate and
connected with a water-cooled cover; the cover includes a magnetic
system for increasing the plasma intensity. Three different targets
could be installed, allowing for up to six different compounds and
three elements to be deposited with two plasma sources (O, or N»)
and the DC source, respectively.

A 150 mm (6 in.) silicon wafer was loaded into the chamber.
Then, the 100 nm Al mirror was deposited by utilizing the DC source
and Al target; subsequently, 18 alternating layers of Ta,Os, SiO», and
SiN were deposited by using mid-frequency plasma sources (O, and
N) and the Si/Ta target. The deposition rates for Ta,0s, SiO;, SiN,
and Al are 0.102, 0.529, 0.183, and 0.21 nm/s, respectively, which
were measured and confirmed with ellipsometry. The deposition
parameters for each deposition materials in Helios are shown in
Table L.
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FIG. 1. (a) Flow chart of the genetic algorithm for OSR optimization using the transfer matrix method for the absorption spectrum calculation for the initial population and
the following every new thickness and materials population. (b) Target absorption/emissivity spectrum for space and terrestrial application; the optimization range for the
mid-infrared range is 2.5-30 and 8-13 um. (c) Materials candidates for the optimization and its corresponding imaginary refractive index.
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FIG. 2. Schematic of one-go manufacture of an optimized optical solar reflector with the Helios reactive sputtering tool.

TABLE . Deposition parameters for the radiative cooler stack using Helios reactive sputtering.

Deposited materials ~ Targets = Power (W)  Pressure (mbar) Gas Gas flow (SCCM)
Ta0s Ta 500 1x107° 0, 30

SiN Si 2000 1x107° N, 30

SiO; Si 3000 1x107° Ar/O; 40/12

Al Al 500 1x107° Ar 15

For the infrared emissivity measurement, an FTIR system
(Thermo-Nicolet Nexus 670) with a DTGS detector was used to
measure the reflectance from 6250 to 350 cm™' (equal to wave-
length range from 1.6 to 28 ym). Angle dependence between 20°
and 70° was measured using a variable-angle specular reflection
accessory placed in the FTIR chamber. An uncoated gold film
was used as a reference; all IR spectra were collected with an
average 128 scans at room temperature. The solar absorptance in
visible and near infrared was acquired through a total reflection
spectrophotometer (Bentham PVE3000) with two reference detec-
tors: silicon (0.3-1.0 ym) and germanium (1.0-1.8 ym), which is
based on a supercontinuum xenon-quartz tungsten halogen dual
light source over a range of 0.3-2.5 ym and an integrating sphere
coated with BaSQy; the reference for solar radiation measurement is
using BaO,.

APL Photon. 8, 090802 (2023); doi: 10.1063/5.0156526
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lll. RESULTS AND DISCUSSION

In the optimization, we consider two design scenarios, corre-
sponding to a terrestrial radiative cooler (type T) with an optimized
emissivity from 8 to 13 ym and a broadband space radiative cooler
(type S) with an optimized emissivity from 2.5 to 30 ym with a
target spectral response, as illustrated in Fig. 1(b). In the model,
we allowed a set of four materials that are available for fabrica-
tion in our reactive sputtering tool (Helios), including SiO», SiN,
TiO,, and Ta,Os, with values of the imaginary part of the refrac-
tive index shown in Fig. 1(c).”>” The genetic algorithm was able to
select both the material and the thickness for each layer, with the
goal of achieving the highest FOM ¢/a over the spectral bandwidth
of interest, where € and a are normalized corresponding to the black-
body radiation at 300 and 5777 K, respectively. The chosen materials
all combine a low extinction in the solar absorption with a band

8, 090802-4
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of high extinction in the infrared, the spectral range of the infrared
absorption bands being different for the materials corresponding to
their vibrational resonances. We, furthermore, assume that the emis-
sivity equals the absorption in a thermodynamic equilibrium state
following Kirchhoff’s law of thermal radiation.

As an illustration of the optimization process, the Figure of
Merit (FOM) with the number of generations of GA is presented
in Fig. S1(c) for the case of the broadband radiative cooler for space.
It is seen that the FOM converges at the 88th generation reaching
the highest ¢/a = 10.2. Very similar convergence was obtained for
the terrestrial radiative cooler stacks (not shown). Results for the
optimized multilayer stacks of both types are shown in Fig. 3, with
the corresponding thermo-optical parameters presented in Table II.
The optimized stack layouts and absorption spectra for the terres-
trial (type T) and space (type S) radiative cooling stacks are plotted
in Figs. 3(a) and 3(b). For the terrestrial cooler stack (type T), the
model selected a multilayer consisting of two materials, SiN and
SiO;, which each has a high extinction coefficient in the wavelength
range from 8 to 13 ym due to the existence of the absorption peak of
Si-N bond stretching near 11.6 ym in SiN and Si-O bond stretch-
ing near 9.4 ym in SiO,°* SiN and SiO, do not support a high
absorption outside the 8-13 ym band (apart for a narrow absorp-
tion peak at 22.5 ym in SiO»); therefore; the absorption tails off
at longer wavelengths, typical for previously demonstrated terres-
trial radiative coolers.”” ' Such a type-T radiative cooling device is
particularly useful for sub-ambient radiative cooling on earth, but
not for broadband cooling in space, with a broadband emissivity
€(2.5-30 ym) of only 0.546 (see Table IT).

For the broadband stack, the optimized design consists of three
materials, SiN, SiO,, and Ta,Os. The addition of Ta,Os results in
a strong improvement of the broadband absorption owing to its
high extinction coefficient above 13 ym.” Ta,Os is an inorganic

TABLE II. Thermo-optic parameters o and e from design and fabrication stacks.

Substrate Device a(0.3-2.5uym) &(2.5-30ym) e/a
Type T, calc 0.081 0.546 6.74
Type S, calc 0.071 0.724 10.2

Silicon Type T, expt. 0.112 0.624 5.57
Type S, expt. 0.106 0.747 7.05

Kapton Type S, expt. 0.130 0.75 5.77

compound with a high refractive index n of around 2.15 in the
UV-visible, low absorption at a solar absorption range (0.3-2.5 ym)
and high absorption at long wavelength infrared and far infrared,
which has been widely used for optical coating with applications in
antireflection and optical filter stacks.’” Detailed information on the
layer structure of the type S stack is presented in Fig. S1(b) of the
supplementary material. Here, it is worth mentioning that in both
terrestrial and space cases, no TiO; is chosen in optimized design
by GA, and this is attributed to its high imaginary refractive index
in the visible range, as shown in Fig. 1(c), which can result in an
undesirable visible absorption and lower FOM.

Figure 3(b) compares the simulated solar absorption of the
optimized stacks with that of a single 100 nm Al reflector (o} fiim
= 0.078). The spectra show a reduction of the solar absorption of
the type S stack below that of a plane Al film, which indicates that
the “periodic-like” structures generated by GA act as distributed
Bragg reflector structures. These structures can selectively reflect vis-
ible spectra, thereby mitigating the residual losses of the Al mirror
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FIG. 3. (a) Schematic of the optimized OSR stacks for terrestrial (T) and space (S) applications. Type T consists of eight layers of SiO, and SiN, and type S consists of
18 alternating layers of Ta,Os, SiO,, and SiN on the Al mirror. (b) Calculated UV-visible and infrared absorption spectra of the two OSR types T and S compared to the
Al film (black line). (c) Calculated absorption contributions from each layer of type S and electric (E-)field intensity for intrinsic absorption at 9.46, 10.22, 16.5, and 22.5 yum

wavelengths.
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itself. The improved performance of type S over type T, consis-
tently seen in calculated and experimental a values, can be attributed
to the improved UV-visible reflectivity from the additional layers
and the high refractive index contrast offered by the Ta,Os layers.
With respect to the choice of a metal backreflector, we, furthermore,
note that both Ag and Al films are good candidates for achiev-
ing a good visible, near-IR, and mid-IR reflectance with generally
Ag-based designs offering a reduced solar absorption (see Table
S1 in the supplementary material). The motivation of using Al in
our model is based on the durability of Al against oxidation both
in the reactive sputtering process as well as in the space environ-
ment (e.g., atomic oxygen exposure in low-earth orbit), compared
to Ag.

To elucidate the absorption contribution from each layer in
broadband cooler stack S, we calculated the spectral absorptivity
of each of the designed layers in the stack, as shown in Fig. 3(c).
Similar results for terrestrial stack i are shown in Fig. S2 of the
supplementary material. Figure 3(c) shows that the top 10 layers
contribute the strongest to the infrared absorption, whereas the
absorption in the underlying layers decreases as we get closer to the
Al backreflector. This can be understood from basic principles, as the
device approximates a A/4 perfect absorber (Salisbury) screen, where
the electric field has a node at the backreflector (ground plane) and a
maximum absorption is obtained at a quarter wavelength distance
away from the mirror. For traditional infrared perfect absorbers
aimed at controlling blackbody radiation at room temperature using
a single, thin-film or metasurface absorption layer, typically the opti-
mum distance for achieving maximum absorption is around 1 ym.**
For a distributed multilayer stack, such as presented in this study,

(@)

different parts of the spectrum will be preferably absorbed at dif-
ferent depths in the stack, while for all wavelengths, absorption
decreases for distances close to the mirror as the standing-wave
electric field approaches the node at the mirror surface. Figure 3(c)
shows the electric (E-)field distribution in the absorbing stack at four
selected wavelengths corresponding to particular absorption fea-
tures of the different materials at \; = 9.46 ym (SiO>), A» = 10.22 ym
(SiN), A3 = 16.5 ym (Ta;0s), and Ay = 22.5 ym (both SiO, and
Ta,0s). For A, to A4, we see that the penetration of the wave into the
stack is increasingly reduced toward longer wavelengths, whereas
the wave at \; is strongly attenuated already in the first few SiO,
layers.

The as-optimized radiative cooling devices were fabricated
using the Helios reactive sputtering tool using a one-go, single step
fabrication process. For the amorphous Ta,Os thin layers, a post-
anneal step in air at 450 °C was required to further improve the
stoichiometry via oxidation,” resulting in a significant improve-
ment of the optical transparency in the visible range (see Fig. S3
in the supplementary material). The fabricated 150 mm (6 in.)
OSR wafers are represented in Figs. 4(a) and 4(b) with corre-
sponding experimental absorption spectra in Fig. 4(d). Figure 4(e)
represents the cross-sectional scanning electron microscopy (SEM)
image of the broadband radiative cooler stack, showing the approx-
imate thickness of the individual layers in the stack via the electron
backscattering contrast of the different materials.

The optical photographs in Fig. 4 illustrate the reflective char-
acteristics of the samples in the visible, which is characterized by low
solar absorption when integrated from 0.3 to 2.5 ym and reflection of
over 89% of the incident solar power, owing to the high reflectance

Absorption

03 05 1 2 3 5

Wavelength (um)

10 20 30

FIG. 4. Experimental 150 mm diameter radiative coolers fabricated on silicon (a) and (b) and polyimide foil (c) for terrestrial type T (a) and broadband space type S (b) and
(c). (d) Experimental absorption spectrum for type T, S samples from (a) and (b). (€) Cross-sectional SEM from the broadband radiative cooler sample from (b). Terrestrial
cooler photograph (a) was taken in outdoor ambient conditions, showing reflection from the sky. A broadband cooler (b) image taken under laboratory illumination, showing
unannealed (left) and annealed (right) sections (see also Fig. S3), protected Al mirror (Thorlabs) shown for comparison.
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of the Al mirror and the low optical losses of SiO,, SiN, and Ta,Os
within the solar range. The spectral response of the fabricated OSRs
in Fig. 4(d) also shows a high emissivity in the mid-infrared due to
the high extinction coefficient of SiO,, SiN, and Ta,0Os. The exper-
imental spectra match well with the simulations of Fig. 3, where
a slight difference in the visible range attributed to an imperfect
annealing of the middle Ta,Os layer in the stack, due to dense SiN
layers blocking the O, diffusion. The thermo-optical coefficients of
the experimental devices are summarized in Table I1. Overall, the as-
fabricated S type OSR shows good thermal-optical properties with a
=0.106, € = 0.747 (2.5-30 ym), and &/a = 7.05.

The same design for the broadband cooler stack of type S has
also been applied on a flexible 80 x 30 mm?® Kapton substrate by
using the same sputter deposition process. An optical photograph of
the as-fabricated flexible OSR is shown in Fig. 4(c). Full results are
shown in Fig. S4 comparing the absorption of multilayer OSR fabri-
cated on a silicon substrate and flexible polyimide substrate (Kapton
foil); the absorption spectra are quite similar, and the flexible mul-
tilayer OSR also shows promising thermal-optical properties with
a=0.13, e = 0.75 (2.5-30 ym), and &/a = 5.77. The limited thermal
budget of the Kapton foil prevented a similar post-anneal to improve
a performance, and future work is needed to further optimize the
deposition process to reduce the post-anneal requirements. Good
agreement for the as deposited samples indicates that, in principle,
the thin-film stacks are compatible with flexible substrates.

Figure 5 shows the dependence of emissivity on angle for the
two types of OSR. Figure 5(a) shows the experimental infrared
absorption against angle of incidence; polar plots are shown in
Fig. 5(b) for both the emissivity and the solar absorbance. Infrared
emissivity (e > 0.70) of the OSR persists to a large angle of incidence
up to 50° and remains high (¢ > 0.66) even at an angle of incident
of 60°, which is important for maximizing the total radiated power

—
QO
~—
-
o

(b)

Absorption
© o 9o
N o ®

o
)

o

over all angles (hemispherical emissivity). The solar absorbance o
remains below 0.10 up to a large angle of incidence at 85° for both
designs.

The experimental thermo-optical parameters can be used to
estimate the cooling capabilities of the thin-film OSRs. For this pur-
pose, we consider a space environment with a total solar irradiance
of one sun (1.26 kW/m?) at normal incidence, which for a = 0.106
results in a solar heating of 134.0 W/m?, a radiative cooling of 284.1
W/m?, and hence a net cooling of 150.1 W/m?. The radiative cooling
power is about 73% of the theoretical maximum of 387 W/m?. The
calculation method is detailed in our previous work.”” To get some
insights of its performance, we compare it with two commercial
products, conventional standard glass-tile OSR by Qioptic (Exceli-
tas Technology) and novel flexible OSR (Interferential CERMET) by
Consorzio CREO. The net radiative cooling is calculated to be 207
and 184 W/m? for standard OSR and flexible OSR, respectively. The
superior performance for these two OSRs is attributed to their higher
IR emissivity of 0.86 and 0.8, respectively. Currently, the maximum
emissivity of the stacks is limited by the sharp drop of emissivity
below 8 ym, which is caused by the lack of inorganic optical materi-
als with a sufficiently high extinction coefficient in the spectral range
of 2.5-8 ym that are simultaneously transparent in the visible range.
We identify some notable exceptions, in particular transparent con-
ductive oxide.”> As shown in Fig. S5, the IR emissivity also depends
on surface temperature as the blackbody emission peak blueshifts
with temperature increase, leading to a performance degradation
at elevated temperature. Therefore, it would be critical to integrate
the transparent conductive oxide to extend the emissivity at shorter
wavelengths below 8 ym and further improve the IR emissivity. In
this work, we focused our discussion on broadband radiative cooling
for space applications. However, the developed structures are equally
useful for above-ambient cooling in the terrestrial environment.’®

Type-S OSR

60°

90°

3 5 10 20 30
Wavelength (um)

60°

Absorption

90°

Solar absorption a

9
0.0 0.04 0.08 00 04 08

Type-T OSR

v | Exp

3 5 10 20 30
Wavelength (um)

Solar absorption a

0.0 0.04 0.08 00 04 08
Emissivity €

FIG. 5. Experimental infrared absorption against angle for terrestrial type T (a) and broadband space type S (c). (b) and (d) Angle-dependence of solar absorption a
(0.3-2.5 um) and broadband emissivity € (2.5-28 ym) for simulations (blue lines) and experimental data (red triangles).
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Most works on terrestrial applications focus on the spectral range
8-13 pm, the infrared atmosphere transmission windows suitable
for sub-ambient radiative cooling.””"’

Compared with previous thin film radiative cooling works
either inorganic on a solid silicon/glass substrate’"”*"** or organic
polymers,”** this work demonstrates novelty in different aspects:
First, by introducing standard optical material Ta;Os as the ideal
material to extend the long-wave infrared bandwidth of the emissiv-
ity to above 25 ym. Second, by using an optimized design with as
many as 18 layers, we achieve excellent thermo-optical performance
using an ultra-thin stack. Finally, the integration of the film OSR
on a polyimide substrate is desirable for applications in both ter-
restrial and space for its low weight, easy assembly, and conformal
adaptation to curved surfaces, which can significantly reduce launch
and assembly cost of spacecraft. In addition, the selected materials
are inorganic and durable and robust in the operation temperature
range and have no degassing issues.

60

IV. CONCLUSION

In conclusion, the genetic algorithm combined with transfer
matrix methods was successfully applied to the optimization of a
thin-film-based optical solar reflector with broadband infrared emis-
sivity and low solar absorption. The optimized design consists of
18 layers of SiN, SiO,, and Ta;Os on an aluminum mirror with
a total thickness of 2.088 ym and a figure of merit of e/a = 10.2.
The as-designed thin-film-based OSR was fabricated onto a 150 mm
Si substrate and a flexible Kapton substrate using industrial-level
sputter equipment compatible with future mass production. The
fabricated OSR showed an infrared emissivity of € = 0.75 in the
broadband infrared range (2.5-30 ym) and exhibited an absorp-
tion of a = 0.11 in the solar window (0.3-2.5 ym), which shows a
highly selective optical property for the radiative cooling of space
applications, with a net cooling power of 150.1 W/m?. The thin-film
inorganic material based OSR foil provides a lightweight, low fab-
rication cost, flexible, and high film quality strategy to replace the
current OSR design for space-based applications, such as thermal
management of spacecraft and light sails.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information,
including (i) calculation of thermal-optical properties and (II)
design and fabrication of a terrestrial radiative cooler.
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