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ABSTRACT. Radiative cooling is a passive cooling strategy that can radiate heat to outer space
through the 8 to 13 ym waveband (atmospheric window) and is now widely used for
buildings, wearable fabric, solar cells, and electronic devices. Daytime radiative
cooling requires both high reflection in the solar spectrum and high absorption/
emission in the 8 to 13 um range. Previous multilayered structures were optimized
by changing the thickness ratio of the layers, but the optical properties of multilayer
thin films, such as absorptivity, transmissivity, and reflectivity, are determined by
complex factors. In this work, several initial multilayer structures were selected and
then the thickness of each layer was globally optimized; the theoretically smallest
thickness with the best absorption performance was achieved in the 8 to 13 um
range, which significantly improved the cooling performance and reduced costs.
We developed an optimized SiO,-Ta,O5 alternating multilayer photonic radiative
cooling thin film and fabricated it using ion source assisted electron beam evapo-
ration with an average emissivity of 0.876 within the 8 to 13 ym range and an aver-
age reflectivity of 0.963 in the 0.3 to 2.5 um waveband; it achieved an average
temperature reduction of 20.1°C lower than the uncoated substrate and 3.2°C lower
than the ambient temperature under direct sunlight with an average solar power of
859.3 W/m?,
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1 Introduction

With global warming and increasing usage of various kinds of electric apparatuses, the world has
a growing demand for cooling.'™® Traditional cooling modes are air cooling, water cooling, etc.,
through the process of heat conduction and convection to take away the heat in the device.
However, this cooling method requires additional energy consumption and increases the com-
plexity of the system, thus reducing the reliability. Radiative cooling’™" has attracted public
attention as a passive cooling method without any energy input or greenhouse gas emissions.
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During the process of radiative cooling, heat can be automatically transferred from an object
at ambient temperature on Earth to space with a temperature of only 3 K through the 8 to 13 ym
waveband, known as the atmospheric window.'®"'®

Multilayer film structures have been widely used in filter films, antireflection films, broad-
band absorption films, and other applications. In the last decade, their applications in radiative
cooling have also received attention.'*~>* Daytime radiative cooling, which requires not only high
emission in the atmospheric window waveband but also high reflection in the solar spectrum, is
quite difficult to design in two wide wavebands. Fan’s group'? first achieved a multilayered day-
time radiative cooling thin film using an HfO,-SiO, alternating structure, which had an average
reflectivity of 97% in the 0.3 to 2.5 ym waveband and an average absorptivity of 67% within the
8 to 13 um waveband. It reached an average temperature reduction of 4.9°C. Kecebas et al.*’
designed and fabricated a radiative cooler by applying a multilayer structure using SiO,, TiO,,
and Al,O5. It achieved an average absorptivity of 78% within the 8 to 13 xm range. Jeong et al.”!
developed a photonic radiative cooler with an average absorptivity of 84% in the atmospheric
window. Its structure showed a better performance in nighttime radiative cooling than the
HfO,-SiO, cooler. However, the high absorption of TiO, in the near ultraviolet band makes
it not as good as the HfO,-SiO, cooler in solar reflection, and the total thickness of 4 ym
increases the risk of film cracking or delamination. Recently, Xiao et al.** chose 18 alternating
layers of three materials, SiN, SiO,, and Ta,Os, on top of an Al mirror back reflector, with a total
thickness of only 2.088 ym. They accomplished an average reflectivity of over 89% of the inci-
dent solar power from 0.3 to 2.5 um and an average thermal infrared absorptivity of 75% in the
2.5 to 30 um range.

Previous studies have shown that stacking different types of dielectric layers enables a day-
time radiative cooler with as high performance by changing the thickness and material of each
layer. This study introduces the optimal design and preparation of a multilayered photonic radi-
ative cooler. We conduct a comprehensive analysis of various oxides and metals, ultimately
choosing Si0O,, Ta,0s, Al,O5, and Ag for the initial structure. Subsequently, global optimization
is performed to achieve optimal performance while minimizing the thickness, aiming for the
thinnest possible configuration with the highest efficiency. On the basis of the designed struc-
tures, we fabricate the radiative cooler composed of thin film stacks deposited with electron beam
evaporation (EBE) based on the optical constants of the oxides measured by our laboratory to
make the optimization more accurate. The radiative coolers are comprehensively tested, and the
solar spectrum reflectivity and atmospheric window emissivity in different angles are character-
ized. Results show that the developed radiative coolers have a satisfactory performance.

2 Method

2.1 Design

In the design of radiative coolers, one of the most important parameters is the complex refractive
index N = n — ik, where the optical constants n and k represent the refractive index and extinc-
tion coefficient, respectively, and k is related to the absorption coefficient @ by a = 4zk/A.
As shown in Fig. 1, the optical constants n and k of various materials (SiO,, HfO,, TiO,, Al,Os3,
and Ta,0s), which are widely used in radiative cooling due to their high absorption in the
8 to 13 um waveband,’**"*® are plotted for comparison.

To improve the reflection in the solar spectrum, high-index and low-index materials in the
solar spectrum are needed in the structure. SiO, with its refractive index of approximately near
1.44 in the solar spectrum and low absorption in the near-ultraviolet band is mostly used as the
low-refractive-index material in the solar spectrum. Furthermore, SiO, also has a very high
absorption in the 8 to 13 ym spectrum and its extinction coefficient k reaches a value of over
1.5 in the 9 to 10 um waveband. As for high-index materials in the solar spectrum, both Ta,Os
and TiO, are considered. The refractive index of Ta,Os is 2.1 and that of TiO, is 2.2 in the solar
spectrum. Although TiO, has been used in many kinds of structures of photonic radiative cool-
ers,”! Ta,0s is a comparatively better material in making radiative coolers. However, TiO, has a
much higher absorption in the near-ultraviolet band than Ta,Os. Furthermore, the TiO generated
during the TiO, coating process affects the experimental results. By contrast, Ta,Os is a more
stable material. In the solar spectrum, HfO, has low absorption in the near-ultraviolet band and
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Fig. 1 Optical constants n and k of the materials in the 8 to 13 um spectrum:?>2® (a) optical con-
stants of SiO,, (b) optical constants of Ta,Os, (c) optical constants of TiO,, (d) optical constants of
Al, O3, (e) optical constants of HfO,, and (f) optical constants of Ag.

can be a good material for optimizing reflection in the solar spectrum. However, its k is low in the
8to 13 ym waveband. In addition, HfO, is a comparatively rare and expensive material. Al,Oj5 is
a cheap and well-known oxide, and it has the highest absorption in the 11 to 13 ym spectrum
among the aforementioned oxides. It is also used as the adhesion layer between the Ag layer and
other oxide layers to enhance bonding, thus improving the reliability of the photonic radiative
cooler. So we finally chose SiO,, Ta,0s5, and Al,O5 as the materials of oxide layers instead of
Hf02 and T102

The design began with calculating the optical properties of multilayered thin films, and the
ultimate absorptivity, reflectivity, and transmissivity of a given wavelength were determined
through iterative calculation by choosing the n, k, and d of each individual layer in the 8 to
13 ym waveband. The optical constants n and k of different materials vary in different ways
in the 8 to 13 um waveband, so we set some initial structures of different arrangements of layers,
using commercial software (FilmWizard, Scientific Computing International, United States),
which can optimize each layer with a given target.

Because SiO, is mostly used as a low-refractive-index oxide, we only tried different high-
refractive-index oxides for the optimal design. Initially, we designed two types of radiative cool-
ers composed of 10 alternating layers of SiO, (400 nm) and Ta,O5 (400 nm) or Al,O5 (400 nm)
and Ag (200 nm) on the substrate; the structures were named structures 1 and 2, as shown in
Fig. 2(a). To improve the reflection in the solar spectrum, we use 4 layers of alternating SiO,
(50 nm) and Ta,O5 (50 nm) layers, and one layer of Ag (200 nm) at the bottom, as the reflection
segment, which is responsible for increasing the reflection of incident light. On top of the reflec-
tion segment is the absorption segment with 12 layers of alternating SiO,, Ta,0s5, and Al,O4
layers in different orders; the structures were named structures 3 to 6, as shown in Fig. 2(b).
During optimization, some single layers may be reduced to meet the demand for less thickness.
The reason that our initial structures have so many layers and arrangements is to give the opti-
mization more room to adjust.

Then we used the global optimization of the software and set 100% as the optimization target
of absorption in the 8 to 13 um waveband. After extensive numerical optimization, satisfactory
results were obtained, as shown in Fig. 3. Taking structure 3 as an example, the average emis-
sivity in the 8 to 13 ym spectrum of structure 3 slightly increased from 85.8% to 86.6%, but the
total thickness of the structure significantly decreased from 3.8 to 2.58 ym. Similarly, the other
five structures all showed a significant reduction in thickness and an obvious performance
improvement. The results showed that a thin film using global optimization has a much better
performance than simply changing the thickness and ratio of different materials, especially in
reducing the thickness.
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Fig. 2 (a) Initial structures of 10 layers of SiO, and Ta,O5 or Al,O3 and (b) initial structures of
10 layers of SiO,, Ta,Os, and Al,O; in different arrangements. (A: Al,O3, B: SiO,, C: Tay0s,
unit: nm, and SUB: Si).
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Fig. 3 (a)-(f) Schematic diagram and optical performance of the structures before and after the
global optimization. (A: Al,O3, B: SiO,, C: Ta,Os, unit: nm, and SUB: Si).

Al,0O5 has a better adhesive force with the Ag layer than other oxides, so we use an Al,O4
layer as the bonding layer to improve the bonding force between the selective interference
absorption layers and the metal reflector layer to prevent the film from cracking or delamination.
For the same reason, to increase the adhesion between the metal reflector layer and the substrate,
we chose to coat a very thin layer of Ni on the substrate before coating the Ag layer. The use of
adhesion layers helps to improve the reliability. Finally, the main materials of our structures used
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Fig. 4 Optical constants nand k of oxides in the solar spectrum and atmospheric window fitted by
ellipsometry. (a) SiO, in the 250 to 2500 nm waveband. (b) SiO, in the 8 to 13 yum waveband.
(c) TayO5 in the 250 to 2500 nm waveband. (d) Ta,O5 in the 8 to 13 um waveband.

in the actual coating situation are SiO, and Ta,Os. The change of coating conditions such as
coating methods, deposition temperature, and deposition rate will cause the change of film
optical constants. Different from the conventional coating of oxides in EBE condition, with the
combination of the Ag layer, the deposition temperature of the multilayer thin films is the room
temperature without extra heat gain to avoid the Ag layer from oxidation.

To obtain the reliable optical constants of film materials in the EBE condition in this work,
we measured the ellipsometry parameters psi and delta of SiO, and Ta,Os films deposited at
certain deposition temperatures and deposition rates in the 250 to 2500 nm and 8 to 13 ym
spectra and fitted the optical constants in these spectra (Fig. 4). This makes our optimization
more accurate and reliable than previous works. During the same process of design and opti-
mization used before, we get two structures that meet the actual experimental conditions in
our laboratory as the final structures (Tables 1 and 2). They both have a satisfactory performance
of high reflectivity in the solar spectrum and high absorptivity/emissivity in the 8 to 13 ym
spectrum.

Compared with prior works that simply changed the numbers of layers or thicknesses of
each layer in optimizing the structures of the radiative coolers, this work has the following
advantages.

1. Through accurate characterization of metal and dielectric films prepared under specific
process conditions, such as certain deposition temperatures and deposition rates, etc.,
we obtained reliable optical constants of thin film source materials for deposition with
EBE. With these specific optical constants, we optimized and fabricated the radiative
coolers, which were thinner but had a higher radiative cooling performance.

2. Compared with the traditional radiative coolers, our work improved the mechanical prop-
erties of the thin-film device by adding an adhesion layer between the metal reflection
layer and the selective interference absorption layer, which gave the thin film high envi-
ronmental reliability and long life.

Optical Engineering 091606-5 September 2024 e Vol. 63(9)
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Table 1 Structural parameters of structure A.

Layer No. Material Thickness (nm)
10 SiO, 186
ot Ta,O5 400
gh Sio, 55
7 Ta,O5 400
6" SiO, 86.6
5h Ta,05 170
4th SiO, 800
3 Ta,O5 133
2ond Al,O3 50
1t Ag 200
Substrate Si /

Table 2 Structural parameters of structure B.

Layer No. Material Thickness (nm)
15M Sio, 185
14 Ta,05 300
13t Sio, 35
121 Ta,05 300
11t SiO, 36
10t Ta,05 300
g SiO, 228
gh Ta,05 70
7 SiO, 600
g Ta,05 19
5h SiO, 25
4h Ta,0s 25
3¢ SiO, 34.5
2ond Al,O5 25
18t Ag 200
Substrate Si /

2.2 Fabrication

The thin-film radiative coolers were prepared by conventional EBE. When the chamber pressure
reached 1 x 1073 Pa, the ion source was turned on for bombardment cleaning of the substrate.
The samples were not heated during the coating process. The Ag film was deposited by thermal
evaporation, and the Al,O3, Ta,0s, and SiO, films were deposited by EBE. The deposition rate
of Ag film was 1.0 nm/s. The deposition rates of the Al,O3, Ta,Os, and SiO, films were 0.8, 0.2,
and 0.8 nm/s, respectively, and the deposition of the oxide dielectric films was assisted by the
ion beam. The quartz crystal oscillator was used to monitor the deposition of the films to accu-
rately control the thickness of each layer. Finally, the thin-film radiative coolers were fabricated
by following the designed optimal structures.?**
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Fig. 5 Schematic and physical diagram of the temperature test structure.

2.3 Characterization

The test of the cooling effect was carried out under direct sunlight on a rooftop in Shanghai on
June 10, 2023. We selected a large polystyrene box covered with aluminized mylar as a frame.
Inside it were two small hollow polystyrene boxes covered by the radiative cooler and the
uncoated substrate respectively, creating two sealed small air pockets. Thermocouples were used
to record the temperature changes in different areas. One thermocouple went through the small
hollow polystyrene box and was connected to the bottom of the radiative cooler, and one thermo-
couple went through another small hollow polystyrene box and was connected to the bottom of
the uncoated substrate. Another thermocouple was used to record the temperature change inside
the large polystyrene box. We calibrated all of the thermocouples before the experiment. A clear
polyethylene film was wrapped around the whole structure, and the part where the probe is
inserted was also sealed, creating a sealed big air pocket to prevent non-radiative heat exchange
from air flow. The solar irradiometer was set next to the large polystyrene box to measure the
solar illumination. All of the devices were connected to the laptop to record the data every sec-
ond. The schematic and physical diagrams of the temperature test structure are shown in Fig. 5.

3 Results and Discussion

Figures 6 and 7 show the optical properties of the daytime photonic radiative cooler both in the
solar spectrum and the 8 to 13 um waveband. The solar spectrum includes three ranges: the
ultraviolet (UV, 250 to 380 nm), visible (VIS, 380 to 750 nm), and near-infrared (NIR, 750-
2500 nm). We set structure A, which has a better performance, as an example. Structure A has
an average reflectivity of 0.981 in the NIR range, which accounts for 48.5% of the solar energy;

100
StructureA
—— StructureB
80k [ ] amis
3
£ 60t
£
2
=
9
[}
S 40f
&
20
0 L L L L
500 1000 1500 2000 2500
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Fig. 6 Measured reflectivity in the solar spectrum of structure A and structure B.
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Fig. 7 Test effect of the radiative cooler: (a) measured emissivity in the solar spectrum of structure
A, (b) measured emissivity in the solar spectrum of structure B, and (c) measured emissivity of
photonic radiative cooler structure A between 8 and 13 at different angles of incidence. (d) Polar
angle plot of the measured average emissivity of the photonic radiative cooler between 8 and
13 um at different angles of incidence of structure A.

an average reflectivity of 0.962 in the VIS range, which accounts for 44.7% of the solar energy;
and an average reflectivity of 0.421 in the ultraviolet range, which accounts for 6.8% of the solar
energy. It has an average reflectivity of 0.963 between 250 and 2500 nm and reaches a reflectivity
peak of 0.994 at 932 nm. Structure B has an average reflectivity of 0.975 in the NIR range, an
average reflectivity of 0.959 in the VIS range, an average reflectivity of 0.437 in the ultraviolet
range, and an average reflectivity of 0.956 between 250 to 2500 nm.

Structure A has a strong selective emissivity/absorptivity in the atmospheric window of 8 to
13 um, achieving an average absorptivity of 0.876. Structure B also has a high absorption, with
an average absorptivity of 0.872 in the 8 to 13 ym range. The measured emissivity of structure A
between 8 and 13 um at different angles of incidence is also shown in Fig. 7(d). The comparison of
this work with previous multilayered photonic radiative coolers is given in Table 3, taking into
account factors such as the solar reflectivity, atmospheric window absorption, and film thicknesses.

To characterize the daytime and nighttime cooling performance of the photonic radiative
cooler, we measured the temperature of the cooler between 10:00 am and 1:30 pm as mentioned
above and compared it with the temperature of the sealed air pocket and the uncoated substrate.
Figure 8 shows the results of the radiative cooling effect of the developed coolers. The average
solar intensity was 859.3 W/m? during the test. The sealed room was constantly exposed to the
sun, causing its temperature to rise; the temperature of our radiative cooler also rose, but obviously
more slowly than the uncoated substrate; and the temperature difference between them increased.
After several hours, the temperature of the uncoated substrate reached a peak of 74.0°C, whereas
the temperature of our radiative cooler was only 51.3°C. During the three hours of strongest sun-
light, our radiative cooler achieved an average temperature reduction of 3.2°C compared with the
ambient air, and the maximum temperature drop was 5.1°C at 10:39. Compared with the uncoated
substrate, our radiative cooler achieved an average temperature reduction of 20.1°C.

Optical Engineering 091606-8 September 2024 e Vol. 63(9)
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Table 3 Performance of multilayer radiative cooling thin films.

Thickness
without Average
metal and emissivity Solar
Works Structure substrate (um) (8 to 13 um) reflectivity

Raman et al.'® 7 layers of 230 nm thick SiO,, 485 nm thick HfO,, 1.577 0.67 0.97
688 nm thick SiO,, 13 nm thick HfO,, 73 nm thick
SiO,, 34 nm thick HfO,, and 54 nm thick SiO,,
with 200 nm thick Ag at the bottom.

Jeong et al.?'  Eight alternating layers of 500 nm thick SiO, and 4 0.84 0.94
500 nm thick TiO,, with 200 nm thick Ag at the
bottom.

1.2° Nine alternating layers of TiO,, SiO,, Al,O5 each 2.78 0.78 Not
300 nm thick and four alternating layers of TiO, mentioned
and SiO, each 20 nm, with 50 nm thick Ag at the
bottom.

Kecebas et a

Ma et al.2? Seven layers of 257 nm thick SiO,, 217 nm thick 1.918 0.75 0.98
Si3zN4, 421 nm thick SiO,, 292 nm thick SizNy,
418 nm thick SiO,, 257 nm thick SizN4, and
56 nm thick SiO,, with 200 nm thick Ag at
the bottom.

Chae et al.®' Three layers of 276 nm thick SiO,, 312 nm thick 1.9 0.87 0.948
SigN4, and 1312 nm thick Al,O3, with 200 nm
thick Ag at the bottom.

Kim et al.?3 Eight layers of 180 nm thick SizN4, 200 nm thick 5.88 0.96 0.969
SiO,, 1520 nm thick Al,O3, 570 nm thick SiO,,
560 nm thick SizN4, 1360 nm thick SiO,,
1420 nm thick SizN4, and 70 nm thick SiO,,
with 200 nm thick Ag at the bottom.

Xiao et al.?* 18 alternating layers of three materials, SiN, 2.088 0.89 0.75
SiO,, and Ta,Os, on top of an Al mirror
backreflector.

Structure A Shown in Table 1 2.28 0.876 0.963
of this work

Structure B Shown in Table 2 2.18 0.872 0.956
of this work
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Fig. 8 Result of the outdoor temperature test from 10:00 am to 1:30 pm in Shanghai on June 10,
2023.
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4 Conclusion

We developed a daytime radiative cooler composed of a substrate, a metal reflective layer,
a dielectric bonding layer, and interference layers. All of the multilayer materials used in the
radiative cooler were prepared in advance under specific process conditions, and their optical
constants were accurately obtained for later design. The radiative coolers were designed and
fabricated based on global optimization using the obtained optical constants. Finally, a radiative
cooler with a thickness of 2.28 um exhibited a reflectivity of 0.963 in the solar spectrum and an
emissivity of 0.876 in the atmospheric window, and the performance was quite satisfactory in
many respects compared with previous multilayered radiative coolers. The outdoor experiment
showed that the radiative cooler was 22.3°C cooler than the uncoated substrate and 3.2°C cooler
than the ambient temperature of the sealed room under direct sunlight with an average solar
intensity of 859.3 W/m?. This work indicates that designing the radiative cooler with the
obtained data of multilayer thin film materials under specific process conditions and optimizing
the thin film globally, rather than simply changing the number and thickness of layers, can
significantly improve its performance.
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