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Radiative cooling and indoor light
management enabled by a transparent and
self-cleaning polymer-based metamaterial

Gan Huang 1 , Ashok R. Yengannagari1, Kishin Matsumori 1, Prit Patel1,
Anurag Datla1, Karina Trindade1, Enkhlen Amarsanaa1, Tonghan Zhao 1,
Uwe Köhler1, Dmitry Busko1 & Bryce S. Richards 1,2

Transparent roofs and walls offer a compelling solution for harnessing natural
light. However, traditional glass roofs and walls face challenges such as glare,
privacy concerns, and overheating issues. In this study, we present a polymer-
based micro-photonic multi-functional metamaterial. The metamaterial dif-
fuses 73% of incident sunlight, creating amore comfortable and private indoor
environment. The visible spectral transmittance of the metamaterial (95%)
surpasses that of traditional glass (91%). Furthermore, the metamaterial is
estimated to enhance photosynthesis efficiency by ~9% compared to glass
roofs. With a high emissivity (~0.98) close to that of amid-infrared black body,
the metamaterial is estimated to have a cooling capacity of ~97W/m2 at
ambient temperature. The metamaterial was about 6 °C cooler than the
ambient temperature in humid Karlsruhe. The metamaterial exhibits super-
hydrophobic performance with a contact angle of 152°, significantly higher
than that of glass (26°), thus potentially having excellent self-cleaning
properties.

The utilization of transparent roofs and walls in buildings has gained
significant attention as an effective means of harnessing natural light,
reducing energy consumption1,2, and improving occupants’ well-
being3,4. The integration of transparent roofs and walls in archi-
tectural design offers numerous advantages, such as maximizing
daylight utilization and creating visually appealing spaces. Natural
light has been shown to positively impact human health and
productivity5, leading to improved comfort and mood. In addition,
transparent roofs and walls contribute to energy efficiency by redu-
cing the need for artificial lighting6, thus playing a crucial role in
achieving sustainable building certifications and meeting stringent
energy performance standards. Green building rating systems, such as
leadership in energy and environmental design, prioritize the inte-
gration of daylighting strategies and the optimization of natural light
penetration7.

Despite the clear benefits of transparent roofs and walls, tradi-
tional glass materials face inherent limitations. Glare, caused by the
direct transmission or reflection of sunlight, can lead to discomfort,
eye strain, and reduced visual clarity8,9. This can significantly impact
productivity and overall well-being, especially for individuals who
work in environments with excessive sunlight or bright lighting. Priv-
acy concerns arise due to the transparency of traditional glass, parti-
cularly in buildings with sensitive functions such as hospitals.
Additionally, the issue of excessive heat accumulation inside the
building during the summer months necessitates effective heat con-
trol mechanisms to ensure a thermally comfortable indoor environ-
ment, especially for buildings located in hot, arid countries with many
clear sky days. Buildings with transparent roofs and walls consume
more electricity for the air conditioning systems compared to normal
buildings.
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To effectively minimize glare and privacy concerns, one solution
is the use of light-diffusing films (LDF) to convert the direct beam of
sunlight into diffuse radiation. LDFs are commonly made by sus-
pending polymer films with transparent micro- or nanoparticles10–12.
For example, a combination is polymethyl methacrylate suspended
with silica nanoparticles10,11. By incorporating a 20% volume of silica
nanoparticles, the resulting diffuse transmittance can range from 20%
to 40%10. LDFs typically have a blurry appearance, which helps protect
privacy. Porous films and surface-structured films have also proven to
be effective LDFmaterials13,14. The diffuse light can also be collected by
luminescent materials and transmitted towards photovoltaic cells for
electricity generation15 and fostering heightenedphotosynthesis rate16.
Recent advancements in surface engineering have led to the devel-
opment of self-cleaning coatings for transparent roofs and walls.
Researchers have explored the use of superhydrophobic coatings with
micro- andnanostructured surfaces,which repelwater andprevent the
accumulation of dirt and pollutants17–19.

In the context of building space cooling in summer, passive
radiative cooling technologies have rapidly developed and gained
significant attention20–25. The cold universe (thermodynamic tem-
perature ~3 K) is a heat sink, which can provide sufficient coldness.
Radiative cooling devices poorly absorb solar energy (wavelength
λ = ~0.3–2.5 μm) to avoid solar heating but are able to radiate heat
through the earth’s atmosphere’s long-wave infrared transmission
window (λ = ~8–13 μm) to the cold universe. A radiative cooling
material is most effective if its surface has a low solar absorptivity
(λ = ~0.3–2.5 μm) to minimize solar heating, and a high mid-infrared
thermal emittance (λ = ~8–13 μm) tomaximize thermal emission to the
universe. Micro-photonic structures (such as micro-cubes, -pyramids,
-grooves) have been proven to be able to improve the mid-infrared
thermal emittance for radiative cooling26–29. While most radiative
cooling materials are opaque30–34, recent studies have focused on
developing translucent radiative cooling materials, which allow the
sunlight to pass through and also can provide cooling capacity ranging
from ~50 to ~100W/m2 2,35–41.

More recently, advancements have been made in the develop-
ment of emerging multi-functional materials to solve the aforemen-
tioned challenges faced by traditional transparent roofs and walls. A
translucent nanocellulose metamaterial film, comprising cellulose
nanofibrils and SiO2 microparticles, is capable of integrating radiative
cooling and light diffusion37. This material exhibited a total transmit-
tance of approximately 90%, diffused transmittance of around 70%,
and an emissivity of approximately 0.93 in the 8–13 μm range. While
several studies have focused onmaterials integrating radiative cooling
and self-cleaning functionalities42–46, most of them rely on opaque
nano-/micro-porous structures, limiting their transparency to visible
light42–45. An alternative transparent metamaterial composed of ZnO
nanorods and SiO2/TiO2 nanoparticles, demonstrates a high contact
angle of 155° for self-cleaning, albeit with a lower transmittance of
73%46. Despite these recent advancements, the existing transparent
materials still struggle to effectively address simultaneous challenges
of glare, privacy concerns, and overheating issues.

Here, our objective is to develop a multi-functional metamaterial
that efficiently and simultaneously addresses the challenges. To
achieve this, we investigate a polymeric metamaterial with a surface
structure composed of micro-pyramids measuring approximately 10
μm in width. The micro-pyramid structures exhibit sunlight diffusing
and minimize reflection losses through multiple reflections, resulting
in a transparency of 95% for visible light, and an overall diffuse trans-
mittance of 73%. Furthermore, themicro-pyramid structures lead to an
emissivity of 0.98, closely resembling that of an ideal mid-infrared
(MIR) black body and enabling passive radiative cooling. Leveraging
the micro-pyramids’ resemblance to the micro-cones found on lotus
leaves, our metamaterial also possesses superior superhydrophobic
properties, facilitating self-cleaning capabilities. Importantly, the

metamaterial is constructed from commercially available and envir-
onmentally safe polymer materials47,48, ensuring its potential for large-
scale manufacturing while remaining competitive both economically
and environmentally with existing transparent roof and wall materials.

Results
Polymer-based micro-photonic multi-functional metamaterial
(PMMM) concepts
We have developed a polymer-based micro-photonic multi-functional
metamaterial (PMMM) featuring micron-scale square-based pyramid
surface structures, as shown in Fig. 1a. This design integrates several
functionalities, including light diffusing, self-cleaning, and radiative
cooling, whilemaintaining a high level of transparency. The key aspect
of the PMMM film lies in its ability to efficiently radiate heat through
the long-wave infrared transmissionwindowof the Earth’s atmosphere
(wavelength λ = ~8–13 μm), effectively releasing heat into the cold
expanse of the universe. This feature allows for passive radiative
cooling without any electricity consumption.

To achieve these properties, we carefully selected poly-
dimethylsiloxane as the base material for fabricating the PMMM. This
choice was driven by its transparency, cost-effectiveness, environ-
mental safety, stability49,50, and its high emissivity in the crucial wave-
length range of 8–13 μm51. Compared to the traditional soda-lime
window glass, which appears transparent, the PMMM sample (coated
on a glass substrate) exhibits a blurry appearance, as shown in Fig. 1b.
This characteristic arises from the PMMM film’s light-diffusing cap-
abilities, effectively concealing the background. Consequently, when
utilized for constructing roofs or walls, PMMM offers a means to
safeguard users’ privacy. The PMMM features micro-pyramid units
measuring approximately w = 10 μm in width, set at an inclined angle
of 54.7°, as shown in Fig. 1c. The PMMM design incorporates a density
of 1 million such micro-pyramids per square centimeter.

In conventional glass roofs andwalls, incident sunlight is split into
direct transmitted light and direct reflected light, as shown in Fig. 1d.
Unfortunately, this separation can lead to issues such as uncomfor-
table glare, creating an unsuitable indoor lighting environment.
Moreover, direct reflected light can also lead to glare problems to the
surroundings. Transparent glass roofs and walls exacerbate the
greenhouse effect, elevating indoor temperatures and necessitating
higher energy consumption by air conditioning systems compared to
opaque roofs. In contrast, the PMMM roof offers a solution by effec-
tively diffusing both transmitted and reflected light, addressing glare
problems, as shown in Fig. 1e. The diffuse light also enhances photo-
synthesis rates in some plants. With its superhydrophobic properties,
the PMMM can be cleaned by rain or dewwater, reducing the need for
frequent maintenance compared to traditional glass roofs. Further-
more, the PMMM’s radiative cooling effect provides additional cooling
for buildings with translucent roofs, effectively lowering room tem-
peratures and consequently saving electricity consumption by air
conditioning systems.

Lightmanagement and radiative coolingperformanceof PMMM
The process of fabricating the PMMM film mainly includes photo-
lithography, etching, solution casting, and pealing, as shown in Fig. 2a.
We begin by selecting a (100)-oriented silicon wafer coated with a 1-
μm-thick SiO2 layer as the base to create the castingmold. The pattern
of inverted micro-pyramids on the silicon wafer is fabricated using
photolithography and wet etching techniques. Subsequently, the
polydimethylsiloxane solution, mixed with a curing agent, is cast onto
the silicon mold through blade coating. After heat curing, the flexible
and resilient PMMM film is carefully peeled off from the mold. A
detailed fabrication process is available in the Methods section and
Supplementary Fig. 1. For applications requiring added strength, the
PMMM film can be flattened and adhered to a glass substrate. Poly-
dimethylsiloxane naturally exhibits excellent adhesion to glass
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(as detailed in Supplementary Fig. 2). Moreover, scaling up the size of
the PMMM film can be conducted by increasing the lithography area,
as demonstrated in Supplementary Fig. 3. In our experiments, we
successfully upscaled the PMMM film size from 3.2 cm2 to 42.2 cm2, as
shown in Fig. 2b. To exemplify its scalability, a single piece of PMMM
film can reach a maximum size of approximately 450 cm2 (approxi-
mately 21.2 cm × 21.2 cm) by employing a 12-inch silicon wafer to
fabricate the mold. By assembling multiple PMMM cells together,
similar to creating large photovoltaic panels composed of numerous
photovoltaic cells, the PMMMfilmcanbe upscaled to the squaremeter
scale. The PMMM film can be further upscaled by using a matrix of
molds or hot embossing technology, as detailed in Supplemen-
tary Fig. 4.

The optical properties of traditional 1-mm-thick soda-lime glass
and PMMM in the wavelength ranges of 0.3–2.5 μm (spectral range of
terrestrial sunlight) and >4 μm (thermal radiative emission spectrum
range) are compared in Fig. 2c, d. Illumination and light collection
geometries of the spectrophotometer are shown in Supplementary
Fig. 5. For the glass, the global transmittance in the sunlight spectrum
range has a spectrally weighted average value of 91% (The methods of
calculating the spectrally weighted average values is detailed in
Method section). Additionally, the average diffused transmittance and
reflectance of the glass are only both about 1%, meaning that the
majority of sunlight is either directly transmitted or reflected. Notably,
the glass exhibits a significant emissivity valley in the 8–13 μm range,
resulting in an emissivity value of 0.87. In contrast, the PMMM film
significantly improves the optical performance of traditional glass, as
shown in Fig. 2d. The average global transmittance of the PMMM in the
sunlight spectrum range is 95%, surpassing that of glass (91%). This is
because the incident rays reflected at themicro-pyramid’s surfaces can
be redirected to the PMMM52. The light rays reflecting off the inclined
surfaces of themicro-pyramids are redirected towards adjacentmicro-
pyramids. This redirection causes the reflected rays to be transmitted

deeper into the PMMM, thereby enhancing its transmittance. Fur-
thermore, the average transmittance in the visible range reaches 95%,
while τdif is high at 73%, implying that 90% of the transmitted light is
diffused light. The incident light rays that strike the flat areas between
the micro-pyramids travel straight through the PMMM without con-
tributing to diffusion. Therefore, τdif is closely linked to the proportion
of incident light that interacts with the micro-pyramids relative to the
total incident light. Notably, the transmitted light is not randomly
diffused like a normal light diffuser. The transmitted light diffuses
within ±27° (Fig. 2e, f), whichdepends on the surfacemicrostructureof
PMMM.The refraction angle broadens from 18° to 41° when themicro-
pyramid’s base angles range from 40° to 70°, as shown in Supple-
mentary Fig. 6. The PMMM film also demonstrates an average emis-
sivity in the range of 8–13 μm, reaching as high as 0.98, which is nearly
equivalent to the ideal black body. As a result, it efficiently emits heat
radiation into space through the Earth’s atmosphere transmittance
window. The key performance indicators of glass and PMMM are
summarized in Fig. 2g (the average global transmittance τg_ave and
diffuse transmittance τdif_ave are the spectrally weighted values in the
range of 0.3–2.5 μm for the air-mass 1.5 (AM1.5) standard solar spec-
trum; the average global visible transmittance τvis_ave is the spectrally-
weighted value in the visible rangeof0.38–0.7μm; theemissivity εave is
the average value in the range of 8–13 μm), showcasing PMMM’s
superior advantages across all these metrics. The methods of calcu-
lating the values of τg_ave, τvis_ave, τdif_ave and εave are detailed in the
Method section. The relative uncertainties of the transmittance and
emissivity estimation are 0.4 rel.% and 5.5 rel.% accordingly. Both
random (based on a measurement noise and ten times repeated
measurements, shown in Supplementary Fig. 7) and systematic
uncertainties were taken into account.

Here, we provide an insight into the optical properties of PMMM
in different wavelength ranges: theMIR range for radiative cooling and
the visible range for sunlight distribution. Firstly, the absorption

Self-cleaning

Light diffusing

Highly-transparent
Glass PMMM
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Fig. 1 | Schematic illustration of the polymer-based micro-photonic multi-
function metamaterials (PMMM) for integrated light, thermal and wettability
management. aConcept of PMMM integrated the functions of light diffusing, anti-
reflection, self-cleaning and radiative cooling. b Photographs of a soda-lime glass
and a PMMM film on a soda-lime glass substrate. c The structure and size of micro-
pyramid structures. d A building with a traditional glass roof. e A building with the

PMMM roof. The PMMM roof has less reflection loss, and significant light diffusing,
resulting in a more comfortable light environment. The plants in the building will
also grow faster and healthier, such as tomato plants. The stronger radiative
cooling performance of the PMMM roof can provide effective electricity-free
radiative cooling.
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properties of the PMMM in the MIR range are described. The absorp-
tion properties of our PMMM in theMIR range can be described based
on previous studies53,54. In the MIR range, the absorption properties of
a material are a key parameter to achieve high cooling performance.
Polydimethylsiloxane hasbeen recognized as a representativematerial
for radiative cooling, since it intrinsically possesses strong absorption
in the atmospheric transparency window (8–13 µm), which is attrib-
uted to the fact that the molecular vibrations of Si–CH3 and Si–O–Si
located inside the atmospheric transparency window53. Thus, poly-
dimethylsiloxane has been utilised for radiative cooling, especially to
develop a scalable radiative cooling system54. A flat film made of
polydimethylsiloxane can be a good emitter for radiative cooling;
however, its absorption capability is limited by reflection occurring at
an air-polydimethylsiloxane interface (Supplementary Fig. 8). This
reflection originates from the fact that the refractive index of

polydimethylsiloxane dynamically changes at around the resonance
wavelengths of the molecular vibrations, which causes large refractive
index contrast at the interface. Therefore, the flat poly-
dimethylsiloxane film cannot be an ideal black body in the wavelength
range of 8–13 µm. In previous works, micro-pyramid structures have
been utilized to allow the system’s refractive index to gradually change
from the refractive index of air to the refractive index of
polydimethylsiloxane26,27. This interpretation based on the refractive
index gradient can be applied for subwavelength micro-pyramids.
However, the micro-pyramid size of the PMMM is comparable to the
wavelengths in the MIR range. In this case, resonance modes of the
micro-pyramid must be considered to understand the PMMM’s
absorption mechanism, which can be done by utilizing Cartesian
multipole decomposition (CMD)55. According to our resonance mode
analysis based on CMD (Supplementary Fig. 9), it is found that the
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Fig. 2 | Fabrication of polymer-based micro-photonic multi-function metama-
terials (PMMM) and measured optical properties. a Fabrication process of
PMMM. A silicon mold with inverted micro-pyramids is fabricated by photo-
lithography and etching. PMMM film is fabricated by casting polydimethylsiloxane
on the silicon mold via blade coating. b Photographs of small-scale (3.2 cm2) and
larger-scale (42.2 cm2) PMMM films. c Optical properties (global transmittance τg,
diffuse transmittance τdif, global reflectance γg, diffuse reflectance γdif, emissivity ε)
of normal soda-lime glass. The background of the figure is the normalized AM1.5 G
solar spectrum. The average global transmittance of the glass is 92%, with diffused
transmittance less than 1%. A significant emissivity valley shows in the 8–13 μm
range. d Optical properties of PMMM film on a 1-mm-thick soda-lime glass

substrate. The average global transmittance of the PMMM sample is 95%, with
diffused transmittance as high as 73%. The emissivity (8–13 μm) is ~0.98, which is
close to an ideal black body. e Angular transmittance of PMMM for angles of 0 to
35°. The transmittance for angle >40° is close to zero, thus is not visible in this
figure. f Measured polar transmittance distribution of the PMMM sample for
500 nm wavelength. The transmitted light diffuses within ±27°. g Comparison of
key performance indicators (τdif is the global transmittance in the visible spectrum)
of the glass and PMMM sample (measured results). The PMMM sample has better
performance in direct transmittance, diffused transmittance, and emissivity.
Source data are provided as a Source Data file.
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micro-pyramid with w = 10 µm supports a strong electric dipole reso-
nance, and weak magnetic dipole, electric quadrupole, and magnetic
quadrupole resonances. Since the micro-pyramid is placed on the
polydimethylsiloxane film, those resonance modes can couple to the
polydimethylsiloxane film, which can cause strong forward scattering
into the polydimethylsiloxane film56,57. Consequently, the reflection at
the air-polydimethylsiloxane interface diminishes, more energy of the
incident wave can be transmitted into the polydimethylsiloxane film,
and the PMMM’ absorption in MIR range is thus enhanced based on
Beer’s law.

In the visible range, the PMMM acts as a filter to distribute
incoming sunlight inside buildings. Its light distribution properties can
be described by utilizing the geometrical optics approximation since
the micro-pyramid units of the PMMM (~10 μm) are sufficiently larger

than the visible wavelengths. Figure 3a shows the ray-tracing simula-
tion results of the PMMM for different incident angles (θin). The
orientation of the light source and themicro-pyramids can be found in
the inset of Fig. 3a. The color of the rays shows the relative intensity of
the rays (the incident rays’ intensity is taken as 100%). When θin = 0°,
the transmitted rays (below the bottomglass substrate) are distributed
in five directions. One direction is attributed to the fact that the inci-
dent rays strike the flat surface between the micro-pyramids and pass
through the PMMMstraight. The other four directions are leaned from
the normal of the PMMM’s bottom surface because of refractions
occurring at the surfaces of the micro-pyramid structures. Since the
transmitted rays propagating in those four directions are connected to
τdif, they can be regarded as diffused rays. The leaning angle of the
diffused rays, namely the diffusion angle φ (Fig. 2f), is predominantly
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Fig. 3 | Polymer-based micro-photonic multi-function metamaterials (PMMM)
working principle, radiative cooling performance and light diffusion.
a Simulated ray propagation maps of the PMMM for θin = 0°, 40°, and 80° in the
visible range. Most of the incident light (>80%) diffuses in the range of ±30° when
θin = 0°. The micro-pyramid structures can successfully redirect the incident sun-
light to the down direction when the incident angle is as high as θin = 80°. b SEM
images of PMMM samples with different sizes of the micro-pyramids. There are ~1
to 1.5 μm spaces between the micro-pyramids. c Measured global transmittance
(τg_ave) and emissivity (εave) of for PMMM with different pyramid sizes.
dComparison of the global transmittance (0.3–2.5 μm) and emissivity (8–13μm)of
the PMMM (10-μm pyramid with glass substrate) in this study and transparent/
translucent radiative cooling materials in the literature. The PMMM in this study

exhibits both higher transmittance and also higher emissivity than other emerging
transparent/translucent radiative cooing materials. The inserted photograph
shows the flexible PMMM film. e Simulated radiative cooling power of PMMM (10-
μm-pyramid with glass substrate) and glass when heat convection coefficient with
the ambient is h = 5W/m2/K (Ta = 25 °C). f Simulated radiative cooling power of
PMMM (10-μm-pyramidwith glass substrate) and glass when h = 10W/m2/K (Ta = 25
°C). g The Photosynthesis rate of tomato plants as a function of diffused light
percentage, and the estimated improvement of photosynthesis rate by the PMMM.
The PMMM is calculated and estimated to be able to improve the photosynthesis
rate by ~9% compared to normal glass. The data of the photosynthesis rate as a
function of the diffuse light percentage is referred to experimental results in ref. 61.
Source data are provided as a Source Data file.
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determined by the base angle (54.7°) of the micro-pyramid structure
(Supplementary Fig. 10). The simulation result and a theoretical ana-
lysis based on Snell’s law give φ = 27° (Supplementary Fig. 6 and Sup-
plementary Fig. 10). This value agreeswell with the experimental result
shown in Fig. 2f. With increasing θin from 0° to 40°, the transmitted
rays, which can be found below the bottom glass, exit the PMMA at a
higher angle.When θin exceeds a certain angle, the incident rays canbe
redirected into the down direction (-z direction) by total internal
reflections occurring in the pyramid structures (Supplementary
Fig. 10). The ray-tracing simulationmodel is detailed in Supplementary
Fig. 11. Detailed ray propagation maps taken from different directions
(0°, 20°, 40°, 60°, 80°) can be found in Supplementary Fig. 12. We also
simulated the global and diffused transmittances of the PMMM at
θin = 0°, as shown in Supplementary Fig. 13. The simulated global and
diffused transmittances are 93.3% and 72.2%, which are close to the
experimental results of 95 ± 0.4% and 73 ±0.3%. Diffused rays are
generated by the refraction and reflectionof light at the surfaces of the
micro-pyramids.

We fabricated PMMM samples with different geometric para-
meters (w = 6–16 μm). Figure 3b presents Scanning Electron Micro-
scope (SEM) images of the PMMMsamples with various pyramid sizes,
where the micro-pyramid size was determined by the photomask
design used in the lithography process. It is important to note the
presence of small, unavoidable gaps (~1–1.5 μm) between these pyr-
amids. Figure 3c illustrates the influence of the micro-pyramid size on
both the emissivity and transmittance characteristics of the PMMM.
The variations in both transmittance and emissivity across pyramid
sizes ranging from6 to 16μmare relativelyminor, approximately 0.01.
This suggests that PMMM’s performance exhibits a strong tolerance to
variations in pyramid size. As a result, the need for precise control over
pyramid dimensions during fabrication is reduced, underscoring the
material’s robustness and adaptability in manufacturing processes. To
investigate this effect, we used the wave-optics module in COMSOL
Multiphysics to study the electric field distribution around the micro-
pyramid at its resonance wavelength57, as detailed in Supplementary
Fig. 9. We discovered that the incoming wave interacts with the reso-
nance modes of the micro-pyramid structure, leading to its confine-
ment and efficient transfer to the polydimethylsiloxane film. This
happens because the micro-pyramid’s base directly contacts the
polydimethylsiloxane film,which has a higher refractive index than air,
facilitating the wave’s coupling to the film56,57. Smaller micro-pyramids
enhance transmission effectively through this coupling mechanism.
Larger micro-pyramids primarily use their forward scattering to
strengthen transmission due to their complex resonance states58.
Therefore, the material can achieve high transmission across its
interface for any micro-pyramid size in this study, ensuring size-
independent high emissivity in the MIR range. Detailed transmittance
and emissivity curves for different PMMM samples are shown in Sup-
plementary Fig. 14. The global transmittance and emissivity of the
translucent PMMM (10-μm pyramid with glass substrate) in this study
are comparedwith emerging transparent/translucent radiative cooling
materials in the literature38–42, as shown in Fig. 3d. The inserted image
in Fig. 3d shows the flexibility of the PMMM film without a glass sub-
strate. The PMMM sample shows both higher transmittance and
emissivity than existing transparent/translucent radiative cooling
materials.

The radiative cooling power of the PMMM film is simulated using
the mathematical model by Raman et al.21,59. The radiative cooling
powers of the PMMM and glass samples are plotted against the tem-
perature difference between the radiative cooling sample and the
ambient (i.e., TRC − Ta) in Fig. 3e, assuming a heat convection coeffi-
cient of h = 5W/m²/K (representing a no-wind situation). The radiative
cooling power of the PMMM and glass exhibits a linear increase as the
working temperature of the radiative cooling sample rises. At ambient
temperature, the PMMM film achieves a radiative cooling power of

97W/m², surpassing the glass radiative cooling power by approxi-
mately 18W/m². Consequently, the PMMMfilm is capable of cooling to
around 10 °C below the ambient temperature through radiative cool-
ing. For comparison, Fig. 3e also includes the radiative cooling per-
formance curves of two types of ideal emitters: Ideal emitter 1 (ε = 1 for
λ > 4 μm and ε = 0 for all other wavelengths) and Ideal emitter 2 (ε = 1
for λ = 8–13 μm and ε =0 for all other wavelengths). The radiative
cooling powers of Ideal emitter 1 and Ideal emitter 2 at ambient tem-
perature are 107W/m² and 97W/m², respectively, higher than that of
the PMMM film by 0–10W/m². Both Ideal Emitter 1 and Ideal Emitter 2
can achieve minimum temperatures of approximately 11 °C and 13 °C
below the ambient temperature, respectively. The radiative cooling
powers of the PMMM, glass, and the ideal emitters are compared
under an ambient heat convection coefficient of 10W/m²/K in Fig. 3f
(representing light wind situations with wind speeds of 1–3m/s60). The
PMMM film demonstrates radiative cooling performance closer to that
of the ideal emitters when there is light wind compared to no-wind
situations. The atmospheric transmittance and model validation are
detailed in Supplementary Fig. 15. Thermal radiation exchange within
the 3–50 μm range is considered in our numerical model, as shown in
Supplementary Fig. 16. The detailed modeling method is detailed in
“Method” section.

Additionally, apart from the radiative cooling performance, the
PMMM film’s light diffusion effect is estimated to enhance the pho-
tosynthesis ratio by ~9%, as shown in Fig. 3g. This estimation is based
on experimental data from ref. 61, which establishes a relationship
between the photosynthesis ratio and the percentage of diffused light
(further details provided in Supplementary Fig. 17). Given the PMMM’s
diffused transmittance of 73%, the average photosynthesis rate for
tomato plants is projected to be approximately >50 μmol/m²/s,
representing a notable ~9% increase compared to photosynthesis rates
without light diffusion.

Diffusion enables a more uniform light distribution, allowing
plants to utilize light more effectively for growth. Beyond agriculture,
the advantages of diffused light extend to several domains, enhancing
both functional and esthetic aspects of various environments. In
architectural applications, for instance, diffused light mitigates glare
and provides balanced indoor illumination, which contributes to visual
comfort and reduces eye strain. This even light distribution is bene-
ficial in workplaces, educational settings, and healthcare facilities,
where it supports human performance and well-being. Moreover, dif-
fused light can enhance privacy by softening and scattering direct
views through transparentmedia, an aspect particularly relevant to the
PMMM film. The high diffusion transmittance of the PMMM film not
only serves esthetic purposes but also promotes privacy and creates a
sense of openness without compromising on light quality or energy
efficiency. In retail and exhibition spaces, such as art galleries and
museums, diffused light plays a pivotal role in presenting products and
artworks in a way that minimizes reflections and hotspots, ensuring
that each item is viewed under optimal lighting conditions.

The outdoor radiative cooling performance of PMMM samples
was evaluated at the Solar Park within the Karlsruhe Institute of
Technology campus on 7 December 2023, under clear sky conditions,
as depicted in Fig. 4a. The diagram of the testing platform setup is
shown in Fig. 4b. All details of the outdoor testing platform setup
(dimensions andmaterials etc.) can be found in the Method section. A
cooling test chamber was utilised to test the temperature reduction of
the PMMM sample (42.2 cm2) with radiative cooling. This chamber was
shielded by a low-density polyethylene (LDPE) film to serve as a
windshield. The chamber’s interior was lined with a highly reflective
film, while its exterior was insulated thermally. To further assess the
cooling efficacy, two boxes were constructed: one with a PMMM roof
and the other with a normal glass roof. These boxes were designed to
absorb sunlight on their inner walls, allowing for a comparative ana-
lysis of the PMMM and glass roofs’ cooling performances. The
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temperatures of PMMM, the boxes, and the ambient were monitored
using thermocouples.

The day of testing featured a clear sky as depicted in Fig. 4c. The
average humidity was approximately 63% between 12:00 and 15:00.
Throughout the test, the temperature of the PMMM was consistently
lower than the ambient temperature. At 14:48, the PMMMtemperature
was ~6 °C lower than the ambient temperature, demonstrating sig-
nificant cooling in the high-humidity environment of Karlsruhe due to
PMMM’s strong emissivity. Remarkably, at 16:30, post-sunset, the
PMMM temperature dropped to −2.8 °C, well below the freezing point,
while the ambient temperature was 0.5 °C.

Comparatively, the PMMM-roof box maintained a lower tem-
perature than the glass-roof box until 14:40, attributed to PMMM’s
superior thermal emissivity, as shown in Fig. 4d. At 13:13, the tem-
perature in the PMMM-roof boxwas 1.7 °C lower than that in the glass-
roof box, highlighting the more effective radiative cooling power of
the PMMM roof. Interestingly, after 14:40, the temperature in the
PMMM-roof box exceeded that of the glass-roof box. This change was
due to the micro-pyramid structure’s ability to direct sunlight into the
box at lower sun elevation angles in the late afternoon (the elevation
angle of the sun was ~10° at 14:40), as illustrated by the ray-tracing
results in Fig. 3a. The inserted image offers a view of both the PMMM-
roof and glass-roof boxes, showing the PMMM’s distinctively blurred
and colorful appearance at certain angles.

Self-cleaning performance of PMMM
The natural lotus leaf’s self-cleaning performance stems from its
superhydrophobic surface, featuring micro-cone structures of
approximately 5–10 μm, similar to the micro-pyramids on the PMMM

surface. The contact angles (θ) of various surfaces are measured and
compared in Fig. 5a. The glass exhibits hydrophilic behavior with
θ = 26°, while planar polydimethylsiloxane is hydrophobic with
θ = 110°. The PMMMsamplewith spaces between adjacent pyramids of
δ = ~1.5μmexhibits a higher contact angle of 152° compared to the 128°
of the sample with δ = ~4 μmhas a contact angle of 128°. This behavior
aligns with the principles of the Wenzel equation, as detailed in Sup-
plementary Fig. 18. The matrix of the micro-pyramids on the PMMM
surface is shown in Fig. 5b. The micro-pyramid matrix can “lift” water
droplets, leading to an increased contact angle, as shown in Fig. 5c. As
detailed in Supplementary Fig. 14, we also examined the contact angles
for the samples with pyramid unit size varying from 6 to 16 μm. The
variation in contact angle is less than 3° across the range of pyramid
sizes, translating to a change of less than 2%.

In the experimental setup, a few real dust particles were collected
from a local window in Karlsruhe, Germany. The SEM image in Fig. 5d
shows that most of the dust particles are larger than 10 μm, with a
majority being silicate and carbonate minerals (Supplementary
Fig. 19), which are common constituents of atmospheric dust. Fig-
ure 5e demonstrates the active rain self-cleaning mechanism of
PMMM, providing efficient cleaning in the rain or manually sprayed
water. On hydrophilic glass surfaces, water droplets tend to adhere
and flow down slowly, resulting in low cleaning efficiency. In contrast,
on the PMMM surface, water droplets swiftly jump and sweep through
(Supplementary Movie 1), enabling efficient removal of dust particles
from the surface. To verify the active self-cleaning ability, an indoor
simulated experiment is conducted, as shown in Fig. 5f. The dust is
intentionally deposited on the 45°-inclined PMMM surface. Subse-
quently, a continuous stream of water droplets is released onto the
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Fig. 4 | Outdoor testing of radiative cooling performance. a Photograph of the
testing platform within the Solar Park of Karlsruhe Institute of Technology. The
cooling test chamber was used to test the minimum temperature of the polymer-
basedmicro-photonicmulti-functionmetamaterials (PMMM) samplewith radiative
cooling. The PMMM-roof box and glass-roof box were used to test the temperature
of the experimental enclosures with PMMM and normal glass as the roofs.
b Schematics of the cooling test chamber, PMMM-roof box, and glass-roof box. The

cooling test chamber was covered with a low-density polyethylene (LDPE) film as
the windshield. Detailed dimensions are provided in the Method section. c PMMM
sample temperature (TPMMM), ambient temperature (Ta) and global solar irradiance
(Gsun). The inserted image shows the sky at 13:00. d Temperature of the PMMM-
roof (TPMMM_box) and glass-roof boxes (Tglass_box). The inserted image shows the
enlarged view of the two boxes. Source data are provided as a Source Data file.
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PMMMsurfaceusing a syringe, removing the dust particles and leaving
the PMMM surface clean (Supplementary Movie 2). This active self-
cleaning feature of the PMMM film presents a significant advantage
over traditional surfaces, making it an attractive choice for various
applications, including building materials and other outdoor surfaces
that require easy maintenance and dust particle removal.

Another interesting aspect of the PMMM film is its passive self-
cleaning capability through dew water harvesting, as illustrated in
Fig. 5g. A recent modeling study confirms that radiative cooling films
can effectively harvest sufficient dew water to clean their surfaces62.
The strong radiative cooling effect of the PMMM film during nighttime
facilitates efficient dew water harvesting. Subsequently, the dew water
easily rolls off the superhydrophobic PMMM surface, preventing it
from sticking and facilitating the removal of dust particles. To
demonstrate and simulate the passive self-cleaning process, an indoor
experiment was designed, as shown in Fig. 5h. The PMMMwas cooled
using a thermoelectric cooler to simulate radiative cooling, achieving a
temperature approximately 5° C below the ambient temperature. A
humidifier was used to increase the humidity of the ambient air to
fasten the condensation progress. As a result, vapor in the air

condensed onto the cooled PMMM surface, forming water droplets.
These water droplets then smoothly rolled off through the super-
hydrophobic PMMM surface, efficiently removing dust particles and
leaving the surface clean (Supplementary Movie 3). This indoor
experiment showcases the practical application of PMMM’s self-
cleaning capability, which can be harnessed in real-world scenarios
for reduced maintenance and enhanced surface cleanliness. By com-
bining both active and passive self-cleaning processes, the PMMM film
remains clean, requiring minimal maintenance when compared to
conventional glass surfaces. The ability of the PMMM film to self-clean
through both active rain self-cleaning and passive dew water harvest-
ing makes it a practical and low-maintenance option for various
applications. It offers significant advantages in reducing the need for
frequent cleaning and ensuring long-term performance and durability
in real-world environments. We also conducted comparative experi-
ments on a glass surface. As demonstrated in Supplementary Fig. 20a,
the glass surface, being hydrophilic, struggles with active cleaning by
water droplets. We used the same amount of water droplets to clean
the glass surface as we used to clean the PMMMsamples. The droplets
tend to adhere to the glass, making it difficult to effectively dislodge
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function metamaterials (PMMM). a Contact angles of glass, flat poly-
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and PMMM(1.5-μm-wide space between adjacentmicro-pyramids).b SEM image of
the PMMM. c Superhydrophobicphenomenon.d SEM image of the dust particles in
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dustwith the limited amount of water droplets. More water is required
to remove the dust further and fully on the glass surface. For the dew
cleaning as shown inSupplementaryFig. 20b, thehydrophilicnatureof
the glass surface leads to the formation of a dew film instead of dis-
crete droplets, lacking the roll-off effect necessary for effective
cleaning. As a result, the wetted dust remains adhered to the glass
surface,making itmore challenging to remove effectively at the end of
the dew formation process. In contrast, the hydrophobic PMMM sur-
face easily forms noticeable dew droplets that can roll off, sweeping
across the surface and efficiently removing dust.

To provide a more comprehensive assessment of our metama-
terial’s stability and self-cleaning ability, we conducted a real-world
test by exposing samples to the outdoor environment in Karlsruhe,
Germany, for durations of one and two months. Specifically, the
1-month sample was exposed from 14 November 2023 to 15 December
2023, while the 2-month sample was left outdoors from 14 November
2023 to 15 January 2024. Post-exposure, we re-evaluated the meta-
material’s optical performance. The results, which are elaborated in
Supplementary Fig. 21, show a transmittance reduction of 3% after one
month. Furthermore, the emissivity displayed a decrease of only 1%
during the same period. It’s important to note that both transmittance
and emissivity underwent onlymarginal changes with the extension of
exposure time to two months. To disentangle the impacts of aging
from soiling, the 2-month sample underwent a cleaning process using
distilled water. We then reassessed its transmittance and emissivity for
a comparative analysis with the pre-cleaned state, as shown in Sup-
plementary Fig. 21c, d. The results revealed negligible changes in both
transmittance and emissivity post-cleaning, suggesting that aging,
rather than soiling, is the primary factor contributing to the slight
reductions observed in these optical properties. This data suggests a
relative stability and also self-cleaning ability of the metamaterial
under extended outdoor environmental conditions.

Discussion
We introduced a polymer-based micro-photonic multi-function
metamaterial (PMMM) with micro-pyramid surface structures that
efficiently and simultaneously address the challenges faced by tradi-
tional glass materials. The PMMM film demonstrated a high transpar-
ency of 95%, combinedwith a high diffusion transmittance of 73%. This
light diffusing effect effectively minimizes glare while creating a
comfortable and visually appealing indoor environment. Furthermore,
the PMMM film exhibits an emissivity of 0.98 in the 8–13 μm range,
enabling electricity-free radiative cooling for buildings. The PMMM
film also shows self-cleaning capabilities. Its superhydrophobic prop-
erties are active self-cleaning during rain or water spray. Additionally,
its radiative cooling effect allows for passive self-cleaning through dew
water harvesting during the nighttime.

The combination of these features makes PMMM a practical
solution for transparent roofs and walls, offering improved light
management, energy efficiency, and occupant comfort. Moreover, the
use of readily-available, affordable, and environmentally-friendly
polymer materials ensures the potential for large-scale manufactur-
ing while remaining competitive with existing transparent roof and
wall materials. Overall, the development of this multi-functional
metamaterial paves the way for sustainable green buildings with
enhanced transparency, energy efficiency, and occupant well-being. It
contributes to the ongoing efforts towards creating amore sustainable
built environment.

Methods
PMMM fabrication
Silicon wafer mold fabrication. A 4-inch (100)-oriented polished sili-
con wafer coated with 1-μm-thick silica was selected as the base wafer
for the mold fabrication. Negative photoresist (ma-N 1420) was then
coated on the silicon wafer by spin coating (3000 rpm for 30 s). The

5-inch chrome photomasks with the designed patterns (fabricated by
JD Photo Data, the UK) were used in a photolithographic setup via a
mask aligner (EVG620) at 365 nm wavelength. The 1-μm-thick silica
coating was selectively etched by reactive ion etching for 6min with
CHF3/SF6, and then the photoresist is removed by acetone. The silicon
wafer was then soaked in 40% KOH solution at 80 °C for 15min for
anisotropic wet etching (etching rate: ~75 μm/h), to reveal the (111)
crystal planes that serve as the faces for the inverted micro-pyramids.

Anti-adhesive coating synthesis. Twenty microlitres trichloro-
(1H,1H,2H,2H-perfluoroctyl)-silane (PFOTS, VWR) was mixed with 10
mL cyclohexane (VWR). The PFOTS solution is then coated on the
silicon wafer for 1 h via evaporation coating.

Polydimethylsiloxane solution casting. The base silicone elastomer
and curing agent (VWR) was mixed with a ratio of 10:1 and stirred for
10 min. The mixture was then put in a vacuum oven for more than 1 h
until all the bubbles in the mixture were removed. The poly-
dimethylsiloxane mixture solution was pasted onto the silicon wafer
via blade coating. The silicawaferwas thenheatedby a hotplate heater
at 90 °C for 15 min. The cured PMMM film was peeled off from the
silicon wafer manually.

Optical characterization
The measurements of the reflection and transmission properties were
carried out using UV-Vis-NIR Spectrophotometer (Agilent Cary 7000)
across a wide range of wavelengths (300–2500 nm). The instrument
was equipped with an integrated sphere with a highly reflective inner
surface to collect both diffused and direct light. Direct transmittance
at variable angles was measured by the Cary 7000 UMS module. The
measurementswere recorded and controlled viaCaryWinUV software.
The emissivity was measured by a Fourier-transform infrared spec-
troscopy (Bruker Vertex 70) which was equipped with an integrated
sphere (A562) with a highly infrared reflective inner surface coated
with gold. The below equations are used to calculate the values of
τg_ave, τdif_ave, τvis_ave and εave:

τg ave =
Z 2:5μm

0:3μm
τgðλÞGAM1:5ðλÞdλ=

Z 2:5μm

0:3μm
GAM1:5ðλÞdλ ð1Þ

τdif ave =
Z 2:5μm

0:3μm
τdif ðλÞGAM1:5ðλÞdλ=

Z 2:5μm

0:3μm
GAM1:5ðλÞdλ ð2Þ

τvis ave =
Z 0:7μm

0:38μm
τgðλÞGAM1:5ðλÞdλ=

Z 0:7μm

0:38μm
GAM1:5ðλÞdλ ð3Þ

εave =
Z 13μm

8μm
ε λð Þdλ=ð13� 8μmÞ ð4Þ

where GAM1.5 is AM1.5 standard solar spectrum.

Outdoor testing
The cooling test chamber, constructed from polymethyl methacrylate
(PMMA), features a 5-cm-thick layer of polyethylene foam with an
aluminum foil coating on its outer wall. This layer is specifically
designed tominimize heat transfer with the surrounding environment.
The chamber is also equipped with a low-density polyethylene (LDPE)
foil as a windshield. Its inner wall is lined with high-reflective reflectors
(Alanod) to enhance its insulation properties. Both the PMMM-roof
box and the glass-roof box are similarly constructed from PMMA and
are coatedwith aluminum reflector foil. Their inner walls are linedwith
solar absorber foil (Alanod). Each sample measured in the experiment
has an area of 42.2 cm². The internal dimensions of the cooling test
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chamber are 100mm × 100mm × 20mm, while the PMMM-roof box
and glass-roof box measure 65mm × 65mm × 100mm each. Tem-
perature measurements were conducted using thermocouples (Pico).
The ambient temperature was measured by a thermocouple placed in
the air near the test platform. The temperature of the PMMM was
measured by attaching a thermocouple beneath it. The thermocouple
was then subjected to pressure from a spring, as depicted in Fig. 4b.
The entire testing platform was positioned horizontally. Solar irra-
diance was monitored using a pyranometer (Eppley), wind speed was
gauged with a cup anemometer (BTMETER), and relative humidity was
recorded using a hygrometer (ThermoPro).

Wettability and self-cleaning characterization
Weutilized a contact angle goniometer (with SCA20Software), which
employs three cameras for precise measurements, to measure the
contact angles of samples. The sample was placed on a magnetic
base. A dosing volume of 1 µl water droplet was dispensed onto the
sample. Images were captured to document the contact angle
measurements.

Ray-tracing simulation model
In order to investigate the light distribution properties, we conducted
the ray-tracing simulation using COMSOL Multiphysics, which is a
commercial software package based on the finite element method
(FEM). The simulation model is composed of three parts: the top
micro-pyramid structure, middle polydimethylsiloxane film, and bot-
tom soda-lime glass. The model considers that the micro-pyramid
units with a width of 10 µm and a gap distance of 1.46 µm are peri-
odically placed on the substrate, whose radius is 300 µm. The thick-
nesses of the polydimethylsiloxane film and glass substrate are 70 µm
and 50 µm, respectively. The model considers that the poly-
dimethylsiloxane micro-pyramids with a width of 10 µm are periodi-
cally placed on the polydimethylsiloxane -glass substrate, whose
radius is 300 µm. The thicknesses of both films are 50 µm. The pyr-
amids are oriented so that their surfaces face to x- and y-directions.
The refractive indices of polydimethylsiloxane and glass are 1.4 and
1.5263,64, respectively. The size of the light source is 100 µm×100 µmfor
normal incidence. The source emits 500 rays. A boundary condition to
stop the propagation of the rays outside of the PMMM is applied
around the PMMM. A Detailed schematic diagram of the model is
presented in Supplementary Fig. 11.

Radiative cooling power simulation model
In our study, we adopted the energy balance model initially pro-
posed by ref. 21. to simulate radiative cooling power. This model is
widely recognized for its effectiveness in calculating the potential
radiative cooling power under specific atmospheric conditions,
specifically theMODTRAN Standard Atmosphere used in ref. 21. and
also this study, characterized by midlatitude, clear skies, and low
humidity. Notably, we have integrated a refined atmospheric model
recently developed by ref. 59. to enhance the accuracy of our cal-
culations, particularly regarding atmospheric thermal radiation.
The updated model distinguishes between two primary atmo-
spheric contributors: Ozone, located higher in the atmosphere, and
a combination of CO2 and water vapor, which is distributed
throughout the atmosphere. This differentiation is reflected in the
formula59:

Iatm θ, λð Þ= εOzone θ, λð Þ � Ibb TOzone, λ
� �

+ εrest θ, λð Þ � Ibb T rest, λ
� � ð5Þ

where εOzone and TOzone are the emissivity and temperature of the
Ozone layer; εrest and Trest are the emissivity and the temperature of
the rest of the atmospheric components; Ibb is the thermal irradiance
of the black body. The detailed raw data utilized for this corrected
atmospheric model is accessible in ref. 59.

Data availability
The data generated in this study are provided in the Supplementary
Information and Source Data file, or from the corresponding author
upon request. Source data are provided with this paper.
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