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ARTICLE INFO ABSTRACT

Keywords: Passive daytime radiative cooling (PDRC) dissipates heat by emitting infrared radiation through the atmospheric
Radiative cooling transparency window (8-13 pm), enabling sub-ambient temperatures under direct sunlight without energy input.
Polymer

Polydimethylsiloxane (PDMS) is widely used in PDRC because it combines high emissivity in the 8-13 pm range
with high transmittance (low absorption) in the solar spectrum (0.3-2.5 pm), while also being easy to fabricate.
This study presents a systematic investigation of flat PDMS-based PDRC materials with thicknesses from around
1 pm to around 1000 pm deposited on either highly-transparent fused silica substrates or highly-reflective
commercial sunlight reflector substrates. These configurations target applications such as cooling for trans-
parent roofs and outdoor electronic enclosures. For a 58-pm-thick PDMS layer on silica, the sample shows a solar
spectrum transmittance of 92.8%, absorption of 1.1%, and an emissivity of 94.4% in the 8-13 pm range, resulting
in a net cooling power of 78.5 W/m?. For this transparent configuration, the cooling power remains nearly
unchanged for PDMS thicknesses from 1.7 pm to 121 pm, indicating a broad thickness tolerance for practical
fabrication. For the PDMS-coated sunlight reflector sample with 60-pm-thick PDMS thickness, the absorption
reaches 6.2%, which reduces the net cooling power to only 17.5 W/m? For this reflective configuration, an
optimal PDMS thickness of around 60 pm is identified, but the cooling performance is strongly limited by the
increased solar absorption of the reflector-based structure. This work highlights the potential of PDMS-based
transparent and reflective materials for simple and scalable PDRC systems, while clarifying the influence of
thickness and substrate choice on their cooling performance.

Solar reflector

1. Introduction

The demand for sustainable cooling technologies continues to rise
due to increasing global temperatures and the growing energy con-
sumption associated with active cooling. Passive daytime radiative
cooling (PDRC) has emerged as a promising strategy to reduce cooling
loads with no additional electricity or thermal energy consumption
[1-3]. PDRC relies on releasing heat from a surface into the cold outer
space at around 3 K [4]. Any object above absolute zero emits thermal
radiation, and the effectiveness to act as a PDRC depends on transferring
this thermal radiation through the atmosphere while, at the same time,
minimizing solar absorption. Although the atmosphere is highly
absorptive at most infrared wavelengths, it exhibits a relative trans-
parency window between 8 and 13 pm that enables thermal radiation to
escape. PDRC materials require high emissivity within this window and
low absorption in the solar spectrum (0.3-2.5 pm) to achieve sub-
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ambient cooling under sunlight.

Two general categories of PDRC materials exist [5-7]. Broadband
emitters exhibit high emissivity across a wide mid-infrared range (5-25
pm), covering the atmospheric window. Selective emitters exhibit high
emissivity primarily within the 8-13 pm window and low emissivity
elsewhere. Both approaches enable sub-ambient cooling. Broadband
materials tend to generate higher cooling power near ambient temper-
atures, while selective emitters can reach lower equilibrium tempera-
tures due to reduced absorption of background thermal radiation.
Several material developments mark milestones in the evolution of
PDRC technology [5,7-10]. Early high-performance devices used
multilayer hafnium dioxide and silicon dioxide nanophotonic stacks
backed by silver reflectors [11] Scalable alternatives followed, including
polymer composites with silica microspheres, porous polymer mem-
branes with strong solar backscattering [12] and, more recently, porous
ceramic structures with enhanced outdoor stability [13] Alongside these
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rapid advances, there has also been growing interest in simple and low
cost PDRC materials. Among these, polydimethylsiloxane (PDMS)
[14-16] has received significant attention. PDMS exhibits strong
intrinsic vibrational absorption within the 8-13 pm atmospheric win-
dow, enabling efficient thermal emission, while remaining highly
transparent to solar radiation. It is flexible, chemically stable, resistant
to ultraviolet (UV) radiation, and compatible with scalable fabrication
methods such as solution casting, spin coating, blade coating, and
molding. Even without additional micro- or nano-structuring, flat PDMS
films have demonstrated effective daytime cooling [15,17,18]. For
example, a 100 pm PDMS film on a silver reflector (120 nm-thick silver
coating) can achieve approximately 8 °C sub-ambient cooling [18].
Herrmann et al. systematically investigated the PDRC performance of
PDMS films deposited on silver reflectors with a 100 nm-thick silver
coating, using PDMS thicknesses ranging from 712 nm to 2.35 mm'°.
Their results showed that the cooling performance reached a maximum
at a PDMS thickness of approximately 88 pm, demonstrating that the
optical thickness of the PDMS layer plays a critical role in balancing
solar absorption and mid-infrared emission. This finding highlights the
necessity of optimizing the PDMS layer thickness rather than simply
increasing it to enhance emissivity. Zhou et al. reported a configuration
in which a 150-pm-thick PDMS film was coated on a pure aluminium foil
substrate [15]. Although aluminium foil offers a lower cost compared to
silver coated reflectors, its higher solar absorption reduces the achiev-
able daytime cooling performance. Therefore, solar shading was rec-
ommended in that work to suppress direct solar heating and improve the
net cooling effect.

Despite these advantages, the performance of PDMS-based layers
strongly depends on the choice of substrate. Previous studies have suc-
cessfully demonstrated that metallic reflectors, such as sputtered silver/
aluminium reflectors, can provide high solar reflectance and support
efficient radiative cooling. However, the performance of PDMS-based
PDRC layers on several practically-relevant commercial substrates re-
mains insufficiently understood. For example, commercial sunlight re-
flectors are readily available and can be directly used as reflective
substrates, while offering a balance among cost, durability, large-area
scalability, and high solar reflectance. These attributes make them
attractive candidates for large-scale and rapid deployment of reflective
PDRC systems; however, their compatibility with PDMS coatings for
efficient daytime radiative cooling has not been systematically evalu-
ated. More importantly, highly transparent substrates that allow sun-
light to pass through, rather than reject it, present opportunities for
hybrid solar utilization, where radiative cooling can be combined with
downstream use of transmitted sunlight, such as photovoltaic electricity
generation [19], solar-thermal collection, daylighting [14], or photo-
synthesis [14,20]. However, their impact on the overall cooling per-
formance of PDMS-based transparent PDRC systems has not been clearly
quantified.

In this study, we conduct a comprehensive evaluation of flat PDMS
films as simple PDRC materials on two types of different substrates.
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PDMS layers with thicknesses of 1.7 pm, 8.3 pm, 58 pm, 121 pm, 317
pm, and 1042 pm were coated onto highly-transparent polished, fused
silica wafers, relevant for hybrid solar utilization and PDRC. PDMS
layers with thicknesses of 1.8 ym, 8.4 pm, 60 pm, 116 pm, 550 pm, 1002
pm were coated on the highly-reflective commercial sunlight reflectors,
relevant for solely cooling applications. We further examine the effect of
different mixing ratios of PDMS base to curing agent on optical prop-
erties. Measured transmittance, reflectance, and emissivity spectra are
used to calculate the cooling power of each configuration. The study
provides a systematic dataset and physical insight for the design and
optimization of PDMS based PDRC materials.

2. Methodology

We investigated two types of PDMS based PDRC materials, as illus-
trated in Fig. 1. In both configurations, the upper layer consists of a flat
PDMS film, while the underlying substrate is either a highly-transparent
silica wafer (Fig. 1a) or a highly-reflective commercial sunlight re-
flectors (Fig. 1b). Both sample types aim at exhibiting strong thermal
emission in the 8-13 pm atmospheric window, which is essential for
passive radiative cooling. The transparent configuration (Fig. 1a) allows
the incident sunlight to pass through the PDMS layer and the silica
substrate. This enables additional functionalities such as daylighting or
integration with photovoltaic or hybrid solar systems, where trans-
mitted solar radiation can be utilized downstream. In contrast, the
reflective configuration (Fig. 1b) uses a sunlight reflector that reflects
nearly all incident sunlight. This design is intended solely for PDRC, as
the sunlight reflector prevents solar transmission and promotes a high
solar reflectance, which helps reduce solar heating [21]. These two
configurations allow us to systematically compare how the substrate,
together with PDMS thickness, affects the optical response and cooling
performance of simple PDMS based radiative cooling materials.

2.1. Experimental method

Fig. 2 illustrates the fabrication procedure for the PDMS based PDRC
samples. First, the PDMS base and curing agent (Sylgard 184, Sigma
Aldrich) [22,23] were mixed at a weight ratio of 10:1 in a clean beaker
and stirred for 1 min. In the second step, the mixture was degassed in a
vacuum oven at room temperature (Thermo Scientific VT 6060 M). The
oven was initially operated in vacuum mode, during which air bubbles
formed and rose through the liquid. After the bubbles reached the sur-
face, the vacuum pump was switched off while maintaining the vacuum
environment until all trapped bubbles were removed. This degassing
step typically required 12-15 min (depending on the amount of PDMS)
and was necessary to prevent optical scattering or defects in the cured
PDMS film. Degassing removes trapped air bubbles from the PDMS base/
curing-agent mixture before coating and curing. Since this study focuses
on the PDRC performance of pure PDMS coatings without micro-pores
on different substrates, removing air bubbles is necessary to avoid
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Fig. 1. Diagram of PDMS-based PDRC materials. (a) High-transparent PDRC materials by coating PDMS on a silica substrate, and (b) High-reflective PDRC materials

by coating PDMS on a commercial sunlight reflector.
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Fig. 2. Schematic illustration of fabrication process of PDMS-based PDRC materials. The PDMS is coated on a substrate via spin coating, blade coating, depending on

the thickness.

unintended voids and optical scattering in the cured PDMS layer. In the
third step, the degassed PDMS solution was coated onto the two types of
substrates: highly-transparent 500 pm-thick fused silica wafers (Wafer
Universe) and highly-reflective commercial sunlight reflectors (MIRO-
High-Reflective-95, Alanod GmbH, Germany). The commercial sunlight
reflector consists of a 300 pm-thick aluminium substrate that provides
mechanical support, a 56 pm-thick silver layer serving as the primary
reflective component, and an approximately 700 nm-thick TiO coating
on the surface to protect the underlying silver layer [24]. The PDMS
coating area for all samples in this study was 2 cm x 2 cm. Different
coating techniques were used depending on the target film thickness.
Spin coating was used to prepare thin and uniform films (<10 pm), blade
coating was used for intermediate thicknesses (>50 pm), and mould
casting was used for thick PDMS layers (>500 pm). These fabrication
methods influence the final film thickness and uniformity, which in turn
affect the optical path length, solar absorption, mid-infrared emissivity,
and radiative cooling performance of the PDMS-based PDRC materials.
Therefore, spin coating was applied to produce thin films of 1.7 pm and
8.3 pm. Blade coating was used for intermediate thicknesses of around
60 pm and around 120 pm. For the thickest samples (around 1000 pm),
the PDMS mixture was deposited in a mould with the corresponding
thickness and then use the blade to smoothen the surface. After coating,
all samples were thermally cured at 110 °C for 10 min to complete
crosslinking.

The optical properties were measured across the solar and mid
infrared ranges. Reflection and transmission spectra from 300 to 2500
nm were obtained using a ultraviolet-visible-near infrared (UV-Vis-NIR)
spectrophotometer (Agilent Cary 7000) equipped with an integrating
sphere that collects both specular and diffuse components. The mid-
infrared emissivity was measured using a Fourier transform infrared
spectrometer (Bruker Vertex 70) coupled with an A562 integrating
sphere coated with gold to provide a highly reflective surface in the
infrared region.

2.2. Numerical method

In this study, we use the same numerical model as Raman et al.
[11,25,26] to evaluate the radiative cooling performance of the PDMS
based materials. The net cooling power of a PDRC surface is determined
by the balance among several radiative and non-radiative heat exchange
processes. The material emits thermal radiation (Pr.q), while it also

absorbs part of the incoming radiation from the sun (Pg,) and from the
atmosphere (Pym). In addition, the non-radiative heat transfer from the
surrounding air (P.on) must also be considered, as it accounts for both
conductive and convective heat exchange with the ambient environ-
ment. Therefore, the overall net cooling power (P¢o01) can be expressed
as the difference between the emitted flux and the absorbed fluxes [11]:

_Pcon (1)

If the angular distribution of emission is considered, P,q is calculated
27
as”’:

e [ [

In most spectral and directional analyses, azimuthal dependence is
assumed to be uniform. This allows the azimuthal integral to be
simplified to a factor of 2, giving [11]:

e .

Here, 6 is the polar angle, &.(4,0) is the spectral emissivity of the
PDRC material, and Iyp(4,Tr.) is the blackbody spectral radiance at
temperature Ty.. The function I, is defined by Planck's law [11]:
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where h is Planck's constant, c is the speed of light, and kg is the Boltz-
mann constant.

The absorbed solar radiation Py, is calculated over the wavelength
range of 0.3-2.5 pm, corresponding to the air mass 1.5 global (AM1.5G)
solar spectrum. I;(A) is the solar irradiance, and &..(\,05,n) is the spectral
absorptance of the material at the solar incidence angle. In this work,
normal incidence is assumed (6 = 0) [11]:

2.5 ym
Psun = / Is (X)Erc (ﬁu 6‘sun)(U~ (5)
0.3 ym

The atmospheric thermal radiation absorbed by the surface, Py, is
given by?’
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where T, is the ambient temperature. The atmospheric emissivity
€atm(,0) is calculated from the atmospheric transmittance 7aym(A) as?’;

€am(4,0) = 1 — Tam () "/« %)

The transmittance spectrum 7, (1) used in this study is based on the
US Standard Atmosphere model. Non-radiative heat transfer between
the ambient air and the PDRC surface consists of convection and con-
duction, represented by P.p. It is expressed as?’;

Peon = hc(Ta - Trc) ®

where h¢ is the convective heat transfer coefficient and we use 5 W/m?/
K in this study. It should be noted that the present numerical model does
not involve fluid flow. Instead, it is based on an energy balance for
radiative cooling, which accounts for thermal radiation emitted by the
PDRC surface, absorbed solar radiation, absorbed atmospheric radia-
tion, and non-radiative heat exchange with the ambient environment.
Therefore, fluid-flow governing equations, such as vector-form mo-
mentum equations, are not applicable to this study.

3. Results and discussion

3.1. Optical properties of base materials of silica, sunlight reflector and
PDMS

To evaluate the optical and radiative behaviour of the double-layer
PDRC materials shown in Fig. 1, the optical properties of the base ma-
terials, namely silica wafter, sunlight reflector, and PDMS, were first
characterized. In addition, the intrinsic optical properties of PDMS were
examined by measuring a freestanding 60-pm-thick PDMS film without
any substrate. This baseline characterization is essential for under-
standing the individual optical contributions of each layer and for
interpreting the performance of the combined PDMS based PDRC
structures.

The silica wafer exhibits a high and spectrally uniform transmittance
across the solar spectrum from 0.3 to 2.5 pm, as shown in Fig. 3(a),
indicating minimal solar absorption loss. In the mid-infrared region,
particularly within the 8 to 13 pm atmospheric transparency window,
the silica wafer shows a valley in absorption. This characteristic implies
that, while silica is advantageous for solar transmission, additional effort
is needed to improve the absorption in the mid-infrared region for PDRC.

The commercial sunlight reflector demonstrates a high reflectance
throughout the solar spectrum, as shown in Fig. 3(b), which is beneficial
for suppressing solar heating in reflective PDRC configurations. The
sunlight reflector absorbs a part of the UV spectrum (<400 nm). In the
mid-infrared range, the sunlight reflector maintains very low emissivity,
or equivalently very high reflectance, consistent with the expected op-
tical behaviour of metallic reflectors. As a result, the sunlight reflector
itself contributes negligibly to thermal radiation and primarily serves as
an optical backing layer that reflects incident radiation back into the
overlying PDMS layer, thereby modifying the effective optical path
length and emission characteristics of the coating.

Fig. 3(c) presents the measured spectral properties of a 60-pm-thick
freestanding PDMS film. PDMS shows high transmittance across the
solar spectrum, confirming its suitability for minimizing solar absorp-
tion. In contrast, pronounced absorption bands are observed in the mid-
infrared region, particularly within and beyond the 8 to 13 pm atmo-
spheric window. These absorption features originate from vibrational
modes of the Si—O-Si backbone and the Si-CH3 groups (more details will
be provided in the next section), and they directly correspond to strong
thermal emission according to Kirchhoff's law. This combination of low
solar absorption and high mid-infrared emissivity highlights PDMS as an
intrinsically suitable material for passive daytime radiative cooling
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Fig. 3. Transmittance (T), reflectance (R) and absorption (A or E) of different
base materials. (a) 0.5-mm-thick silica wafer, (b) commercial sunlight reflector,
(c) 60-pm-thick PDMS film.

applications.

3.2. High-transparent PDMS-based PDRC materials

3.2.1. Optical properties of a highly-transparent sample with 58-um-
thickness PDMS coating

We first analyze the optical properties of the high transparent PDMS
based PDRC sample with a 58 pm-thick PDMS coating, as shown in Fig. 4
(a). As expected, the sample appears visibly transparent. Fig. 4(b) pre-
sents the measured transmittance (T), reflectance (R), and absorption (A
or E) spectra of the sample over the wavelength range of 0.3-16 pm. The
region from 0.3 to 2.5 pm corresponds to the solar spectrum, while the
range from 8 to 13 pm represents the atmospheric transparency window
relevant to radiative cooling. The sample exhibits a high transmittance
of 92.8% and a low absorption of 1.1% in the solar spectrum, which
helps minimize solar heating. In the mid infrared range, the sample
shows a strong emissivity of 94.4% within the 8-13 pm atmospheric
window, which is essential for achieving effective PDRC while allowing
sunlight to pass through for potential downstream solar utilization.

This combination of high solar transmittance, low solar absorption,
and high mid-infrared emissivity is particularly important for trans-
parent PDRC applications. The high solar transmittance allows most
incident sunlight to pass through the PDMS/silica sample, while the low
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Fig. 4. Animage and optical properties of high-transparent PDMS-based PDRC samples. (a) Optical image of a 58 pm-thick PDMS film coated on a high-transparency
silica wafer. (b) Optical properties of a 58 pm-thick PDMS film sample, including transmittance, reflectance and absorption spectra.

solar absorption minimizes solar heating of the cooling surface. Mean-
while, the strong emissivity in the 8-13 pm atmospheric window enables
efficient thermal radiation to outer space. Together, these optical
properties allow the transparent PDMS-based PDRC sample to achieve
effective radiative cooling while simultaneously transmitting sunlight
for potential downstream solar energy utilization, such as such as
photovoltaic or photosynthesis [19,20].

As shown in Fig. 4(b), several distinct absorption peaks appear across
the infrared spectrum. To understand the origin of these peaks, it is
necessary to consider the molecular structure of PDMS. PDMS has the
repeating chemical structure [—Si(CH3); — O-1],, which contains
Si-O-Si backbone bonds, Si-CHj3 groups that include C—H bonds, and
CHj3 (methyl) side groups [27,28]. These functional groups generate
multiple characteristic vibrational modes, each associated with specific
infrared absorption wavelengths. Table 1 summarizes the main ab-
sorption features observed in the PDMS sample, including their wave-
lengths, vibration types, underlying mechanisms, and molecular origins
[29-33].

3.2.2. Impact of PDMS layer thickness on optical properties of high-
transparent PDMS-based PDRC materials

To investigate the impact of PDMS layer thickness on the optical
properties of the highly- transparent PDMS-based PDRC materials, six
samples with thicknesses of 1.7 ym, 8.3 ym, 58 pm, 121 pm, 317 pm, and
1042 pm were fabricated. Their measured optical spectra are shown in

Table 1
Summary of spectral absorption peaks in the PDMS, including wavelength, ab-
sorption type, vibrational mode/mechanism, and origin.

Wavelength Absorption type Vibration mode/Mechanism
(pm)
0.25-0.4 Electronic T — T*, n — n* electronic transitions in Si—O
’ ’ transition and C—H bonds
17 1st overtone C-H stretching overtone (v = 0 — 2), mainly
from CHa groups
s Combination band: C—H stretching + CHa
2.3 Combinat
ombination bending (Si-CHs deformation)
97 Fundamental O-H stretching from adsorbed Hz0 or Si-OH
groups
3.4 Fundamental C.—H stretching (symmetric/asymmetric) in
Si-CHs
i~C skeletal hi ith CHs def i
458 Fundamental Si Cs‘ eletal stretching with CHs deformation
coupling
Coupled Si—C stretching and CHs bending in
4.9 Fundamental PDMS network
75.85 Fundamental C‘Hs symmetric bending (in-plane rocking of
Si-CHs)
o1 Fundamental Si—O-Si asymmetric stretching in siloxane
network
98 Fundamental Si-O-Si symmetric stretching in siloxane
network
125 Fundamental Si-O ben('ilng (rocking) and network
deformation

Fig. 5(a)-(f). The corresponding average transmittance and absorptance
in the solar spectrum (0.3-2.5 pm), as well as the average emissivity in
the 8-13 pm range, are summarized in Fig. 5. Weak interference oscil-
lations can be observed in some spectra, such as in Fig. 5a for the 1.7 pm-
thick PDMS layer. These oscillations originate from thin-film interfer-
ence within the PDMS layer. Since the experimentally measured spectra
were directly used in the cooling-power calculation, the influence of
these interference features is already included in the spectral
integration.”

In the solar spectrum region (0.3-2.5 pm), all samples exhibit
consistently high transmittance, indicating that PDMS remains an
excellent solar transparent material even when its thickness varies over
three orders of magnitude. The absorption in the UV region (<400 nm)
is negligible for all thicknesses from 1.7 pm to 1042 pm, as PDMS has no
strong electronic absorption bands in this wavelength range. Several
small absorption peaks appear in the near infrared region between 1.1
and 2 pm, and these peaks become more pronounced with increasing
PDMS thickness due to the longer optical paths within the material. A
high transmittance and low absorptance are desired in this range to
minimize solar heating. As summarized in Fig. 6(a), increasing the
PDMS thickness from 1.7 pm to 1042 pm decreases the average trans-
mittance from 93.7% to 91.5%, while the average absorption increases
from nearly 0% to 2.3%. It is notable that the samples with thicknesses
of 1.7 pm, 8.3 pm, and 58 pm exhibit almost identical transmittance and
absorptance.

For the absorption (emissivity) in the 8-13 pm atmospheric window,
the sample with 1.7 pm PDMS shows a noticeable dip around 8 pm, as
seen in Fig. 6(b). This is due to insufficient optical thickness in the mid
infrared range, which prevents the intrinsic vibrational absorption
modes of PDMS from reaching their full emissive potential. When the
PDMS thickness increases to 8.3 pm, the emissivity improves signifi-
cantly, and as the thickness increases further to 58 pm and above, the
emissivity spectra become almost identical. As summarized in Fig. 6(b),
the average emissivity increases from 89.8% at 1.7 um to 94.2% at 1042
pm, with saturation occurring at 58 pm and beyond. A high emissivity in
the 8-13 pm range is essential for maximizing radiative cooling power,
and these results confirm that a PDMS thickness of at least 58 pm is
required for the emissivity to reach its full potential. Measurement un-
certainty of the spectrophotometer and FTIR was evaluated by per-
forming ten repeated measurements. The standard deviation of the
transmittance and emissivity measurements were estimated to be
+0.4% and + 0.1% (absolute value), respectively.

3.3. High-reflective PDMS-based PDRC materials

To investigate the impact of PDMS layer thickness on the optical
properties of the high reflective PDMS based PDRC materials, six sam-
ples with PDMS thicknesses of 1.8 pm, 8.4 pm, 60 pm, 116 pm, 550 pm,
and 1002 pm were fabricated. Their optical spectra are shown in Figs. 7
(a)—(f), and the corresponding average transmittance, absorptance in the
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Fig. 5. Transmittance (T), reflectance (R) and absorption (A or E) spectra of PDMS films with different thicknesses coated on a silica substrate. Optical spectra with
different PDMS thicknesses of (a) 1.7 pm, (b) 8.3 pm, (c) 58 pm, (d) 121 pm, (e) 317 pm, and (f) 1042 pm.
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Fig. 6. Spectral-weighted average transmittance, absorptance and emissivity of PDMS films with different thicknesses coated on a silica substrate. (a) Average
transmittance and absorptance of PDMS films with various thicknesses in the wavelength range of 0.3-2.5 pm. (b) Average emissivity of PDMS films with different
thicknesses in the wavelength range of 8-13 pm.

solar spectrum (0.3-2.5 pm), and average emissivity in the 8-13 pm In the solar spectrum range (0.3-2.5 pm), all samples exhibit high
range are summarized in Fig. 8. overall reflectance because the sunlight reflector reflects most of the
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incoming sunlight. All samples have UV absorption in <400 nm range
due to the commercial sunlight reflector absorbs a portion of the UV

spectrum. Several small absorption peaks appear between 1.1 pm and 2
pm, and these peaks become more pronounced as the PDMS thickness
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increases. Compared to the high transparent samples, the high reflective
samples display more significant absorption in the solar spectrum. This
increase originates from two physical mechanisms: i) silver has a higher
intrinsic absorption than silica in the solar spectrum; and ii) sunlight
entering the PDMS layer undergoes multiple reflections between the
PDMS film and the sunlight reflector substrate, effectively increasing the
optical path length inside the PDMS layer. This enhances the probability
of absorption, making even moderate PDMS thicknesses behave opti-
cally thicker in the near infrared region.

To minimize solar heating, high reflectance and low absorptance are
required in this spectral range. As summarized in Fig. 8(a), increasing
the PDMS thickness from 1.8 pm to 1002 pm reduces the average
reflectance from 94.0% to 90.3% and increases the average absorption
from 6.0% to 9.7%. These trends confirm that thicker PDMS layers
significantly increase solar absorption on reflective substrates.

For the absorption (emissivity) in the 8-13 pm atmospheric window,
the samples with thin PDMS layers (1.8 pm and 8.4 pm) exhibit selective
emission, meaning that the emissivity is high within the 8-13 pm win-
dow while remaining low in the rest of the mid infrared region, as shown
in Figs. 7(a) and (b). This selective emission occurs because the sunlight
reflector has very low absorption across the mid infrared range, so the
overall emission spectrum is dominated by the PDMS layer alone. In
contrast, in the high transparent samples with silica substrates, the silica
itself absorbs broadly in the mid infrared, so the selective emission
behaviour cannot be observed at similar PDMS thicknesses. When the
PDMS thickness increases to 60 pm, the emissivity increases substan-
tially, and for thicknesses above 60 pm, the emissivity spectra become
nearly identical. This indicates that beyond an optical thickness of 60
pm, the PDMS layer becomes thick enough that the emitted infrared
radiation is determined solely by intrinsic vibrational absorption modes
of PDMS, and further thickness no longer enhances emissivity. As
summarized in Fig. 8(b), the average emissivity increases from 62.7% at
1.8 pm to 94.0% at 1002 pm, with saturation occurring at 60 pm and
above. A high emissivity in the 8-13 pm atmospheric window is critical
for achieving strong PDRC performance. For a clear comparison of the
two types of samples with different PDMS thicknesses, the spectral-
weighted average optical properties are summarized in Fig. 9. Fig. 9
(a) shows the average transmittance, reflectance and absorptance in the
solar spectrum range, while Fig. 9(b) shows the average emissivity in the
8-13 pm atmospheric window.

Overall, for the high-reflective PDMS based PDRC samples,
increasing the PDMS thickness results in two competing effects: the solar
absorption increases significantly, leading to higher solar heating, while
the mid infrared emissivity also increases, enhancing radiative cooling.
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Therefore, an optimal optical thickness must exist to balance these ef-
fects. Identifying such a thickness is essential for designing PDMS based
PDRC systems on reflective substrates. We also checked the cross-
sectional Scanning Electron Microscopy (SEM) image of the PDMS-
coated substrate as shown in Fig. 10. The SEM image was taken for
the thin 8-pm-thick PDMS coating, because the performance of thin
coatings are more sensitive to potential interfacial defects and micro-
voids. The image shows that the PDMS coating forms a continuous
layer on the substrate, without obvious large voids, cracks, or interfacial
defects in the observed region. The absence of visible voids is also
consistent with the degassing step used during fabrication, which
removes trapped air bubbles before coating and curing. It should be
noted that the SEM image only shows a selected region of the sample,
because high magnification is required to clearly observe the coating
structure. For the rest of the sample area, the same degassed PDMS
mixture was used, and no visible bubbles were observed during prepa-
ration. The same coating method was also applied across the full sample
area, supporting similar coating structures. Moreover, the optical mea-
surements provide an area-averaged characterization of the samples.

3.4. Cooling power analysis of PDMS-based high-transparent and high-
reflective PDRC materials

Based on the previous analysis, the thickness of the PDMS layer in-
troduces a clear trade-off between solar absorption and thermal radia-
tion. Therefore, to determine the optimal PDMS thickness for PDRC
applications, it is necessary to simulate and calculate the net cooling
power for samples with different thicknesses. Figs. 11(a)-(d) presents
net cooling power of PDMS films with different thicknesses coated on

Fig. 10. Cross-sectional Scanning Electron Microscopy (SEM) image of the
PDMS-coated substrate. The image shows a continuous PDMS layer on the
substrate without obvious micro-voids, cracks, or interfacial defects in the
observed region.
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Fig. 9. Comparison of the transparent configuration (PDMS/silica) and the reflective configuration (PDMS/reflector). (a) Average transmittance, reflectance, and
absorptance in the solar spectrum range of 0.3-2.5 pm. (b) Average emissivity in the atmospheric transparency window of 8-13 pm.
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Fig. 11. Net cooling power of PDMS films with different thicknesses coated on silica wafers under different convective heat transfer coefficients: (a) h = 2 W/m?%/K,

(b) h =5 W/m?%/K, (c) h = 10 W/m?/K and (d) h = 20 W/m?/K.

silica wafers under different convective heat transfer coefficients of h =
2, 5, 10, 20 W/m?/K. Fig. 11(b) presents the net cooling power of the
high transparent PDRC samples as a function of temperature difference
(i.e., PDRC sample temperature minus ambient temperature), under a
convective heat transfer coefficient of h = 5 W/m?2/K. All samples with
different PDMS thicknesses can achieve sub ambient cooling, indicating
that the silica substrate combined with PDMS provides a favourable
optical platform for daytime radiative cooling.

The cooling power curves for PDMS thicknesses between 1.7 pm and
121 pm are nearly identical, with only minor differences. This is because
PDMS in this thickness range maintains high solar transmittance (low
solar absorption) and sufficiently high mid infrared emissivity, leading
to similar radiative performance. In contrast, the 1042 ym PDMS sample
exhibits significantly reduced cooling power. This reduction is attrib-
uted to the much higher solar absorption of the thick PDMS layer, which
overwhelms the benefit of increased mid infrared emissivity. The min-
imum achievable temperature for the high transparent samples is
around 8-9 °C below the ambient temperature, suggesting strong cool-
ing potential when a transparent substrate is used. When the convective
heat transfer coefficient increases, as shown in Fig. 11, the sub-ambient
cooling performance decreases due to the stronger heat gain from the
ambient environment. Therefore, wind shielding and thermal insulation
are important for maintaining high cooling performance. However, the
convective heat transfer coefficient does not change the optimal PDMS
coating thickness, as it affects the overall heat exchange with the
ambient environment rather than the optical trade-off between solar
absorption and mid-infrared emission.

Figs. 12(a)-(d) presents net cooling power of PDMS films with
different thicknesses coated on sunlight reflectors under different
convective heat transfer coefficients of h = 2, 5, 10, 20 W/m?/K. In
contrast to the high transparent samples, the high reflective samples

experience difficulty achieving effective sub ambient cooling. This is
mainly due to the substantially higher solar absorption arising from the
sunlight reflector and the enhanced internal reflection within the PDMS
layer. Especially for very thin PDMS (1.8 pm) or very thick PDMS (1002
pm), the cooling performance becomes extremely poor. Although com-
mercial sunlight reflectors are cost-effective and widely available, their
relatively high solar absorption makes it challenging to achieve efficient
daytime radiative cooling without additional design considerations.
When the convective heat transfer coefficient changes from 2 to 20 W/
m?/K, as shown in Fig. 12, the reflective PDRC samples still cannot
provide effective sub-ambient cooling because of the aforementioned
solar heating issue.

The detailed values of thermal emission from the PDRC sample
(Prag), thermal absorption from the atmosphere (P,¢y,), solar absorption
(Pgun), and net cooling power (P at zero temperature difference
(PDRC sample temperature is the same as the ambient temperature) are
summarized in Table 2. When the system operates at zero temperature
difference, the conductive and convective heat exchange with the
ambient air (P.oy) is zero by definition, and therefore it is not listed in
the table. The data clearly show that the high transparent samples
maintain low solar absorption across a broad thickness range, whereas
the high reflective samples exhibit much higher solar absorption and
consequently lower Py

For the high transparent PDRC samples, the cooling power curves for
PDMS thicknesses from 1.7 pm to 121 pm differ by less than 3%. This
indicates that, from a cooling power perspective, any PDMS thickness
below 121 pm is suitable. For practical fabrication, using thinner coat-
ings reduces material consumption and curing time, while still ensuring
high cooling performance. Thicknesses greater than approximately 1.7
pm are generally sufficient to achieve saturated mid infrared emissivity
while maintaining excellent solar transparency. Overall, the high
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Table 2

Calculated values of Pyad, Patm, Psun and Peoo for PDMS films on silica wafers and sunlight reflector substrates of different thicknesses at AT = 0.

PDMS thickness Highly-transparent samples (PDMS on silica)

PDMS thickness Highly-reflective samples (PDMS on sunlight reflector)

(pm) (pm)
Psun (W/ Prad (W/ Patm (W/ Pcool (W/ Psun (W/ Prad (W/ Patm (W/ Pcool (W/
m?) m?) m?) m?) m?) m?) m?) m?)
1.7 0.28 248.2 170.3 77.5 1.8 59.3 106.9 61.4 -13.9
8.3 0.59 250.0 170.7 78.7 8.4 56.7 164.0 97.9 9.2
58 2.04 254.3 173.9 78.4 60 61.1 236.0 157.3 17.5
121 3.67 254.7 174.4 76.5 116 67.7 244.3 163.3 13.2
317 8.19 253.6 173.1 72.3 550 76.6 252.6 172.4 3.6
1042 23.32 254.3 174.0 57.0 1002 95.6 255.0 174.8 -15.4

transparent PDMS based PDRC samples demonstrate strong potential for
hybrid solar utilization where both cooling and solar transmission are
desired.

For the high reflective PDRC samples, the optimal PDMS thickness is
approximately 60 pm, which represents a balance between the
competing effects of solar absorption and mid infrared thermal emission.
However, even at this thickness, the overall radiative cooling perfor-
mance remains inferior to that of the high transparent samples due to the
intrinsic solar absorptance of the sunlight reflector substrate. Although
the commercial sunlight reflector exhibits high reflectance over most of
the solar spectrum, it still shows noticeable absorption in the UV region.
This behaviour is not caused by the PDMS coating or curing process,
since the absorption is already observed for the bare reflector. UV ab-
sorption has also been reported for laboratory-fabricated silver-
reflector-based radiative cooling samples [18]. In the present commer-
cial reflector, the surface TiO2 protective layer is responsible for this
additional UV absorption, which is undesired for PDRC. This intrinsic

10

absorption of the reflector contributes to the relatively high calculated
solar absorption of the reflective PDMS-based PDRC samples.

The key difference is that the transparent PDMS/silica configuration
maintains very low solar absorption while achieving high mid-infrared
emissivity, leading to much higher net cooling power. In contrast, the
reflective PDMS/sunlight-reflector configuration shows higher solar
absorption due to the reflector substrate and multiple internal re-
flections within the PDMS layer, which limits its daytime cooling per-
formance even when the emissivity is high. PDMS thickness affects the
balance between emissivity and solar absorption. Increasing PDMS
thickness enhances mid-infrared emissivity because of stronger vibra-
tional absorption in the 8-13 pm atmospheric window. However, it also
increases solar absorption because of the longer optical path length.

The cooling-power calculation in this study assumes normal solar
incidence. In actual all-day operation, the solar incident angle changes
with time, which can increase the equivalent optical path length in the
PDMS layer and may slightly change the solar absorption, especially for
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reflective configurations with multiple internal reflections. However,
this effect is expected to be limited for the present samples. As shown in
Figs. 6 and 8, increasing the PDMS thickness from around 60 pm to
around 120 pm, corresponding approximately to a doubled optical path
length, increases the solar absorption by only about 0.2% for the
transparent configuration and about 0.6% for the reflective configura-
tion. In addition, when the solar elevation angle is low, the incident solar
irradiance is also significantly reduced. Therefore, normal solar inci-
dence was used as a reasonable approximation in the present cooling-
power calculation.

Overall, PDMS thickness strongly affects the balance between mid-
infrared emissivity and solar absorption. Increasing the PDMS thick-
ness enhances absorption/emission in the 8-13 pm atmospheric window
due to the intrinsic vibrational modes of PDMS. However, it also in-
creases solar absorption because of the longer optical path length, which
can reduce the net cooling power. This trade-off is relatively weak for
transparent silica substrates, where solar absorption remains low over a
broad thickness range, but becomes more significant for reflective sub-
strates because multiple internal reflections further increase absorption
within the PDMS layer.

To improve the cooling power while still using low-cost commercial
sunlight reflectors, additional strategies are required. For example, solar
shading has been reported as an effective strategy to suppress direct
solar heating [15], thereby allowing the device to better utilize its high
mid-infrared emissivity. We therefore conducted an additional calcula-
tion of the cooling performance when direct solar irradiance is blocked
by a sun shield, as shown in Fig. 13. Fig. 13(a) shows the net cooling
power of the transparent configuration with solar shading, while Fig. 13
(b) shows the corresponding result for the reflective configuration.
Compared with the unshaded case, the influence of PDMS thickness
becomes less pronounced under solar shading because the solar ab-
sorption term is largely removed from the energy balance. Under this
condition, the reflective configuration can also achieve a simulated
temperature reduction of approximately 8-9 °C below the ambient
temperature, indicating that solar shielding can partially mitigate the
limitation caused by solar absorption when direct solar irradiance is
blocked in the commercial reflector.

We then conducted outdoor experiments to evaluate the cooling
performance of the transparent and reflective configurations under real
environmental conditions. Samples with an area of 10 cm x 10 cm were
fabricated and placed inside a thermally insulated chamber, as shown in
Fig. 14(a). To reduce non-radiative heat exchange with the ambient
environment, the chamber was externally covered with 2-cm-thick
thermal insulation foam. A low-density polyethylene (LDPE) film was
used as the top infrared-transparent wind shield, allowing thermal ra-
diation from the samples to be emitted toward the sky while suppressing
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Fig. 14. Outdoor cooling performance of the transparent and reflective PDMS-
based PDRC configurations under solar shielding. (a) Schematic illustration of
the outdoor testing setup, including a thermally insulated chamber, LDPE
infrared-transparent wind shield, solar-reflective inner walls, silica support
plate, and sunlight reflector used as a sun shield to block direct solar irradiance.
(b) Measured ambient temperature and sample temperatures of the transparent
PDMS/silica configuration and reflective PDMS/reflector configuration during
a 24-h outdoor test.

convective heat transfer. A 1-mm-thick clear silica plate was placed at
the bottom of the chamber to support the samples. The inner side walls
of the chamber were covered with solar reflectors to minimize parasitic
solar heating from the chamber walls. In addition, an A4-size sunlight
reflector was placed vertically as a sun shield to block direct solar
irradiance from reaching the samples, while still allowing the samples to
radiatively exchange heat with the cold sky.

Fig. 14(b) shows the measured ambient temperature and the tem-
peratures of the transparent PDMS/silica sample and reflective PDMS/
reflector sample during a 24-h outdoor test. Both samples show sub-
ambient cooling during daytime and nighttime, confirming that the
PDMS-based configurations can provide radiative cooling under real
outdoor conditions. During daytime, especially in the afternoon when
the relative humidity is lower and the atmospheric transparency win-
dow is more effective, both configurations show clear cooling below the
ambient temperature. From 12:00 to 18:00 daytime, the transparent
PDMS/silica sample and reflective PDMS/reflector sample show average
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Fig. 13. Net cooling power of the transparent and reflective configurations under solar shielding: (a) transparent configuration with PDMS films coated on silica
substrates and (b) reflective configuration with PDMS films coated on sunlight reflectors. The convective heat transfer coefficient ish =5 W/m?/K.
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temperature reductions of approximately 7.0 °C and 6.4 °C below
ambient, respectively. During nighttime, from 21:00 to 05:00, the
average temperature reductions below ambient are approximately
3.6 °C and 4.5 °C, respectively. The smaller nighttime cooling temper-
ature is mainly attributed to the higher nighttime humidity, which in-
creases atmospheric infrared emission and weakens radiative heat loss
through the atmospheric transparency window.

These outdoor results experimentally confirm the radiative cooling
capability of both PDMS-based configurations. The reflective configu-
ration can also achieve sub-ambient cooling when direct solar heating is
suppressed by solar shielding, consistent with the numerical analysis.
The comparable cooling trends of the transparent and reflective samples
indicate that the high mid-infrared emissivity of the PDMS layer plays a
dominant role once solar absorption is minimized.

It should be noted that the effectiveness of solar shielding depends on
geographic location, solar position, and shielding geometry. In Karls-
ruhe, the maximum solar elevation angle in summer is around 65°, so a
properly positioned vertical sun shield can still block direct solar irra-
diance around midday, which is consistent with the sub-ambient cooling
observed in our outdoor experiment. However, this strategy becomes
more challenging at locations closer to the equator. For example, in
Marrakesh, Morocco, the maximum solar elevation angle can reach
around 82°, meaning that the sun is nearly overhead during part of the
day. In such cases, a fixed vertical sun shield may only work during
periods with lower solar elevation angles or would require a much larger
shield. Therefore, improved shielding designs, such as solar-tracking
shields or elevated partial shields placed above the radiative cooler
[34], may be needed for all-day operation in low-latitude regions.

Table 3 summarizes representative PDMS-based radiative cooling
studies and the substrate types used in each work. Compared with pre-
vious studies that focused on specific PDMS structures or mainly
laboratory-prepared reflective substrates, the present work compares
flat PDMS films on both transparent silica and a commercial sunlight
reflector over a broad thickness range.

4. Conclusion

In this study, we conducted a systematic investigation of the optical
and radiative cooling performance of PDMS based passive daytime
radiative cooling materials on both high transparent and high reflective
substrates. PDMS films with thicknesses ranging from around 1 pm to
around 1000 pm were fabricated on fused silica wafers and commercial
sunlight reflector substrates, and their optical properties were measured
across the solar and mid infrared spectrum. The numerical cooling

Table 3
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model was then used to quantify the cooling power of each
configuration.

For the high transparent PDMS based PDRC materials, the results
show that all PDMS thicknesses from 1.7 pm to 121 pm exhibit high solar
transmittance and strong mid infrared emissivity, leading to similar
cooling performance with a relative difference of less than 3%. The
numerical model predicts a minimum temperature reduction of
approximately 8-9 °C below ambient under the defined simulation
conditions. Although thicker PDMS films exhibit higher emissivity, they
also experience increased solar absorption, which limits the cooling
performance. The analysis indicates that PDMS thicknesses above
approximately 60 pm no longer provide additional benefits in emissiv-
ity, and coatings below 121 pm are sufficient for practical applications.
These findings make thin PDMS layers on transparent substrates highly
suitable for hybrid solar utilization where both cooling and solar
transmission are desired.

For the high reflective PDMS based PDRC materials, the presence of
the sunlight reflector significantly increases solar absorption due to both
the intrinsic absorption of silver and the enhanced optical path length
created by multiple reflections within the PDMS layer. Although
increasing the PDMS thickness improves mid infrared emissivity, the
associated increase in solar absorption ultimately limits the achievable
cooling power. The optimal PDMS thickness for the reflective configu-
ration is approximately 60 pm, but even this configuration does not
provide strong sub ambient cooling under direct sunlight. These results
demonstrate that unmodified commercial sunlight reflectors present
challenges for daytime radiative cooling unless additional optical stra-
tegies are employed.

Composite structures or porous coatings may improve the mechan-
ical robustness of polymer-based PDRC materials for applications such
as rooftops, facades, and outdoor devices. However, their optical prop-
erties must be carefully evaluated, as fillers or structural changes may
affect solar absorptance and mid-infrared emissivity.

Although PDMS-based PDRC materials show promising optical and
radiative cooling performance, their practical outdoor application still
requires further consideration of long-term durability, mechanical
robustness, surface contamination, and environmental stability. Future
work should therefore evaluate these factors while ensuring that the low
solar absorptance and high mid-infrared emissivity required for radia-
tive cooling are maintained.

Overall, this work provides a comprehensive database of the optical
and cooling characteristics of simple, flat PDMS films on transparent and
reflective substrates. These results offer clear guidance for designing
PDMS based radiative cooling materials and identifying optimal

Comparison of representative PDMS-based radiative cooling studies with the present work.

Ref. Material/structure Substrate type Main fabrication route Main focus Key difference from the present work
. . Transparent radiative Focuses on structured multifunctional
Transparent polymer-based Micro-structuring and L . . .
Huang et al., cooling, indoor light transparent metamaterials for radiative

metamaterial with PDMS

Soda-lime glass

polymer-based
metamaterial fabrication

Solution coating of
PDMS on metal

Flat PDMS film coating
on silver reflector

Polymer coating on
reflective mirror

2024 [14] .
microstructures
Zhou et al., PDMS-coated metal- Aluminium foil reflector
2019 [15] reflector structure
Zhou et al.
’ P PDM Ni fl b i
2021 [16] orous S sponge o reflector substrate Casting
Herrmann Silver-coated silica
et al., 2022 Homogeneous PDMS films
reflector substrate
[17]
Kou et al. Silver-coated silica
g Homogeneous PDMS films
2017 [18] g reflector substrate

Present work

Flat PDMS films

Transparent fused silica
substrate and
commercial sunlight
reflector

structure

Spin coating, blade
coating, and mould
casting

management, and self-
cleaning

All-day radiative cooling
using PDMS-coated metal-
reflector structures
Low-cost porous PDMS
radiative cooling

PDMS thickness
optimization

Simple polymer-based
daytime radiative cooling

Thickness-dependent
optical properties and
cooling performance

cooling, indoor light management, and
self-cleaning

Demonstrates PDMS/metal reflector
cooling performance

Uses porous PDMS to enhance solar
scattering and thermal emission

Focuses on silver reflector-backed PDMS
films

Focuses on silver reflector-backed PDMS
films

Compares transparent and reflective
PDMS-based PDRC configurations; uses
commercial solar reflector
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thickness ranges for different application scenarios.

Long-term outdoor stability is another important factor for practical
applications of PDMS-based PDRC materials. Compared with many
common polymers, PDMS shows relatively good outdoor robustness due
to its chemical stability, UV resistance, and thermal stability [35,36]. Its
hydrophobic surface can also help reduce water retention and provide a
certain self-cleaning effect under rain. However, dust accumulation,
surface contamination, rain erosion, and long-term weathering may still
gradually change the solar transmittance/reflectance and mid-infrared
emissivity, thereby affecting cooling performance. Further efforts are
therefore needed to enhance the outdoor durability of PDMS-based
PDRC materials, for example by introducing lotus-leaf-inspired micro-
structures or other self-cleaning surface designs [14], while ensuring
that the required low solar absorption and high mid-infrared emissivity
are maintained.
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