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Abstract

Solar panels contributed to over 115,000 GWh of energy being produced in the United States and solar panel energy consumption has increased
by 27 % at the start of the 21st century. Given the decrease of photovoltaic efficiency at higher temperatures and the increasing demand for clean
energy, the development of an economical technology for solar panel cooling is necessary. Passive cooling can be achieved by infrared radiating
into space. Typical solar arrays require large functional areas in order to supply a significant amount of power as compared to other sources.
As such, any method to help reduce the temperature of the solar panel surfaces needs to maintain manufacturing scalability for sustainable use.
We demonstrate a rapid, low-cost, template-free roll coating method to fabricate photonic composite film with SiO2 nanoparticles which possess
high emissivity in the atmospheric transparent window while passing visible and near infrared light to photovoltaics beneath. When facing direct
sunlight at summer noon, the coatings show a 3.5°C temperature decrease without loss of photovoltaic efficiency while having hydrophobic and
contamination-resistance merits.
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tovoltaic panels. As such, it is necessary to develop mitigation

1. Introduction

With the global temperature on the rise, renewable energy
has become increasingly popular. Solar energy consumption
saw a 27% increase per year at the start of the 21st century
largely due to increasing solar panel installation in residential
applications [1]. In 2020, solar photovoltaic energy accounted
for over 115,000 GWh of energy being produced in the United
States, with significant additions around the world as well [2].
With this increase in solar energy, it is essential that solar pan-
els function at the highest possible efficiency. Both dust and
increased temperatures are detrimental to the efficiency of pho-
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for these hazards.

Most silicon-based photovoltaic cells generate power using
visible light and part of the near-infrared (IR) (0.4 - 1.1 um) [3].
All other wavelengths are absorbed by the panel as heat. Elec-
trical losses also contribute to the heating of solar cells. Solar
panel efficiency, is inversely proportional to the temperature of
the photovoltaic cell. It is known that a 1°C increase in temper-
ature can lower the efficiency of a solar cell by 0.4-0.5% [4, 5].
Furthermore, prolonged exposure to increased temperature can
decrease the lifespan of photovoltaic panels [3, 6]. Therefore,
maintaining a low operational temperature is essential to opti-
mize the function of solar cells.
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Most previous methods of cooling photovoltaics involve in-
creasing the convective heat transfer between the solar cell and
the surrounding air. This has been demonstrated using both wa-
ter and air as heat transport mechanisms [5]. These methods act
by transferring heat from the solar cell to a transport medium
and dissipating excess via a heat exchanger [5]. While these
methods were proven to be effective, they require additional
hardware to be added to the solar cell making them more ex-
pensive, bulky, and less efficient for industrial applications.

To mitigate the need for extra hardware, recent research has
shifted to the use of passive radiative cooling films. These films
cool the underlying surface by reflecting much of the incom-
ing light as well as promoting increased mid-infrared emis-
sion which is radiated back into space through the atmospheric
transparent window (8-13 um) [7, 8, 9].

Recent studies have shown that passive cooling using
nanoparticle composites and photonic structures could be an
effective method for cooling solar panels [3, 5, 10, 11, 12,
13]. Cui et. al. demonstrated that transparent passive cool-
ing films capable of cooling the underlying surface by up to
14.95°C could be created by dispersing ZnO nanoparticles in
a low-density polyethelene matrix [7]. Lei et. al. developed a
nanocomposite film using SiO, particles embedded in a poly-
methyl methacrylate matrix that could cool the underlying sur-
face 4-5°C below ambient temperature using a compression
molding process [25]. Precise process control is required in to
apply appropriate amounts of pressure to avoid substrate dam-
age. Precise molding temperature, molding pressure, and hold-
ing time are critical variables in the compression molding pro-
cess, which can impact polymer performance [14]. Linshaung
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et. al. fabricated a transparent radiative cooling layer composed
of SiO, gratings on an Si wafer simulating the Si-based photo-
voltaics using the UV photolithography process [13]. Both pho-
tolithography and compression molding are time and material
intensive. Furthermore, these manufacturing methods tend to be
costly and are not scalable. New manufacturing methods must
be developed to meet the increased demand for solar energy.
In this research, novel manufacturing methods for the cre-
ation of photonic passive cooling surfaces using a roll coating
process, which has manufacturing advantages in terms of cost
as well as scalability are developed. In this process, as viscous
material passes through the gap between two rollers, a posi-
tive pressure gradient is made in the coating meniscus down-
stream [15]. The pressure gradient, along with shearing stress
applied by the coating roller, causes instabilities and defects
to form [16, 17]. This instability, when a certain critical value
is reached, causes linear patterns, ribboning, or spiked defects
to appear on the surface [18, 19]. The key manufacturing pa-
rameters which influences what type of surface is generated is
the roller gap, which influences the pressure gradient, and the
roller speed, which influences the shear rate. High shear rates
coupled with a small roller gap will create higher density ran-
domly spiked patterns. This manufacturing process is shown in
Fig. 1. Similar interfacial behavior is often observed in the tex-
ture of walls painted by the roll-brush. Typically, these defects
disappear after being extruded through the roller gap because
the material’s surface tension causes the defects to flatten over
time. This property of viscous materials can be manipulated by
adding nanoparticles to modify the materials rheological prop-
erties. The addition of nanoparticles can also carry secondary
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Fig. 1. (a) Manufacturing process for creating SiO,/PDMS films. Nanoparticles are added in varying volume percentages and then mixed both by hand and using
centrifugal mixing. The mixture is then roll coated. Different surface textures are created by varying roller distance and speed. Samples are cured for 30 minutes at
125 °C. (b) Process of forming the surface texture using roll coating. A meniscus is formed due to pressure gradients in the fluid. This meniscus is then stretched
and broken to form peaks and ridges. This process occurs continuously along the roller and occurs in about 40 ms.
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effects such as increasing the materials IR emittance or solar
reflectance. With added nanoparticles, the viscosity and yield
strength dominate over the surface tension. The size and spac-
ing of the defect peaks were demonstrated to have a correlation
with material properties (such as surface energy and viscosity)
along with manufacturing parameters (roller radius, roller gap,
and roller speed) [20]. By adding varying fractions of nanopar-
ticles and changing manufacturing parameters, the topology of
fabricated films can be manipulated to desired constraints.

In this research, SiO,/Polydimethylsiloxane (PDMS)
nanocomposite films were developed using roll coating meth-
ods for use in the passive cooling of solar cells. These films
were designed to have rough surface textures to promote
increased radiation emittance and anti-fouling properties.
The composite films were designed with two optical criteria
in mind: Visible transparency, and high mid-IR emission.
Furthermore, the films were designed to have very rough
surface textures in order to promote increased emission as well
as create possible anti-fouling properties.

Ultraviolet-Visible (Uv-Vis) and FTIR spectroscopy were
performed in order to characterize the optical properties of the
material. The surface roughness was characterized by laser con-
focal microscopy and measurement of the water contact angle
(WCA). Images of the water contact angle were measured by
a goniometer. The images were then processed using an open
source software named ImagelJ. Finally, the films performance
on solar cells was characterized by outdoor solar panel tests.

2. Methodology
2.1. Materials

To create the films, an appropriate amount of Sylgard 186
silicone elastomer (purchased from Krayden, Inc) was mea-
sured. Varying volume percentages of SiO, nanoparticles were
then added into the mixture. The SiO; nanoparticles are spher-
ical in shape with average diameter of 20-30 nm (purchased
from US-nano, Inc.). Hardener was added to this mixture in a
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10:1 ratio of PDMS/hardener. This mixture was initially stirred
by hand. Once a uniform paste had been formed, it was placed
in a centrifugal mixer for 10 minutes before being roll coated.

Polydimethylsiloxane was chosen as the substrate due to
its high IR emission. Fourier-Transform infrared (FTIR) spec-
troscopy reveals peaks at 3 um as well as a series of peaks be-
tween 6-20 um range [21]. SiO, nanoparticles were chosen to
modify the viscosity of PDMS because they have high IR emis-
sion while maintaining visible transparency [8, 22, 23]. SiO,
particles are able to enhance the mid-IR emission due to the
absorption peak at 9 um [24]. Furthermore, since appropriate
transparency in the solar spectrum is a crucial requirement for
any solar panel cooling film, SiO, nanoparticles were chosen
because they closely match the refractive index of PDMS and
avoid the nanoparticle scattering (nppus = 1.43, ns io, = 1.45)
[25,26].

2.2. Roll Coating Process

Eight different SiO./PDMS films were manufactured for this
experiment: Four flat and four rough films with 4, 6, 8 and 10
volume percent of SiO, (10, 14, 18, 21 weight percent). The
machine used to fabricate the samples had 2 rollers each with
radius 25.4 mm and 300 mm in length. The speed, direction,
and distance of each roller was able to be individually con-
trolled. One roller was coated in a layer of Kapton tape which
allowed the samples to be easily removed from the roller af-
ter the roll coating process was complete. Initially, both rollers
were kept at rest and the SiO./PDMS paste was spread on the
rollers. The speed of each roller was then simultaneously in-
creased. All samples tested in this report were fabricated using
a roller distance of 0.1 mm and a roller speed of 100 rpm.

To manufacture films with a flat surface, the paste of
nanoparticles and PDMS was spread on the rollers. The speed
of one roller was then slowly increased to 100 rpm while the
other roller was kept stationary. This caused the paste to be
spread over the moving roller in an even film. To manufacture
the rough films, the PDMS was spread on the rollers as before.
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Fig. 2. (a) Solar panel film test procedure. The solar panels are placed in a slot within a styrofoam cooler to insulate it from the environment, along with having a
polyethylene film placed overhead to prevent convection. (b) Image of the test setup in use. During the experiment, voltage and temperature are recorded every ten
minutes for the span of three hours. (c) The film allows visible light to pass through and be utilized by the solar cell beneath while increasing the Mid-IR emissivity.
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Next, the speed of both rollers were simultaneously increased
to 100 rpm. After removing the Kapton Tape from the rollers,
the films were cured in an oven at 125°C for 30 minutes. This
process is shown in Fig. 1 (a).

2.3. Surface Topography Characterization

The surface topography of the rough samples were charac-
terized by a non-contacting laser scanning confocal microscope
(Keyence VK-X1100, 0.5 nm height resolution, and 1 nm width
resolution). The peak height and density were then evaluated
from this data.

The water contact angle of each film was measured by a
Rame’-hart goniometer (model 250, with the charge-coupled de-
vice camera and a 150 W fiber optic illuminator accessories) at
ambient temperature of 23°C. For each sample, 2 uL of wa-
ter were dropped on the surface. Images were captured at three
different locations on each sample. Finally, the water contact
angle of each image was found using the drop analysis plugin
for ImageJ software.

2.4. Optical Properties Characterization

The reflectance of each film was measured by Uv-Visible
spectroscopy spectrometer (UV-Vis, 3002000 nm, Agilent
technologies, Cary 6000i) using a calibrated BaSOy4 integrat-
ing sphere and a BaSO4 reference at 0.3-1.8 um. Emittance was
measured by a Fourier Transform Infrared spectrometer (FTIR,
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4-20 pm, Thermo Scientific, iIS50) using a diffuse gold inte-
grating sphere.

2.5. Solar Panel Testing

Outdoor tests were performed in order to test the passive
cooling ability of the films as well as evaluate their impact on
the power generation of the solar cells. A graphical description
of the experimental setup is shown in Fig. 2. A silicon based
solar cell was placed in a hole in the lid of a polystyrene con-
tainer. The purpose of this container was to shield the solar cell
from any heat transfer from the environment. The SiO»/PDMS
film was coated on the solar cell by peeling it from the Kapton
tape and laying it over the top surface of the solar cell. No addi-
tional adhesives were used to secure the film in place. The solar
cell and film was then covered with a polyethylene film to en-
sure that there was no convective heat transfer between the solar
panel and the environment. A thermocouple was attached to the
back of the solar cell. The voltage output of the solar cell was
measured using a voltmeter. Measurements of temperature and
voltage were taken every 10 minutes for 3 hours. The outdoor
experiments were performed on NCSU’s Centennial Campus
in Raleigh, North Carolina. Three solar cells were tested at a
time. The first solar cell had no film applied to it in order to act
as a control sample. The next two cells had the flat and rough
Si0,/PDMS films applied respectively. This allowed for the dif-
ferent volume percents to be compared to a control sample.

c 111° d 136°

Flat - 10vol%

Fig. 3. (a) WCA for the flat 4vol% sample. (b) WCA for the rough 4vol% sample. (c) WCA for the flat 10vol% sample. (d) WCA for the rough 10vol% sample (e)
Average water contact angle for each different sample. Surface texture began to have an impact on water contact angle for high volume percents. (f) Laser confocal
microscopy of the rough 8 vol% SiO2/PDMS film. Peak spacing is on the order of 400-500 um with a peak height of 700 um. (g) Laser confocal microscopy of the
10 vol% SiO2/PDMS film. Peak spacing is on the order of 400-500 um with a peak height of 600 pm.
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3. Results and Discussion
3.1. Surface Characterization

3.1.1. Water Contact Angle

The water contact angle was measured for each sample. The
averages are shown in Fig. 3 (a). At low volume percents, there
was very little difference between the flat and rough samples.
However, for the 8 and 10 percent samples there was an ap-
proximately 20° difference in water contact angle between the
flat and rough samples. This difference is shown in Fig. 3 (b-
e)The difference between high and low volume percent samples
is due to the difference in the viscosity of the mixtures. The 4
and 6 volume percent samples were much less viscous than the
higher volume percents. As a result, the lower volume percent
samples did not hold their shape well and began to flatten as
soon as they were removed from the roller.

Surfaces with high water contact angles tend to show anti-
fouling merits due to the fact that the surface texture makes it
harder for large dust particles to settle on the surface and easier
for water to wash away contaminants [27, 28, 29].

The 4 and 6 volume percent samples showed no significant
variation in WCA between the flat and rough samples and had
poorly defined surface topography in comparison to the 8 and
10 volume percent samples. Due to these poor results, the 4 and
6 volume percent samples were excluded from further experi-
ments.

3.1.2. Laser Confocal

Laser confocal microscopy was performed in order to char-
acterize the surface topology of the 8 and 10 volume percent
rough samples and is shown in Fig. 3 (f) and (g). Both the
8 and 10 percent samples have very dense peaks with spac-
ing between 400-500 um. The peaks on the 8 percent sample
are slightly higher than the 10 percent samples. However, the
shape of the peaks on the 10 percent film is much sharper. These
sharper peaks tend to lead to surfaces with higher water contact
angles. Overall, it was seen that the higher volume percent sam-
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ples were more viscous and led to the formation of sharper less
rounded peaks.

3.2. Optical Characterization

Uv-Vis and FTIR Spectroscopy were performed to charac-
terize the optical properties of our coatings. Figure 4 (a) shows
the UV-vis spectroscopy for each film. All samples show low
absorptance between 400-1100 nm allowing visible light and
part of near-IR to be transmitted to the solar cell beneath. The
rough samples have higher absorptance than the flat samples of
the same volume percent. This shows the ability of the micro
structure to increase emittance and shows promise for use in
radiative cooling.

Figure 4 (b) shows the FTIR data for each film. All sam-
ples have high absorptance with three notable dips at 9.1, 9.8,
and 12 um which matches the atmospheric window (shown in
blue). Between the 8 and 10 volume percent samples, the rough
samples have higher absorptance than the flat samples and the
volume percent of SiO, shows no significant impact on absorp-
tance.

3.3. Outdoor Solar Panel Passive Cooling Tests

All outdoor solar panel tests were conducted in Raleigh,
North Carolina on NCSU’s Centennial Campus (35.77°N -
78.68°E). The solar panel test of the 8 volume percent film
was conducted on August 9th, 2022 which featured rare pass-
ing clouds. This experiment begun at 10:30 A.M. and lasted 3
hours with humidity ranging from 66% at the start of the test
to 60% at the end. Additionally, outdoor air temperature ranged
from 30.5°C at the start to 34.4°C at the tests end. The test of
the 10 volume percent film was conducted on September 1st,
2022 which featured mostly sunny skies with passing clouds.
This experiment began at 3:20 P.M. featuring a 3 hour duration,
being conducted later in the day as the morning featured com-
pletely cloudy skies. The humidity ranged from 38% at the start
of the experiment to 50% at the end. Temperature ranged from

Wavelength (um)

Fig. 4. (a) Uv-Vis spectroscopy of SiO,/PDMS textured and rough films. All films showed visible transparency with increased absorptance in UV and Near IR
wavelengths. The rough films and high volume percent films show the highest absorptance. (b) FTIR spectroscopy of the rough and flat SiO,/PDMS films. All

samples show high IR absorptance with dips at 9.1, 9.8, and 12 ym wavelengths. The rough samples showed higher absorptance across all wavelengths.
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Fig. 5. (a) The temperature difference between the 8vol% SiO, films and control (top) as well as the measured temperature (bottom) are shown over the course of
the outdoor test. The temperature of the rough film was consistently lower than the control by 3.5°C on average. (b) The voltage difference between the 8vol% SiO,
films and control (top) as well as the voltage output from each panel (bottom) are shown over the course of the experiment. The voltage difference between each
sample is very small showing the film has no negative impact on power generation.

90°C to 29.4°C with sunset being at 7:42 P.M. in the Raleigh
area.

The average temperature difference between the solar panels
with 8 volume percent SiO,/PDMS films and the control with
no film was 1.1°C and 3.5°C for the flat and rough samples re-
spectively and is shown in Fig. 5 (a). Additionally, the films do
not impact the solar panels ability to generate power. The volt-
age difference between the solar panels with 8 volume percent
films and control was 0.04 volts on average and is shown in Fig.
5 (b).

The average temperature difference between the solar pan-
els with 10 volume percent SiO,/PDMS films and the control
was 2.1°C and 3.3°C for the flat and rough films respectively
and is shown in Fig. 6 (a). However, it is notable that the 10
volume percent films show a decrease in temperature differ-
ence as the experiment progresses. This is likely because the
10 volume percent films were tested late in the day. As the
sun began to set, the films were exposed to less direct sunlight
and lost performance. When only the first half of the 10 vol-
ume percent experiment is considered, the flat and rough films
show a 2.9°C and 4.7°C temperature difference below the con-
trol respectively. The 10 volume percent films did not impact
the power generation of the solar panels and the voltage data is
shown in Fig. 6 (b). The rough 10 volume percent film had a
voltage that was as much as 0.03 volts higher than the 10 vol-
ume percent flat film. It is possible that this could be due to the

rough film acting as an anti-reflective coating for the solar cell
[30, 31, 32].

For both volume percents, the rough samples consistently
provided a greater temperature difference below the control.
This is due to the increased surface area of the rough films
which led to greater amounts of radiation being emitted. Fur-
thermore, increased amounts of SiO, nanoparticles also con-
tributed to greater temperature differences. Furthermore, it can
be expected that at higher temperatures and lower humidity,
such as desert or space environments, passive cooling of our
films given their parameters could show a stronger impact and
positively affect the voltage output [33].

4. Conclusion

A composite film was developed that enables the passive
cooling of solar panels while having minimal impacts on their
power generating efficiency. This film was manufactured uti-
lizing a novel roll coating process. An SiO,/PDMS nano-
composite polymer-film was produced which included a rough
surface topography in order to enhance emittance in mid-IR.
The topography of these films was generated by exploiting rib-
bing instabilities in roll coated polymers. The positive pressure
gradient created as a fluid passes between two rollers causes a
random micro structure to be formed. Furthermore, the samples
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Fig. 6. (a) The temperature difference between the 10vol% SiO, films and control (top) as well as the measured temperature (bottom) are shown over the course of
the outdoor test. The temperature of the rough film was significantly lower than the control by 4.7°C for the first half of the test. The difference in temperature of
the films decreased as the sun set and they were exposed to less direct sunlight. (b) The voltage difference between the 10vol% SiO, films and control (top) as well
as the voltage output from each panel (bottom) are shown over the course of the experiment. The voltage of the rough film was very similar to that of the panel with

no film.

with rough surface topography were shown to have high water
contact angles promoting anti-fouling merits.

Optically, the films were shown to have high transmission in
the visible spectrum while having increased emission in mid-
IR. During outdoor testing, it was found that this film can de-
crease surface temperature of a solar panel by 3.5°C on average
while having minimal impact upon the electrical efficiency of
the solar cell. The critical values of our manufactured compos-
ite films can be found in Table 1.

The manufacturing methods used to create these films are
cost effective, scalable, and fast. On a small scale, several films
can be made in the span of a few hours and the process could be
easily scaled by increasing the size of the manufacturing ma-
chine. This solves several problems that are created by tradi-
tional manufacturing techniques such as compression molding

Table 1. Critical results for the 8 and 10 vol% films.

8 Vol% Film 10 Vol% Film
Rough Film WCA 134° 136°
Peak Density (Avg) 4.71 mm=2 6.162 mm=>
Peak Height (Avg) 456 pm 342 ym
Voltage Difference (Avg) 0.013V 0.003V
Temperature Difference (Avg) 3.5°C 3.3°C
Temperature Difference (Max) 5.5°C 5.7°C

and photolithography. Furthermore, the roll coated films per-
form similarly to films made in previous studies which use other
more costly manufacturing processes.
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