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ABSTRACT: Passive daytime radiative cooling provides an energy-free
approach for thermal management, but achieving multifunctional operation
under realistic outdoor conditions remains challenging, because optical
regulation, surface wetting, and energy conversion are typically realized
with separate material components. Here, we develop a femtosecond laser-
engineered passive radiative cooler (FLA-PRC) based on a hierarchical
PTFE/Ag/SiO, interface that simultaneously regulates photons, water
droplets, and interfacial charges. Orthogonal laser scanning creates periodic
flat-topped micropyramid arrays decorated with secondary micro/
nanostructures, enabling synergistic control of solar scattering, infrared
emission, and superhydrophobicity. Combined spectral measurements and
FDTD simulations reveal that the laser-induced hierarchical morphology
enhances solar light redistribution through multiscale scattering while promoting mid-infrared coupling and emission through
increased optical interaction pathways. The Ag layer further integrates broadband solar reflection with electrostatic induction for
droplet energy harvesting. This work establishes a deterministic laser-fabricated interface strategy for coordinating photonic, wetting,
and electrical functions within a single-surface architecture.
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P assive daytime radiative cooling (PDRC) has emerged as
an energy-free thermal-management strategy by exploiting
the atmospheric transparency window to dissipate heat into
outer space while minimizing solar absorption.' > Raman et al.
experimentally demonstrated sub-ambient daytime cooling
using a nanophotonic structure, establishing PDRC as a
practical thermal-management strategy.” Diverse PDRC plat-
forms, including nanophotonic structures, porous polymers,
composites, and inorganic coatings, have been developed to
enhance solar reflection and infrared emission.”*™>* Nano-
photonic and directional cooling architectures enable precise
spectral manipulation but often require soghisticated optical
design and complex fabrication processes.”® Porous polymers
enhance scattering through air/polymer interfaces but depend
strongly on pore morphology and structural stability.””"*
Composite coatings improve optical performance and
durability but often involve fillers, compatibility issues, or
multistep fabrication."”~>* Recent advances in ultrathin, self-
assembled, and thermally conductive cooling films have further
expanded the design space of PDRC materials for practical
applications.”**

Despite these advances, achieving long-term outdoor
operation requires more than efficient radiative heat exchange.
Dust accumulation, water retention, mechanical degradation,
and environmental aging can significantly deteriorate optical
performance, while many cooling systems still rely on separate
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functional layers or external components to achieve additional
functions.”>* To address these challenges, multifunctional
PDRC systems integrating self-cleaning, adaptive regulation,
and energy harvesting have recently been attracting increased
attention. Superhydrophobic coatings and Janus structures
have introduced water repellency and contamination resistance
into cooling surfaces.””~>” PTFE-based porous materials and
triboelectric systems have further demonstrated the possibility
of coupling radiative cooling with droplet-induced electricity
generation.”®”” Adaptive photonic, phase-change, electro-
chromic, and humidity-responsive systems further enable
dynamic thermal regulation.””~*' Recent advances have further
extended radiative thermal management toward dynamic and
all-season operation. Jung et al. used laser-induced pyrolysis of
PDMS to realize radiative-cooling and solar-heating states
within a single material, achieving a solar reflectance of 94.6%
and thermal emissivity of 99.2% in the cooling state, together
with approximately 94% solar absorption in the heating state.*”
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Figure 1. Concept and facile fabrication of multifunctional FLA-PRC. (A) Schematic of the FLA-PRC with integrated radiative cooling, self-
cleaning, and droplet energy-harvesting functions. (B) Comparison of the multifunctional performance of FLA-PRC with previously reported
passive radiative coolers. AT, denotes the temperature reduction relative to a blank/uncovered reference. NG indicates that the corresponding
quantitative value was not reported in the original study. (C) Programmable femtosecond-laser patterning. (D) Water contact and sliding angles.
(E) Droplet-induced pulsed voltage. (F) Charge-transfer and electrostatic-induction mechanism during droplet sliding. (G) Schematic of the laser
fabrication process. (H) SEM images of laser-processed PTFE with flat-topped micro-pyramid arrays (scale bars = 20 gm). (I) Confocal image and

height profile.

Jin et al. developed an electrochemically driven device based
on reversible metal electrodeposition, enabling in situ switch-
ing between solar heating and daytime radiative cooling with a
large solar absorptance modulation contrast of 0.82.** Liu et al.
integrated a Janus aerogel with phase-change materials to
achieve weather-adaptive cooling/heating regulation, demon-
strating a maximum subambient cooling of 142 °C and a
temperature rise of 14.9 °C in the respective operating
modes.” These studies highlight the rapid development of
radiative thermal management from static cooling toward
adaptive and all-season thermal regulation. However, these
strategies generally realize optical management, liquid control,
and electrical conversion through independent material
components or complex architectures. A unified interface
capable of simultaneously regulating photons, water, and
charge remains highly desirable for next-generation multifunc-
tional outdoor surfaces.

Here, we report a femtosecond-laser-engineered PTFE/Ag/
SiO, membrane (FLA-PRC) that integrates passive radiative
cooling, superhydrophobic self-cleaning, and droplet energy
harvesting within a single laser-defined interface. Femtosecond
laser scanning directly constructs ordered flat-topped micro-

pyramid arrays on PTFE without masks, templates, fillers, or
chemical etching. The resulting hierarchical fluoropolymer
interface provides coupled control over solar scattering, mid-
infrared radiation out-coupling, air trapping, and droplet
contact—separation. A backside Ag layer simultaneously serves
as a broadband solar reflector and an electrostatic induction
electrode, while a thin SiO, coating protects the metal layer
during outdoor operation. By combining optical measurements
with simulations, this work reveals the structure—function
relationship of laser-generated micro/nanostructures for
integrated outdoor thermal and energy management.

Inspired by the light-management function of Saharan silver-
ant hairs,”’ orthogonal femtosecond-laser scanning directly
writes periodic flat-topped micro-pyramids without masks,
templates, particle fillers, or chemical etching (Figure 1A—G).
PTFE was selected because its C—F bonds provide intrinsic
mid-infrared absorption, while its low surface energy, chemical
stability, and triboelectric tendency support water repellency
and contact electrification.*>*” The Ag backing has two roles:
it returns transmitted solar radiation to the structured polymer
and acts as the electrostatic induction electrode beneath the
PTFE dielectric. The thin SiO, layer protects Ag during
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Figure 2. Study of structure—photon interaction across dual-band spectrum. (A) Reflectance spectra of pristine PTFE and FLA-PRC from 0.3 to 20
um. (B) Mid-infrared emissivity calculated using Kirchhoff’s law. (C) Partially laser-processed PTFE showing the transition from semitransparent
to white and opaque. (D) Optical-regulation mechanism. (E) Laser-pointer demonstration of diffuse scattering. (F) FTIR spectra of pristine PTFE,
laser-processed PTFE, and FLA-PRC. FDTD-simulated electric-field distributions at (G) 0.5 gm and (H) 10 gm. (I) FDTD-simulated angular

reflectance within the 8—13 ym atmospheric window.

environmental exposure. Consequently, the same interface
enables solar scattering, IR emission, air trapping, droplet
shedding, and charge separation. The low sliding angle and
pulsed voltage shown in Figure 1D,E preview these coupled
wetting and electrical responses. Unlike previously reported
laser-processed PTFE coolers that primarily exploit surface
morphology for optical regulation and water repellency, FLA-
PRC further couples droplet electricity generation to the same
interface through the dual-function Ag layer. Figure 1B
therefore compares the breadth of integrated functions rather
than claiming superiority in every individual performance
metric.””* 7> Because the optical, wetting, and electrical
processes share the same front morphology, changing the laser
geometry can in principle tune several responses simulta-
neously, making the structure—property relationship central to
the device rather than incidental to fabrication.

Figure 1G schematically illustrates the deterministic femto-
second-laser fabrication strategy used to construct the
hierarchical PTFE surface. Orthogonal laser scanning generates
ordered flat-topped micro-pyramid arrays through controlled
ablation. This deterministic pathway differs from stochastic
pore formation or particle aggregation and allows the surface
geometry to be programmed directly by the laser scan
trajectory. The complete fabrication sequence of FLA-PRC,
including orthogonal laser processing, backside Ag deposition,

Cu-electrode connection, and SiO, encapsulation, is provided
in Figure S1. SEM and confocal microscopy further character-
ize the resulting surface geometry, revealing a top width of
approximately 20 pum, a bottom width and period of
approximately 30 pm, and a height of approximately 20 pm
(Figure 1H,I). Compared with the relatively smooth pristine
PTFE surface (Figure SSA), the laser-processed PTFE exhibits
abundant secondary micro/nanostructures, including coral-like
asperities ranging from several hundred nanometers to several
micrometers on the flat tops and inclined sidewalls (Figure
SSB), generating pronounced hierarchical roughness. The
primary geometry regulates optical scattering and air trapping,
while secondary roughness enhances diffuse scattering and
reduces solid—liquid contact. EDS analysis further confirms
that laser processing does not introduce significant elemental
changes, with pristine and laser-processed PTFE exhibiting
similar C, F, and O compositions (Figure S3). Together with
the FTIR analysis below, this result indicates that the altered
optical and wetting behavior is governed mainly by
morphology rather than detectable chemical restructuring.
Programmable patterns and an 8 X 8 cm membrane (from four
4 X 4 cm units) demonstrate scalability (Figure 1C, Figure S2).

The hierarchical PTFE/Ag architecture simultaneously
regulates solar input and thermal-radiation output (Figure 2).
Weighted integration of the measured spectra gives an average
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Figure 3. Hydrodynamics of diverse drops on FLA-PRC surface. (A) High-speed images of droplet impact and pancake-like rebound. (B)
Adhesion-force comparison. (C) Repellency toward different liquids and spatially patterned dyed water. (D) Contact and sliding angles. (E, F)

Removal of chalk dust by simulated rainwater.

solar reflectance of 24% for pristine PTFE and 91% for FLA-
PRC over 0.3—2.5 pm, while the average emissivity in the 8—
13 pm atmospheric window increases from 71% to 96%
(Figure 2A,B). Laser processing alone raises the solar
reflectance to 37% (Figure S4A), confirming that the textured
polymer contributes to optical whitening but is insufficient to
suppress solar transmission. The mid-infrared emissivity
comparison further indicates that both the hierarchical surface
morphology and Ag backing contribute to the enhanced
atmospheric-window emission, with the laser-induced mor-
phology playing the dominant role (Figure S4B). The Ag
backing provides an additional enhancement by reflecting
unabsorbed mid-infrared radiation back into the PTFEE layer,
thereby increasing the effective optical path for absorption.
This division of function explains why the complete membrane
combines a high solar reflectance with strong thermal emission.
The transition from semitransparent pristine PTFE to a white
and opaque processed region, together with the blurred green-
laser image, directly visualizes the change from predominantly
transmitted light to broadband diffuse scattering (Figure
2C,E). The measured 91% reflectance is produced by this
cooperative architecture rather than by PTFE texture or Ag
alone; the control comparison is important because it prevents
the optical gain from being assigned solely to laser-induced
roughness.

The solar and mid-infrared responses arise from related
structural features but different wavelength-scale interactions.
At solar wavelengths, the flat tops and inclined facets redirect
incident light, while the secondary protrusions randomize
propagation and suppress a specular transmission pathway.

Light that enters the 100 ym PTFE layer is reflected by the
150 nm Ag backing and traverses the scattering region again,
producing a combined scattering/back-reflection mechanism
that reduces solar heat gain (Figure 2D). In the mid-infrared,
the hierarchical air/PTFE interface reduces the abrupt
refractive-index transition relative to a smooth film. The
inclined sidewalls and rough texture introduce multiple
reflection and scattering paths, extending the effective
interaction length inside PTFE and increasing coupling to
intrinsic C—F vibrational absorption. The Ag backing reflects
unabsorbed infrared radiation back into the polymer, enabling
secondary interaction rather than transmission. Because the
PTFE/Ag membrane is optically opaque in this region, its
absorptance is approximately 1 — R; according to KirchhofF’s
law, the reduced mid-infrared reflectance therefore corre-
sponds directly to enhanced emissivity (Figure $6).
Importantly, Ag does not simply improve solar reflection at
the expense of emission, because the infrared-active PTFE
remains on the radiation-facing side and absorbs the field
before it reaches or after it is returned by the metal reflector.

FTIR spectra provide evidence that this enhancement is
structural rather than chemical. Pristine PTFE, laser-processed
PTFE, and complete FLA-PRC retain the characteristic CF,
stretching bands near 1200 and 1145 cm™" and the fingerprint-
region features near 640/620 and 550/500 cm™', without
noticeable shifts or new bands between 4000 and 1400 cm™!
(Figure 2F). Laser processing and subsequent Ag/SiO,
deposition therefore do not introduce detectable oxygen-
containing or hydrocarbon-related groups. FDTD simulations
based on the measured PTFE optical constants (Figure S7)
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Figure 4. Theoretical calculations of cooling performance for on-site FLA-PRC. (A) Outdoor temperature-measurement setup. (B) Temperature
profiles of the glass-covered, air-reference, pristine-PTFE-covered, and FLA-PRC-covered chambers under solar irradiation. (C) Calculated net
cooling power as a function of temperature difference under different nonradiative heat-transfer coefficients. (D) EnergyPlus-simulated summer
cooling energy consumption for glass and FLA-PRC envelopes. (E) Global distribution of projected energy-saving potential.

and the experimentally determined primary geometry further
resolve the wavelength dependence. At 0.5 yum, the electric
field is concentrated near the pyramid tops and is weakened
along the inclined sidewalls, consistent with strong redis-
tribution and outward scattering of incident solar radiation
(Figure 2G). At 10 pm, the field couples across the entire
micro-pyramid and intensifies near the sidewalls and upper
region, indicating stronger infrared penetration and light—
matter interaction rather than simple reflection from the
surface (Figure 2H). The model captures the contribution of
the periodic primary geometry, whereas the unresolved
secondary roughness is expected to provide additional diffuse
scattering and localized trapping. Simulated angular spectra
remain at low reflectance over most incident angles in the
atmospheric window, with only a modest increase at large
angles and long wavelengths (Figure 2I). This angular
tolerance is important because a building surface exchanges
radiation with a broad sky hemisphere rather than at a single
normal direction. The retention of the PTFE vibrational
spectrum also excludes a competing explanation based on
laser-induced oxidation. Consequently, the experimental
spectra, field distributions, and angular response consistently

identify geometry-mediated coupling as the dominant origin of
the emission enhancement.

The same multiscale morphology establishes a low-adhesion
Cassie—Baxter state (Figure S9) and protects optical perform-
ance from liquid retention and particulate contamination
(Figure 3). A 10 uL water droplet released from 15 mm onto
laser-processed PTFE spreads, retracts, and rebounds three
times within 300 ms without evident pinning, whereas a
droplet on pristine PTFE shows damped deformation and no
rebound (Figure 3A, Figure S8, and Movie S1). The contrast
indicates that air remains trapped beneath the droplet on the
laser-processed surface, reducing real contact and energy
dissipation. Water, milk, coffee, ethylene glycol, and glycerol
retain nearly spherical profiles, and laser-written star and fish
patterns selectively repel dyed water while the surrounding
pristine region wets more strongly (Figure 3B). Thus, the
wetting response originates from the locally programmed
texture rather than an additional low-surface-energy coating.
The water contact angle exceeds 150° and the sliding angle is
approximately 3° (Figure 3C and Movie S2). Adhesion-force
measurements decrease from 0.65 mN on glass and 0.55 mN
on pristine PTFE to 0.25 mN on FLA-PRC (Figure 3D and
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Figure S10). The micro-pyramid tops restrict the contact area,
while the hierarchical asperities fragment the three-phase
contact line, accounting for the low retention force. Under
simulated rain, chalk dust remains largely on pristine PTFE,
whereas rolling droplets efliciently collect and remove the
contaminants from the laser-processed FLA-PRC surface
(Figure 3E,F and Movie S3), directly demonstrating the self-
cleaning capability imparted by the laser-induced hierarchical
morphology. This behavior is functionally linked to the other
responses: rapid water shedding prevents a persistent film from
modifying solar and mid-infrared transport, and fast contact—
separation reduces charge neutralization during repeated
droplet electricity generation. This coupling distinguishes
self-cleaning from a decorative add-on: the same reduced
adhesion that removes contaminants also controls the duration
and reversibility of liquid contact, directly affecting both
radiative exposure and electrical cycling.

Outdoor measurements translate the spectral selectivity into
cooling performance (Figure 4). The samples were mounted
on thermally insulated chambers that limited parasitic heat
exchange while allowing the upper surface to view the sky
(Figure 4A and Figure S11). Under direct solar irradiation, the
FLA-PRC-covered chamber remains cooler than chambers
covered by glass or pristine PTFE and reaches a maximum
temperature reduction of approximately 10 °C, relative to the
air-reference chamber (Figure 4B). Glass admits solar radiation
and promotes internal heating, whereas pristine PTFE emits in
the mid-infrared but remains partly transparent and provides
weak solar scattering. FLA-PRC combines the complementary
contributions identified spectroscopically: the laser-induced

hierarchy redirects sunlight, Ag returns transmitted light, and
the front PTFE layer retains high atmospheric-window
emissivity. The temperature comparison therefore reflects
simultaneous control of radiative heat input and output rather
than simple shading. Although the measured temperature is
influenced by weather and the chamber heat-transfer
coefficient, the consistent separation among the reference
surfaces supports the material-level optical interpretation. The
air-reference comparison is stated explicitly because it avoids
interpreting the 10 °C value as a universal subambient
temperature under all climates; it represents the maximum
separation measured in the specific outdoor chamber test.

A heat-balance analysis further quantifies the cooling
capability by accounting for emitted thermal radiation,
atmospheric back radiation, absorbed sunlight, and non-
radiative convection/conduction (Figure 4C and Note S1).
At an ambient temperature of 300 K, a solar irradiance of 1000
Wm™2 and AT = T,,;, — T, = 0 K, the calculated daytime net
cooling power density is approximately 32 W m™>. Positive
power at AT = 0 K means that the surface has a
thermodynamic driving force to cool before becoming colder
than its surroundings. Under nighttime conditions at 288 K
and zero solar input, the corresponding value increases to
approximately 104 W m™> (Figure S12), primarily because
solar absorption is absent. These calculations do not replace
direct calorimetry and depend on the assumed nonradiative
coeflicient, but they connect the measured spectrum with the
expected energy balance and show why the membrane can
maintain net heat rejection under both daytime and nighttime
conditions.
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To evaluate the building-scale consequence of this optical
response, idealized EnergyPlus simulations compared enve-
lopes assigned the measured FLA-PRC properties with
conventional glass (Figure 4D,E). The building model and
detailed optical, construction, and operating parameters are
provided in Figure S13 and Table S1 and S3. Across the
selected Koppen climate zones, the projected summer cooling-
energy reduction ranges from 21.2% to 38.6%. The largest
absolute saving is approximately 4180 MJ in the Temperate
Continental Climate (Dsb), whereas the highest relative
reduction, approximately 38.6%, occurs in the Warm Summer
Continental Monsoon Climate (Dwb). The climate depend-
ence reflects differences in incident solar load, ambient
temperature, and baseline cooling demand: a location with
high consumption can provide a large absolute saving, whereas
a lower baseline can yield a larger percentage reduction. These
simulations do not represent full-year building performance or
installation economics. Instead, under the specified envelope
and ideal-load assumptions, they translate the measured solar
reflectance and thermal emissivity into a consistent applica-
tion-level estimate of summer cooling demand (Table S2).

FLA-PRC also converts droplet motion into pulsed electrical
output through contact electrification and electrostatic
induction (Figure S). When water contacts PTFE, electrons
are transferred to and retained on the fluoropolymer surface.
The resulting negative surface charge induces positive charge
in the adjacent Ag electrode through the PTFE dielectric. As
the droplet spreads, slides, and leaves the charged region, the
interfacial electric field and induced charge distribution change,
driving electron redistribution through the external circuit and
generating alternating pulses (Figure 1F). The Ag backing thus
participates in both radiative cooling and electrical conversion
rather than acting as an independently attached generator. The
laser-written wetting state is equally important: sufficient
liquid—solid contact is required for electrification, but low
adhesion and rapid separation limit residual water and preserve
the charge gradient for subsequent droplets. Accordingly, the
electrical output is governed by the coupled evolution of
contact area, sliding velocity, and separation time rather than
by surface charge alone. The contact electrode on the water-
facing side completes the circuit, whereas the buried Ag layer
senses the changing field without obstructing droplet motion
or the radiative surface.

A falling water droplet produces an open-circuit voltage of
220 V, a short-circuit current of 89 uA, and a transferred
charge of 74 nC (Figure SB,C and Figure S14). The load-
dependent response exhibits impedance matching, with an
areal power density of 3.24 W m™ at 1 MQ (Figure SD). After
bridge rectification, one tap-water droplet intermittently
illuminates up to 80 LEDs, while repeated pulses charge a
capacitor that subsequently powers a small timer (Figure
SAEF and Movies S4 and SS). These demonstrations
establish pulse rectification and storage rather than continuous
high-power operation. The voltage rises as the falling height
increases from 20 to 60 cm (Figure S15), consistent with
greater gravitational input and impact deformation. Using the
droplet gravitational potential energy and pulse-resolved
electrical output, the conversion efficiency is estimated to be
17.9% (Note S2). The inclination dependence further reveals
an interfacial optimum (Figure SG): at a small angle, slow
motion produces incomplete spatial separation of charge,
whereas at a large angle the short contact time limits
electrification; an intermediate angle balances contact and

separation and yields the maximum voltage. Stable pulsed
output over 10000 s indicates tolerance to repeated sliding
(Figure SH). Rainfall can temporarily weaken radiative cooling
by blocking sky exposure or wetting the surface, but it
simultaneously supplies mechanical energy. The two functions
therefore respond complementarily to weather rather than
operating as unrelated demonstrations. The combination of
stable cycling, load matching, and stored-energy demonstra-
tions is more informative than the high open-circuit voltage
alone, because it verifies charge transfer under repeated
operation and shows how the pulsed output can be
conditioned for use.

In summary, we demonstrate a femtosecond-laser-engi-
neered PTFE/Ag/SiO, interface integrating radiative cooling,
self-cleaning, and droplet energy harvesting within a single
architecture. The laser-generated flat-topped micropyramids
and secondary micro/nanostructures establish a hierarchical
optical and wetting interface. By combining spectral character-
ization with FDTD simulations, we clarify how the laser-
induced morphology regulates solar scattering, infrared optical
coupling, and radiative emission. Meanwhile, the super-
hydrophobic interface facilitates rapid droplet motion and
charge separation, while the Ag layer provides dual functions of
solar reflection and electrostatic induction. These findings
demonstrate that laser-defined hierarchical interfaces can
couple photon management, liquid dynamics, and charge
transport, offering a general strategy for multifunctional
outdoor energy- and thermal-management surfaces.
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