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The study of transparent daytime radiative cooling with no additional energy 

consumption is a promising area of research. Its applications include solar 

cells and building and automobile windows that are prone to heating issues. 

Ubiquitous applications necessitate the development of metamaterials with 

high mechanical flexibility in a scalable manner while overcoming translu-

cence. In this study, visibly clear and flexible radiative cooling metamaterials 

have been developed using a newly designed optical modulator filled into 

randomly distributed silica aerogel microparticles in a silicone elastomer. The 

optical modulator effectively suppresses visible light scattering, thus enabling 

higher loading of silica aerogel microparticles while securing visible clarity. 

The significant suppression of the rise in temperature by the metamaterial is 

verified using both indoor and outdoor experiments. The visibly clear meta-

materials deployed in solar cells and windows can effectively suppress the 

rise in temperature under solar irradiation, thereby mitigating the perfor-

mance degradation of solar cells by heating issues and suppressing the rise 

in temperature of indoor air.
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electronic devices, buildings, and fabrics, 
when exposed to sunlight without addi-
tional energy consumption.[1–5] Effective 
daytime radiative cooling can be accom-
plished when the incident sunlight is mostly 
reflected at wavelengths of 0.3–2.5  μm 
while dissipating heat toward the outer 
spaces by increased light emission in the 
atmospheric window at wavelengths of 
8–13  μm.[6] Based on the experimental 
analysis, it has been observed that diverse 
photonic structures and metamate-
rials manipulate the solar reflection and 
thermal emission for daytime radiative 
cooling. One of the approaches involves 
depositing seven layers of hafnium oxide 
(HfO2) and silicon oxide (SiO2) on a 
silicon wafer. It was observed that the 
temperature of the target device (e.g., Si 
wafer) decreased by approximately 4.9 °C, 
which was below the ambient air tempera-
ture, by reflecting 97 % of the incident vis-

ible light while achieving strong and selective light emission 
in the atmospheric window under a solar intensity of approxi-
mately 890 W m−2 in Stanford, California, USA.[6] Inspired 
by Saharan silver ants or longicorn beetles, pyramid-shaped 
polydimethylsiloxane (PDMS) surfaces achieved 95–97 % solar 
reflection in the solar spectral range with high light emission 
characteristics of 96–98 % in the atmospheric window, which 
led to a maximum temperature drop of 5.1–6.2  °C below the 
ambient air temperature under a solar intensity of approxi-
mately 862 W m−2 in China.[7,8] The emission/absorption 
peaks of functional groups of polymers, such as polyvinylidene 
fluoride (PVDF) and poly(methyl methacrylate) (PMMA), 
were studied for a better understanding of daytime radiative 
cooling.[9] In addition, polymer resins (e.g., acrylic resin, poly-
ethylene mixed with nanoparticles (e.g., titanium oxide (TiO2), 
polytetrafluoroethylene (PTFE), zinc oxide (ZnO), carbon, 
silicon carbide (SiC), and SiO2 nanoparticles)) have been used 
to realize effective radiative cooling metamaterials.[10–14] Hierar-
chically structured porous polymer coatings realized by mixing 
poly(vinylidene fluoride-co-hexafluoropropene) in acetone and 
water demonstrated excellent visible light reflectance (≈96 %) 
and light emission (≈97 %) in the atmospheric window, leading 
to sub-ambient temperature drops of ≈6 °C under a solar inten-
sity of approximately 890 W m−2 in Phoenix, Arizona, USA.[15]

Nano-micro-structured porous polymer synthesized by liquid-
liquid separation between methacrylic acid and water exhibited 
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1. Introduction

Daytime radiative cooling can be achieved by proper optical 
management of sunlight. In recent years, it has gained popu-
larity owing to its promising features, such as decreasing or 
maintaining the temperature of a target application, including 
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solar reflectance of ≈96% and light emission (≈90%) in the 
atmospheric window.[16] Engineered wood with delignifica-
tion and subsequent mechanical pressing possessed partially 
aligned cellulose nanofibers that exhibited radiative cooling 
effects of ≈4 °C below the ambient temperature in 16 cities 
in the USA.[3] Polyethylene oxide (PEO) film with electrospun 
nanofibers acted as an excellent thermal selective emitter for 
high-performance all-day radiative cooling effects.[17]

Despite their advantages, these metamaterials are opti-
cally opaque, thus maximizing the reflection of incident sun-
light, including the visible wavelengths. The transmission of 
visible light in metamaterials can impede the realization of 
sub-ambient temperature drops. Nonetheless, rendering the 
daytime radiative cooling platform transparent, while signifi-
cantly suppressing the rise in temperature by solar irradiation, 
can be beneficial. This feature can be used in many applica-
tions, such as solar cells and building and automobile windows, 
that are prone to heating issues.[1,3,18–20] Recently, transparent 
radiative cooling materials have been actively studied by imple-
menting light management to transmit visible light while 
achieving a high degree of light emission in the atmospheric 
window.[14,19] SiO2 pyramid arrays were formed on a bare 
Si substrate, and transparent radiative cooling effects were 
numerically investigated to achieve cooling effects of approxi-
mately 17.6  °C under a solar intensity of 800 W m−2 and con-
vective heat transfer coefficient (h) of 12 W m−2 K−1.[2] Further, 
the fabrication of SiO2 photonic crystals on Si substrates using 
photolithographic patterning and dry-etching processes was 
experimentally demonstrated to achieve up to 13  °C reduc-
tion in temperature rise of Si wafers under a solar intensity of 
500–1000 W m−2 in Stanford, California, USA. For scalable pro-
duction, a 50  μm thick layer of metamaterials was fabricated 
by randomly distributing 6 vol.% SiO2 microspheres within 
polymethylpentene polymers to achieve translucent properties 
with an average light emissivity of >93 % in the atmospheric 
window.[14,18] Similarly, adding 6 vol.% of SiO2 microspheres 
with a diameter of 4  μm to acrylic resin provided a visible 
light transmission of ≈91 % and an average light emissivity of 
>93 % in the atmospheric window.[1] However, these demon-
strations of transparent radiative cooling require sophisticated 
and expensive fabrication processes, or further improvements 
in the performance of radiative cooling with high mechanical 
flexibility while overcoming translucence are required for more 
ubiquitous applications. For instance, in a transparent radiative 
cooling platform, SiO2 microspheres play an important role in 
light emission in the atmospheric window; however, even when 
a small quantity of SiO2 microspheres is added to a flexible and 
transparent matrix, it results in visibly opaque outputs owing 
to the increased random light scattering. The ideal, visibly clear 
daytime radiative cooler is to transmit the most visible light, 
to reflect near-infrared (NIR), and to radiate heat in the atmos-
pheric window. Diverse strategies have been demonstrated to 
reflect NIR (0.74–2.5  μm) region, while transmitting visible 
light and radiating heat in the atmospheric window.[21,22] Albeit 
the significant progress, reflecting NIR region accompanies 
the considerable sacrifice of the visible light transmission and/
or the heat emission in the atmospheric window. Herein, we 
demonstrate the synthesis of visibly clear and flexible radia-
tive cooling metamaterials by employing an optical modulator 

(n-hexadecane)-infiltrated SiO2 aerogel microparticles in a 
silicone elastomer (e.g., PDMS). The use of the optical modu-
lator remarkably suppresses visible light scattering, thereby 
achieving a light transmission of >91 % (average haze factor of 
≈0.25) for visible light and >98 % light emission in the atmos-
pheric window. The radiative cooling performance of the vis-
ibly clear metamaterials was experimentally characterized with 
Si solar cells, resulting in temperature drops of ≈9 and ≈8 °C 
for indoor (solar intensity of 1000 W m−2) and outdoor condi-
tions (solar intensity of ≈920 W m−2 in Seoul, South Korea), 
respectively. The performance of the metamaterials synthe-
sized in this study was also verified with commercial solar cells, 
which suppressed the degradation of solar light energy conver-
sion efficiencies by 9.5 % under heat generation, compared to 
control solar cells without metamaterials. Furthermore, it was 
observed that the metamaterial glass mitigated the rise in the 
temperature of indoor air by ≈3.6 °C.

2. Results and Discussion

2.1. Fabrication of a Visibly Clear Radiative Cooling Metamaterial

Figure  1a schematically illustrates the visibly clear radiative 
cooling metamaterial synthesized in this study and its working 
principle. The metamaterial consists of SiO2 aerogel micropar-
ticles infiltrated with an optical modulator (n-hexadecane) and 
randomly distributed in a silicone elastomer (PDMS). SiO2 is 
known to effectively emit light at approximately 9.7 μm by the 
phonon-polariton resonance of SiO bonds,[13,14,23] and shaping 
SiO2 into microspheres can enhance the light emission in the 
atmospheric window by inducing Mie scattering.[15,23] A wide 
range of diameters of microspheres are preferred to broaden 
their absorption bands at the expense of decreased peak inten-
sities because the extinction coefficients of microspheres 
change according to their size.[14,19,23] However, small amounts 
of randomly distributed SiO2 microspheres in the silicone elas-
tomer act as non-absorbing scatterers of visible light, rendering 
the photonic coolers visibly translucent. Hence, we employed 
2–25  μm-sized SiO2 aerogel microparticles constructed by an 
irregular connection of ≈20  nm-sized nanospheres that were 
fully infiltrated and covered with n-hexadecane to synthesize 
visibly clear metamaterials. PDMS, SiO2, and n-hexadecane 
have similar refractive indices and low extinction coefficients 
at visible wavelengths,[24–27] and PDMS and n-hexadecane are 
compatible in terms of solubility[28,29] (Figure S1 and Table S1, 
Supporting Information).[24,27,29–34] Importantly, n-hexadecane 
has a comparable surface energy (27.5 mN m−1) and low vis-
cosity (0.0345  g cm−1 s−1) relative to PDMS (surface energy of 
19.8 mN m−1 and viscosity of 51  g cm−1 s−1),[35–38] which ena-
bles the effective infiltration of n-hexadecane into small pores 
within the SiO2 aerogel microparticles. Complete infiltration of 
n-hexadecane into SiO2 aerogel microparticles produces equiv-
alent effects such that the nanospheres are arranged to form 
a microstructural shape in PDMS. The resulting outcome is 
remarkable in that they act as an effective photonic cooler while 
significantly suppressing visible light scattering, as shown in 
Figure 1b,e. The synthesized visibly clear metamaterials are not 
only readily scalable but also have high mechanical flexibility, 
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enabling the attachment of the metamaterials to a curved 
window (Figure 1c) and a flexible solar cell (Figure 1d). It should 
be noted that although n-hexadecane has a freezing point of 
≈18  °C, the solidification of n-hexadecane in metamaterials 
brings about no distinct change in visible clarity (Figure S2, 
Supporting Information).

2.2. Study of the Mechanism of Realizing Visible Clarity 

in Radiative Cooling Metamaterials

Figure 2a–c shows a comparison of the optical characteristics 
of the metamaterials synthesized in this study and control 
samples (i.e., SiO2 microspheres or aerogel microparticles in 

Figure 1. Visibly clear radiative cooling metamaterials. a) Schematic illustration and working principle. An optical modulator infiltrated into SiO2 
aerogel microparticles suppresses visible light scattering, thereby leading to a much higher loading of SiO2 aerogel microparticles in a silicone elas-
tomer while maintaining visible clarity of metamaterials. Photographs showing the metamaterials with b) visible clarity, and mechanical flexibilities 
attached c) on a curved glass and d) on a flexible organic solar cell. e) Measured transmittance (blue curve) and reflectance (green curve) in the AM 
1.5 Global (1.5G) solar spectrum and emissivity (red curve) in the atmospheric transmittance window of the 150 μm-thick metamaterial. Scale bars: 
(b), (c), and (d) 2 cm.
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PDMS without an optical modulator) with an identical thick-
ness of 150  μm (Figures S3–S6, Supporting Information). It 
should be noted that the SiO2 volume fraction of the meta-
materials is based on the material fractions before mixing. 
Although the integrated emissivity in the atmospheric window 
increases slightly, adding SiO2 contents above 6 vol.% do 

not distinctly increase the emissivity, as shown in a previous 
study.[1] Importantly, the haze factor of 6 vol.% SiO2 micro-
spheres is 0.55 with a considerably reduced visible clarity. 
The previous studies with the randomized glass-polymer 
hybrid focused on the random distribution of SiO2 micro-
spheres in a polymer matrix to maximize heat emission in 

Figure 2. Mechanism to realize a visibly clear radiative cooling metamaterial. Comparisons of the measured optical characteristics of metamaterials 
and control samples (SiO2 microspheres and SiO2 aerogel microparticles in PDMS) in terms of 6, 20, 30, and 40 vol% SiO2 contents (the volume 
fraction before mixing is used). a) Emissivity at the atmospheric window (wavelengths of 8–13 μm), b) integrated light transmittance and average haze 
factor at wavelengths of 400–800 nm, and c) average haze factors versus integrated light transmittance of the metamaterial synthesized in this study 
and control samples. d) Representative pore size distributions and TEM images (inset) of SiO2 aerogel microparticles and metamaterials. e) Simulated 
electric fields of simplified 2D models without (top) and with n-hexadecane infiltration (bottom) at wavelengths of 400, 600, and 800 nm. Scale bars: 
(c) 1 cm (inset); (d) 20 nm (inset); (e) 100 nm.
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the atmospheric window, which also lead to scattering visible 
light.[14,23,39] To realize sub-ambient daytime radiative cooling, 
additional layer/structures were equipped to the polymer 
matrix for maximizing a visible light reflectance, thereby 
achieving a solar reflectance of 0.94–0.97 and an atmospheric 
window emissivity of 0.90–0.96. However, the metamaterials 
synthesized by us successfully suppressed the loss of visible 
clarity owing to the existence of an optical modulator. The vis-
ibly clear metamaterials with an inclusion of ≈40 vol.% SiO2 
aerogel microparticles achieved an integrated light emission 
of >98 % in the atmospheric window with a visible light trans-
mission of >91 % and haze factor of 0.2–0.32 (an average 
of 0.25) at wavelengths of 400–800  nm. SiO2 aerogel micro-
particles in PDMS exhibited a slightly higher light emission 
than SiO2 microspheres in the atmospheric window because 
of the favorable size distribution[14,23] of the SiO2 aerogel 
microparticles (2–25 μm) compared to the SiO2 microspheres 
(≈4  μm) and the pore-driven multiple diffuse reflections[15,40] 
of the aerogel microparticles. The visible light transmission 
of the SiO2 aerogel microparticles was higher than that of 
the microspheres, which was distinguishable in the higher 
volume fraction, presumably due to the partial infiltration of 
PDMS in the aerogel microparticles (Figure S7, Supporting 
Information). The enhanced light emission of metamaterials 
compared to that of SiO2 aerogel microparticles in the atmos-
pheric window can be attributed to the CC and CH bonds 
of n-hexadecane, which are favorable for increasing light 
emission at wavelengths of 3–4 and 7–15  μm.[15] Therefore, 
the SiO2 aerogel microparticles infiltrated with n-hexadecane 
provide an effective resonant platform in the atmospheric 
window. As the metamaterial thickness increases from 30 to 
3000 μm, the integrated emissivity of the metamaterial in the 
atmospheric window increases from 95.6 % to 98.9 %, but it 
sacrifices visibly clarity (Figure S8, Supporting Information). 
We further compared the pore distributions and transmission 
electron microscopy (TEM) images of the metamaterials with 
those of SiO2 aerogel microparticles, as shown in Figure  2d. 
The absence of a distinct peak in the pore distributions and 
the color contrasts in the TEM images of the metamaterials 
clearly indicate the full infiltration of n-hexadecane into the 
SiO2 aerogel microparticles in the metamaterials. The com-
plete infiltration of an optical modulator not only ensures 
matching of refractive indices among the contents of metama-
terials by replacing air with n-hexadecane but also suppresses 
visible light scattering induced by SiO2 aerogel microparticles, 
as shown in the finite-difference time-domain (FDTD) simula-
tion (Figure 2e). When a plane wave with wavelengths of 400, 
600, and 800 nm is incident on the metamaterials, the n-hex-
adecane within the SiO2 aerogel microparticles can effectively 
transmit the incident visible light with minimal scattering 
because of the similar refractive indices of PDMS, SiO2, and 
n-hexadecane, while the air within the aerogel microparticles 
induces significant visible light scattering. However, the mate-
rial of the optical modulator is not limited to n-hexadecane. 
When using oil with similar optical properties and solubility 
(e.g., silicone oil), visibly clear radiative cooling characteris-
tics can be achieved, and the slippery surface properties can 
also be imparted to the metamaterials (Figure S9, Supporting 
Information).

2.3. Temperature Monitoring in Indoor and Outdoor Conditions

To quantify the radiative cooling performance of visibly clear 
metamaterials, the temperature was monitored both in indoor 
and outdoor conditions, as shown in Figure 3. Specifically, we 
carried out real-time measurements of the surface temperatures 
of Si solar cells positioned in the middle of a wooden frame, 
which was covered by an aluminum foil to reflect the incident 
solar light and prevent unwanted heat gain from the wooden 
frame. Additionally, a low-density polyethylene (LDPE) film 
transparent in the visible and infrared light region was used to 
cover the wooden frame, thus acting as a windshield and sup-
pressing the convective heat transfer to investigate the effects of 
radiative heat transfer only. Non-radiative heat exchange coef-
ficients for indoor and outdoor conditions were obtained as  
3.0–4.8 and 3.1–5.0 W m−2 K−1, respectively. For measurements in 
indoor conditions, the LDPE-covered wooden frame apparatus 
was illuminated by an AM 1.5 Global (1.5G) solar simulator at 
≈26 °C and a relative humidity of ≈30 % (Figure  3a,b). While 
continuous and intensive solar light illumination (1000 W m−2) 
by the solar simulator inevitably increases the surface tempera-
tures of Si solar cells, placing our visibly clear metamaterials 
on top of Si solar cells (58.1 °C) considerably suppressed the 
rise in temperature by 8.5 °C at 100  min after illumination 
compared to the control Si solar cells without metamaterials 
(66.6 °C), as shown in Figure 3c. The significant reduction in 
temperature rise shows effective light emission in the atmos-
pheric window of the metamaterials synthesized by us. Placing 
the metamaterial on a solar cell leads to the significant decrease 
of the heating rate of solar cells by 17.3–21.0%: the bare solar 
cell reaches the stable temperature under AM 1.5G solar illumi-
nation with the temperature rise of 37.4–39.8 °C in 50–70 min 
(0.57–0.75 °C min−1), while the metamaterial-covered solar cell 
approaches the stable temperature with the temperature rise of 
30.9–31.3 °C in 50–70 min (0.45–0.62 °C min−1). Based on our 
experiments, when placing the metamaterials on a solar cell, 
the time to reach the near-steady-state condition is also slightly 
shorter or comparable to the control sample. We also investigate 
the cooling performance of metamaterials, compared with a 
conventional thermal emitter (e.g., thick planar PDMS layer) in 
Figure S10, Supporting Information. The integrated emissivity 
of 30–3000 μm thick PDMS layer in the atmospheric window 
ranges between 81–93 %, while the 30–3000 μm thick metama-
terials exhibit the integrated emissivity of 95–99 %. For indoor, 
the suppression of the temperature rise in the PDMS-covered 
solar cell and the metamaterial-covered solar cells is 1.9–6.4 
and 2.8–9.1  °C, respectively. Increasing the film thickness can 
increase the integrated emissivity, while accompanying the 
increased conductive thermal resistance.[41] As such, the 150 μm 
thick PDMS-covered solar cells exhibit 6.4 °C suppression of the 
rise in temperature, while 30  μm thick metamaterial-covered 
solar cells exhibit 9.1 °C suppression of the rise in temperature 
under AM 1.5G solar illumination for 100  min. The radiative 
cooling characteristics of the transparent metamaterials were 
further investigated under outdoor conditions, specifically, clear 
sky conditions in Seoul, South Korea. As shown in Figure 3d, 
two LDPE-covered wooden frame apparatuses were built to 
simultaneously monitor the radiative cooling performance of 
Si solar cells with and without metamaterials; however, they 
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were tilted 30° toward the south to maximize solar irradiance 
such that sunlight is near-normally incident on the samples 
around noon. Figure 3e indicates the measured solar intensity 
of ≈920 W m−2, ambient temperature of 20–25 °C, and relative 
humidity of 30–45% during the outdoor measurements. The 
visibly clear metamaterials synthesized in this study exhibit 

distinct radiative cooling characteristics by suppressing the  
temperature rise of Si solar cells by an average of 7.7 °C (5–12 °C). 
We theoretically estimate the net cooling power in terms of 
metamaterial surface temperatures and combined non-radia-
tive heat exchange coefficients (Figure S11, Supporting Infor-
mation). For the difference between ambient temperature and 

Figure 3. Temperature monitoring of visibly clear radiative cooling metamaterials placed on top of commercial Si solar cells in a–c) indoor and  
d–f) outdoor conditions. Indoor and outdoor daytime radiative cooling performance of the metamaterial. (a,d) Photograph, (b,e) solar intensity (Isolar), 
relative humidity (RH), and (c,f) variations in ambient temperature (green curve), metamaterial on a solar cell (red curve), and a control bare solar 
cell (black curve) in indoor conditions under illumination by an AM 1.5G solar simulator and in outdoor conditions under solar irradiation in Seoul, 
South Korea. Scale bars: (a) 10 cm; (d) 25 cm.
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metamaterial surface temperature as −6  °C, the estimated net 
cooling power is 113–149 W m−2 in the range of combined non-
radiative heat exchange coefficients from 0 to 6 W m−2 K−1. 
Notably, high humidity decreases the radiative cooling perfor-
mance owing to re-emission by atmospheric radiation.[42] At a 
higher humidity (46–60%) with similar solar intensities and 
ambient temperatures, the visibly clear metamaterial can still 
reduce the temperature rise of Si solar cells by an average of 
6.7  °C (5–8  °C) (Figure S12, Supporting Information). To the 
best of our knowledge, our visibly clear metamaterials exhibit 
the highest transparent radiative cooling effects in environ-
ments similar to the reported humidity range of 30–60%. 
Despite the efforts to avoid electrical interferences among ther-
mocouples during the simultaneous measurements on bare 
and metamaterial-covered solar cells, temperature fluctuations 
in Figure  3f may still result from the irregular, gentle wind 
blowing over the data acquisition computer placed outside the 
cooling apparatus. The temperature fluctuations in Figure  3c 
and Figure S12, Supporting Information, are mitigated under 
the identical measurement setup. Therefore, the temperature 
fluctuations minimally affect the results such that placing a vis-
ible clear radiative cooler on the solar cells significantly reduces 
the temperature rise under solar irradiance.

2.4. Metamaterial-Integrated Solar Cells and Window Glasses

Heat generation of solar cells degrades the solar energy con-
version efficiencies by decreasing the open-circuit voltages and 
fill factors in spite of a slight increase in short-circuit current 
densities.[43] To determine the potency of the visibly clear radia-
tive cooling metamaterials, the variation in the performance 
of commercial Si solar cells covered with metamaterials was 
investigated on light soaking using an AM 1.5G solar simulator 
(Figure 4a). The commercial glass-covered Si solar cell module 
has six Si solar cells connected in series. A single Si solar cell has 
a width of 7.8 cm and a length of 2 cm. Figure 4b shows the solar 
cell characteristics of the modules with and without the trans-
parent metamaterial. Compared to the control solar cell module 
(efficiency of 10.35 %, open-circuit voltage of 3.65 V, short-circuit 
current density of 27.69 mA cm−2, and fill factor of 0.61), slightly 
higher solar energy conversion efficiencies were achieved 
by placing metamaterials on the top (efficiency of 11.26 %,  
open-circuit voltage of 3.69  V, short-circuit current density of 
29.32  mA cm−2, and fill factor of 0.62). The J-V curves of the 
solar cells with and without metamaterials in Figure  4b were 
measured at the identical solar cell temperature (≈25  °C) and 
the integrated light absorption of solar cells with and without 
metamaterials is 82.5 % and 75.1 % in wavelengths from 400 to 
800  nm (Figure S13, Supporting Information). Therefore, the 
increased solar energy conversion efficiencies with metamate-
rials in Figure 4b can be attributed to the anti-reflection effects 
of the latter owing to the graded refractive index. It should be 
noted that the metamaterial thickness considered in this study 
is not optimized to maximize the anti-reflection effects. Impor-
tantly, the metamaterials in this study distinctly suppressed the 
performance degradation of solar cells when light-soaked using 
the AM 1.5G solar simulator for 100  min. Figure  4c shows 
the temperature and normalized efficiency (i.e., the efficiency 

normalized by the initial efficiency) of the solar cell modules 
in terms of the light-soaking time. While the temperature of 
Si solar cells increases due to light soaking, the metamaterial-
covered Si solar cell module (normalized efficiency reduction 
of 17%) exhibits 1.5 times lower degradation than the control Si 
solar cell module (normalized efficiency reduction of 26 %) due 
to the effective heat emission and suppressing of the tempera-
ture rise of the solar cells by approximately 8.5 °C out of the 
total 40.6 °C. Finally, we demonstrated a visibly clear radiative 
cooling window platform employing our synthesized metama-
terials, which is the first of its kind (Figure 4d and Figure S14, 
Supporting Information). Specifically, the metamaterial glass 
was prepared by integrating a 150  μm-thick visibly clear met-
amaterial film between transparent glass (i.e., potassium bro-
mide (KBr)) at wavelengths of 0.25–26 μm and soda-lime glass 
using an adhesive layer (polydimethylsiloxane). Figure  4e and 
Figure S15, Supporting Information, show the temperature 
variation for the glass in the LDPE-covered wooden frame 
apparatus upon exposure to AM 1.5G solar illumination at an 
ambient temperature of 18 °C and a relative humidity of ≈30%  
for 100  min. It should be noted that the total thicknesses of 
the bare soda-lime glass and metamaterial glass are almost 
the same (≈6.2  mm). While the temperature of the bottom 
plane of bare soda-lime glass increases to 38.9 °C, the meta-
material glass exhibits significant cooling effects of approxi-
mately 3.9  °C. In addition, the temperature of the indoor air 
underneath the metamaterial glass with a gap of 5  mm was 
also confirmed to have a cooling effect of 3.6  °C compared to 
bare glass. The lower temperature difference compared to the 
solar cell experiments is attributed to the absence of intense 
light-absorbing materials under the glass. Nonetheless, the sig-
nificant cooling effects of the metamaterial glass indicate its 
potential as a visibly clear radiative cooling window for building 
and automobile applications.

3. Conclusion

In this study, we demonstrated the synthesis of visibly clear radi-
ative cooling metamaterials using a rational design to deploy an 
optical modulator (n-hexadecane) in SiO2 aerogel microparticles 
within a silicone elastomer matrix. While the random distribu-
tion of large amounts (40 vol.%) of SiO2 aerogel microparticles 
with fully infiltrated n-hexadecane contributes to an integrated 
emissivity of >98 % in the atmospheric window, the visible 
light scattering is simultaneously suppressed to achieve vis-
ible light transmission of >91 % at wavelengths of 400–800 nm. 
The visibly clear metamaterials can be readily fabricated in a  
reproducible and scalable manner owing to the facile synthesis 
method based on the random distribution of particles. The 
indoor temperature measurements performed on solar cells 
confirmed the excellent cooling characteristics of the metama-
terials synthesized by us to suppress the temperature rise of the 
solar cells by 8.5 °C under AM 1.5G light illumination. In addi-
tion, outdoor temperature measurements were performed on 
solar cells in the autumn sky of Seoul, South Korea (solar inten-
sity of ≈920 W m−2 and relative humidity of 30–45 %), indi-
cating the effective cooling capability of our metamaterial with 
considerable suppression of the temperature rise of the solar 
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cells by an average of 7.7 °C (5–12 °C). We further demonstrated 
the distinct advantages of employing these visibly clear radia-
tive cooling metamaterials in solar cells and windows. Place-
ment of the metamaterial on top of commercial Si solar cell 
modules not only increased their initial performance but also 

helped in achieving a lower thermal degradation by 1.5 times 
at 100  min after light soaking. Additionally, it was observed 
that visibly clear metamaterial glass can suppress the tempera-
ture rise of general soda-lime glass by 3.9  °C in light-soaking 
tests. Adding the reflection functionality of NIR region to the 

Figure 4. Metamaterial-integrated solar cells and window glasses. a) Metamaterial-integrated solar cells: photographs of (left) top and (right) per-
spective views, and (middle) schematics in an expanded view to illustrate that the metamaterial is placed on top of the glass layer of a commercial Si 
solar cell module. b) Measured current density and voltage curves of the commercial solar cell modules with and without metamaterials under AM 
1.5G illumination. c) Temperature and normalized efficiency of the commercial solar cell modules with and without metamaterials under light-soaking 
tests by a solar simulator. d) Schematic (left) and photograph (right) of the fabricated metamaterial glass. e) Variations in the ambient temperature 
(green curve) and the bottom planes of the metamaterial glass (red curve) and bare soda-lime glass (black curve) in indoor conditions under AM 1.5G 
illumination. Scale bars: (a) and (d) 1 cm.
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metamaterials should be further investigated to realize an ideal, 
visibly clear daytime radiative cooler. Our work paves the way 
for wide applications of photonic radiative cooling technology 
with high performance and large-scale production for efficient 
renewable power generation and enhanced energy saving.

4. Experimental Section

Fabrication and Characterization of Visibly Clear Radiative Cooling 
Metamaterial: The silicone elastomer (PDMS) solution was prepared by 
mixing a silicone elastomer and curing agent (Sylgard 184, Dow Corning) 
at a weight ratio of 10:1, and a mixture of SiO2 aerogel microparticles 
(2–25  μm in size, Sigma-Aldrich) and n-hexadecane (Sigma-Aldrich) 
was prepared with a volume ratio of 2:1. Visibly clear radiative cooling 
metamaterials were fabricated by mixing the silicone elastomer solution, 
SiO2 aerogel microparticles, and n-hexadecane in a volume ratio of 4:4:2 
(the volume fraction before mixing was indicated) using a centrifugal 
mixer (ARE-310, Thinky) at 2000  rpm for 3  min, followed by heating 
at 100 °C for 2 h. It should be noted that the volume ratios of SiO2 
aerogel microparticles and n-hexadecane were optimized for proper 
mixing (Figure S6, Supporting Information). As a control sample for 
comparison with metamaterials, films were prepared by mixing SiO2 
microspheres (4  μm in size, Figure S3, Supporting Information) or 
SiO2 aerogel microparticles (Figure S4, Supporting Information) with 
PDMS according to the volume fractions. Cross-sectional TEM images 
were obtained by freezing the metamaterial mounted on a cryo-pin by 
flowing liquid nitrogen. The metamaterial with a thickness of 100  nm 
was prepared using a cryo-ultramicrotome (CR-X, RMC Boeckeler). 
Pore distributions were characterized using the Barrett–Joyner–Halenda 
(BJH) method (TriStar II 3020, Micromeritics). The light transmission 
and reflectance of the metamaterials were measured at wavelengths of 
300–2500  nm and 3–15  μm using a UV-visible spectrometer equipped 
with an integrating sphere (Lambda 650S, Perkin Elmer) and a Fourier 
transform infrared spectrometer (Nicolet 6700, Thermo Scientific), 
respectively. Optical characterization was performed using an identical 
film with a thickness of 150 μm.

Fabrication of Metamaterial Glass: Metamaterial glass was fabricated 
to simulate a visibly clear radiative cooling glass. The metamaterial was 
inserted between a transparent glass at wavelengths of 0.25–26  μm 
(KBr, Edmund Optics) and a commercial soda-lime glass, with a 
thickness of 3 mm each. Specifically, liquid-state PDMS was spin-coated 
on a soda-lime glass at 2000 rpm for 2 min after which a 150 μm-thick 
metamaterial film was attached to it. Then, the liquid-state PDMS was 
again spin-coated over the metamaterial film at 2000 rpm for 2 min. The 
transparent glass was then attached on top of the liquid-state PDMS. 
Finally, the metamaterial glass was cured at 150 °C for 10 h under 
vacuum conditions, and a pressure of 4  kPa was applied to the glass. 
The fabricated metamaterial glass had a thickness of ≈6.2 mm.

FDTD Numerical Simulation: FDTD simulations of the metamaterial 
were performed using commercial FDTD software (Lumerical 
Solutions). To qualitatively investigate the influence of n-hexadecane and 
SiO2 aerogel microparticles in a PDMS layer, a single unit cell of the 2D 
model with periodic boundary conditions on the sides and a perfectly 
matched layer boundary condition at the bottom was set. A plane wave 
source at wavelengths ranging between 400–800 nm was positioned at 
a distance of 250 nm from the top surface of the PDMS. The refractive 
indices of PDMS, n-hexadecane, and SiO2 were set as 1.43, 1.43, and 
1.46, respectively. Light propagation through the unit cell was monitored 
and quantified by calculating the light intensity.

Measurement of Indoor Temperature and Photovoltaic Properties: 
To quantitatively determine the cooling capability of the 
metamaterials, the temperatures of the samples in the wooden frame 
(25 × 25 × 15 cm3) covered by an aluminum foil and illuminated 
by an AM 1.5G solar simulator (Oriel Sol3A, 94023A, Newport) 
were measured. The apparatus was placed horizontally for normal 

illumination of the solar beam onto the sample surfaces. An optically 
transparent LDPE film was used as a windshield to cover the top of the 
apparatus. A bare silicon solar cell (area of 7.8 × 2 cm2) was used as 
a sample to measure the temperature. The temperature and humidity 
were measured using type T thermocouples and a hygrometer, 
respectively. The current-voltage characteristics of commercial Si solar 
cells were measured with a glass top under illumination by an AM 1.5G 
solar simulator. The voltage step was 10  mV, and the current density 
was calculated by dividing the measured current by the full device area 
of 93.6 cm2. The photovoltaic properties were measured five times for 
each device. The light-soaking tests were conducted for 100  min and 
the corresponding photovoltaic properties were characterized every 
20 min.

Outdoor Temperature Measurement: The outdoor temperature 
measurements were carried out on metamaterials using the apparatus 
in which a wooden frame (25 × 25 × 15 cm3) was covered with an 
aluminum foil and wind-shielded by an LDPE film on a flat surface 
at Hanyang University, Seoul, South Korea in mid-September 2020. 
The peak elevation of the sun was 50–60° above the horizon on the 
days when measurements were taken, whereas the apparatus was 
tilted 30° toward the south such that the sunlight illuminated near-
normally on the sample at the maximum solar irradiance. To compare 
the temperature of the silicon solar cell based on the usage of 
metamaterials in the same environment, a bare silicon solar cell (area 
of 7.8 × 2 cm2) and that with a metamaterial (area of 7.8 × 2 cm2) were 
placed in each apparatus, fixed to the tilted frame, and the temperature 
on the surface was measured. The temperature was measured using 
type T thermocouples, and solar irradiance was monitored using a 
pyranometer (SR15, Jinyoung Tech). The humidity was measured using 
a hygrometer.

Non-Radiative Heat Exchange Coefficients Estimation: Radiation 
domes were constructed by covering the measurement apparatus 
with aluminum foil to block radiative heat exchange.[44] After 
monitoring the transient temperatures of silicon substrate or 
soda lime glass placed on the illumination zone in the radiation 
dome, the non-radiative heat exchange coefficients of the samples 
(the measurement apparatus) were estimated by using the well-
known lumped parameter model. As a result, the non-radiative heat 
exchange coefficients in indoor and outdoor conditions were 3.0–4.8 
and 3.1–5.0 W m−2 K−1, respectively.

Net Cooling Power Estimation: The net cooling power (Pnet) of the 
radiation power from metamaterial (Prad), the thermal power from solar 
irradiance (Psun), the absorbed power due to surrounding atmospheric 
radiation (Patm), and the cooling power due to non-radiative heat 
exchange (Pcond+conv) in terms of cooler surface temperature (T) and 
ambient temperature (Tamb) can be expressed as follows:[18]

,net rad atm amb sun cond conv ambP T P T P T P P T T( ) ( ) ( ) ( )= − − + +  (1)

In the visibly clear radiative cooling metamaterials synthesized, the 
ambient temperature was lower than the operating temperature of the 
metamaterials (Tamb < T). The radiation power from metamaterial (Prad) 
is expressed as follows:[18,45]

T 2 , , sin cos d drad
0

/2

0
BBP I T r∫ ∫π λ ε λ θ θ θ λ θ( ) ( ) ( ) ( ) ( )=

π ∞

 (2)

where IBB is the spectral radiance of a blackbody at temperature T in 
the range of 8–13 μm, εr is the emissivity of metamaterial, and θ is the 
zenith angle. It was assumed that the metamaterial normally faces the 
sun,[45] which makes the zenith angle as 0 deg. The cooling power due to 
non-radiative heat exchanger (Pcond+conv) is expressed as follows:[18]

Acond conv c ambP h T T( )= −+  (3)

where A is the exposed surface area of metamaterial and hc is a 
combined non-radiative heat transfer coefficient. The light absorption 
by the metamaterial was ≈2 % in the AM1.5G solar spectrum between 
wavelengths from 300  nm to 2.5  μm, resulting in Psun as 20 W m−2. 
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Assuming Tamb as 25 °C, Patm (Tamb) was estimated as 29 W m−2 in the 
atmospheric window (wavelengths of 8–13 μm).

Supporting Information

Supporting Information is available from the Wiley Online Library or 
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