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ABSTRACT: The increasing global use of cooling systems and the need of reducing greenhouse effect are pushing the emergence
of more efficient cooling methods. In particular, passive radiative cooling technology extracts heat from objects by tailoring their
optical emissivity using surface micro- and nanostructuring. Being capable of increasing thermal emissivity is especially relevant for
widespread glass structures and devices, e.g,, displays, car and building windows, and solar cells. In this paper, we propose a scalable
lithography-free nanostructuring method to increase the infrared (IR) emissivity of glass by reducing the high reflection associated
with the SiO, Reststrahlen band around 9 ym wavelength. Furthermore, we show that with an additional thin polymer coating the
scattering (haze) in the visible due to the deep nanostructures can be dramatically reduced while maintaining the large IR emissivity.
We experimentally prove that our nanostructured surface can extract more heat via radiation emission than the bare glass substrate,
while keeping full transparency.

KEYWORDS: glass nanostructures, radiative cooling, thermal radiation, scalable nanostructures, transparent surfaces

B INTRODUCTION Dielectric/metal multilayer coatings’~'® and periodic or
Today, cooling technologies represent 16% of household random distribution of micro/nano structures supporting
energy consumption' and contribute to 10% of global surface phonon polariton (SPhP) excitations''~"” on a surface
greenhouse emissions.” More efficient cooling technologies were proposed to increase the emissivity in the ATW. Porous
are desired toward the goal of net zero emissions by 2050, surfaces'®™** and paints’™* are additional examples of
especially for widespread consumer electronics (e.g., displays randomly distributed elements for PRC. Although these
and solar cells) to counteract device heating. While active designs are optimized for PRC applications, most of them

cooling systems such as fans or liquid cooling are effective, they
also increase size, weight, cost, and power consumption of the
devices.

Recently, alternative and more efficient cooling methods that

are related to surfaces that present a color, scatter and/or have
a high reflectivity in the visible range, these properties being
incompatible with displays and other applications where
do not require external energy consumption have been .transpare.ncy (i.e., neutral color transmission and low haze)
studied.> One of these methods is passive radiative cooling Is a requirement.

(PRC), which extracts heat from bodies by tailoring the optical =
emissivity." This method relies on increasing the emissivity of Received: July 26, 2022 -
objects in the wavelength range between 8 and 13 ym, where Accepted:  October 20, 2022
the atmosphere transparency window (ATW) is located, Published: December S, 2022
thereby facilitating radiation of heat toward the outer space,

meanwhile keeping low optical absorption in the visible and

near-IR regions to avoid heating.
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Figure 1. Nanostructured glass for radiative cooling. (a) Left: schematics of the proposed surface made of nanopillars (NPs) with height h and
average diameter ¢,y = (¢;). Right: simulated electric field distribution in the NP at 9 ym. (b) SEM image of a typical NP surface structure with h
~ 1250 nm and ¢ryp_gyg = 172 nm. (c) Top panel: experimental optical absorption spectra of flat FS (black line) and randomly distributed NPs on
FS (red line) in the IR optical range. Middle panel: simulated optical absorption spectra of flat FS (black line) and a perfect array of NPs (red line)
with h = 1250 nm, gbBomm = 307 nm, ¢, = 172 nm, and P = 410 nm. Bottom panel: atmospheric optical transmission in the IR optical range

(from S to 25 um).*

Polymer coatings have also been widely used for
PRC”'®?12%%7 because their molecular vibrational bands fall
in the mid-IR range, thus increasing the emissivity in the ATW
while having low light absorption in the visible and near-IR
ranges.

Devising surfaces with radiative cooling properties is
particularly relevant for widespread glass devices such as
displays, windshields,” and smart windows™ due to the fact
that SiO, strongly reflects IR radiation emitted by the objects
at room temperature (i.e., around 9 um wavelength) because
of its phonon modes,”** which significantly decreases glass
emissivity.

In this paper, we introduce a new type of surface for PRC
based on scalable fabrication of nanopillars (NPs) on glass
(e.g., fused silica (FS)). The proposed nanostructure reduces
the Reststrahlen band of SiO, located near 9 yim wavelength by
coupling light with SPhP modes.'""'* In addition, we show that
a thin polymer coating embedding the NPs can remove the
haze produced by the nanostructure in the visible optical
range, increasing the transmission and allowing this design for
optical screens applications. Lastly, we demonstrate that our
design can extract more heat via radiation emission at a given
temperature than a bare glass substrate.

B EXPERIMENTAL SECTION

Electromagnetic Simulations. Electromagnetic simulations of
the glass NPs optical response were performed using a Finite
Elements Method commercial software (Comsol). The SiO,
permittivity dispersion is taken from Kitamura et al>* A NP array
unit cell is simulated using periodic boundary conditions, which
corresponds to simulating an ideal periodic array. Note, however, that
such a model can be used to predict the IR response of the fabricated
random NPs, the NP surface being a highly subwavelength

17607

nanostructure (average distance between neighbor NPs < IR
wavelengths).

Fabrication. The fabrication of the NPs surfaces was performed
following the process used in refs 33 and 34 which has been shown to
be suitable for a size of at least 4 X 4 in.%. Bare and nanostructured
substrates used in this work were ultraviolet-grade fused silica (FS)
glass, with 1 in. square area and 1 mm thickness. The samples were
cleaned in two ultrasonic baths—first in acetone and second in
isopropanol, each one for S min. After the second bath, the samples
were dried first with nitrogen and then with an oxygen plasma
cleaning (PVA TePla 300 SemiAuto Plasma Asher). For the plasma
cleaning, the recipe used was for 5 min, with 700 W of power and 300
mL/min of O,.

To fabricate the NP mask, first a sputtering deposition of 15 nm of
Cu was done at working pressure ~1.5 X 107> Torr, 20 °C, 20 sccm
of Ar, and 100 W of DC power, obtaining a deposition rate of ~0.200
nm/s. Afterward, a rapid thermal annealing was done in a UniTemp
RTP-150-HV system at 750 °C for 135 s. Before the annealing
process, the samples were cleaned with a nitrogen air gun.

The NPs were created by reactive ion etching (RIE) process using
a Plasmalab System 100 from Oxford Instruments. The RIE process
was done with 300 W of RF power at 20 °C and 30 mTorr, with 15
sccm of CHF; and 40 sccm of Ar gas plasma. The height of the NPs
can be tuned by changing the etching time. The dry etching process
was followed by a chemical ammonium persulfate bath to remove the
remaining Cu nanoparticles. The fabricated NP surfaces were later
cleaned following the same process described above.

For the polymer coating, a solution of PMMA in anisole was used
to help the PMMA filter between the NP structure, due to surface
polarity. To create a smooth coating, a drop of the mixture was spin-
coated first at 500 rpm with an acceleration of 100 rpm/s for 35 s and
then at 4000 rpm with an acceleration of 500 rpm/s for 15 s. The
same coating was done for the coated bare FS. After the coating
process, the samples were heated at 95 °C on a hot plate for S min to
remove the solvent.

Optical Characterization. The samples have been optically
characterized to obtain direct transmission (normal angle of

https://doi.org/10.1021/acsanm.2c03272
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Figure 2. Effect of the NPs height on optical properties. (a) IR absorption for different etching times, i.e., different NPs heights. The larger the NPs,
the larger is the splitting between the two phonon modes. Each etching time is represented with a different color. (b) Visible/near-IR optical
response for different etching times. Continuous and dashed lines represent direct reflection and transmission, respectively. Note that reflection and
transmission measurements are taken with the beam incident on the nanostructured surface.

incidence) and reflection at a quasi-normal angle (12°) of incidence
using a Pelkin Elmer Lambda spectrometer in the 300 nm—1.5 ym
wavelength range. For the 1.5—25 um range, a Bruker Tensor FTIR
was used, with reflection measurements at a quasi-normal angle (10°)
of incidence. Specular reflection upon illumination at different angles
of incidence was recorded using a Bruker AS13/Q variable angle
reflection accessory . We measured the reflection of the sample using
the same incidence and detection angles (6,,. = 6g.), ranging from
13° to 85°.

Samples haze and the corresponding total transmission are
measured with a Labthink WGT-S haze meter, with a standard C
light source. The total transmission is measured using an integration
sphere, and the haze is a percentage from the incident light and the
diffused light with an angle >2.5°. For all the measurements, an
average and the corresponding statistical error value are obtained
from five consecutive measurements.

IR Thermal Measurements. Thermal images have been taken
using an Agilent TrueIR US855A thermal camera, and the
corresponding temperatures of the hot plate are measured with a
thermocouple connected to a LabSmith 4AMOI analogue sensor
manifold.

B RESULTS AND DISCUSSION

Our design consists of randomly distributed NPs etched in FS
substrate, as illustrated in Figure la. This nanostructured glass
surface can reduce the Reststrahlen band of FS located around
9 ym wavelength by increasing its absorptivity (and, because of
Kirchhoffs law, its emissivity) as confirmed by both experi-
ments and electromagnetic simulations. The inset of Figure la
shows the Z component of the electric field corresponding to a
representative NP array. The dimensions of the NP structure
used in the simulations are average experimental values
estimated from scanning electron microscopy (SEM) images
(see below). The evanescent electric field enhancement at the
surface of the nanopillar proves the coupling between light and
SPhP of SiO,. This coupling increases the absorption of the
surface at the Reststrahlen band."*

The SEM image in Figure 1b shows a typical fabricated NPs
structure on glass. The average tip diameter is around 172 nm,
about ~60% of the base radius, with a filling area ratio (surface
area filled by the nanostructure per unit area) of 14% (see the
Supporting Information). From these values, the nano-
structured surface can be approximated as a NP array with a
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period 410 nm. The nanopillars have an estimated height of
1250 nm.

Figure I¢, top and middle panels, shows the spectral optical
absorption, A = 1 — R — T (R as reflectance and T as
transmittance, both direct), of bare FS (black lines) and FS
+NP (red lines) in the IR optical range. In the mid-IR range,
the NP dimensions are much smaller than the light wavelength,
making scattering negligible. Therefore, transmission and
reflection have only a direct contribution. The experimental
results in the top panel agree well with the simulations of the
middle panel. In the bottom panel the optical transmission of
the atmosphere in the IR optical range is showed.” As it can
be seen, the NPs on FS increase the emissivity of the glass
substrate near the reflection band, allowing almost unit
emissivity at &9 pym. The same effect is also observed in the
second phonon band, located at 21 ym.

Next, we show how the optical reflection/absorption in the
SiO, phonon band changes as a function of the surface
geometry, namely the NP height, that is controlled by
processing parameters. Figure 2a shows different NPs
substrates prepared with the same Cu nanoparticle mask but
etched for different times. A longer RIE time creates taller NPs,
which leads to increased absorption (i.e., reduced reflection) in
the SiO, Reststrahlen band, as investigated for similar
nanostructures.'"*° This experimental trend was also con-
firmed by the numerical study reported in the Supporting
Information where the nanostructure response was explored as
a function of the NP array geometrical parameters.

Simulations show that the higher the density and the larger
the height of NPs, the greater the IR absorption in the ATW.
However, due to our scalable fabrication method, a trade-off
between the NP height and density exists because the
geometrical parameters of the dewetted Cu nanoparticles
mask (particle diameter, density/filling ratio, and metal
thickness) determine the maximum NP height achievable by
RIE. Hence, to obtain higher NPs, one would need a dewetted
mask of larger Cu nanoparticles, which would lead to a lower
density of NPs.

Note that such NPs strongly scatter in the visible
wavelengths, making the sample surface visibly hazy. The
values of the total transmission (Tr,,) and haze (H) of bare FS
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Table 1. Optical Total and Averaged Direct Transmission and Haze for Bare FS and FS+NP with Different Etching Times, i.e.,

NP Heights
ES etching: S min etching: 10 min etching: 15 min etching: 17 min 30 s
Troe (%) 93.1 + 0.1 92.8 + 0.1 93.1 + 0.1 93.0 + 0.0 93.6 + 0.1
Triavs (%) 933 + 0.1 83.7 + 0.4 78.1 + 2.3 74.8 + 0.4 75.1 + 0.7
haze (%) 0.04 + 0.01 5.10 + 0.13 11.77 + 071 15.01 £ 0.79 15.46 + 0.90
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Figure 3. Effect of the nanopillar coating on the optical properties. (a—c) Photos of FS coated with PMMA, NP etched on FS, and NP etched on
FS coated with PMMA, respectively. (d) Visible/near-IR optical response of bare FS and NP etched on FS with and without PMMA coating. Top/
bottom plots represents direct transmission/reflection, respectively. (e) From left to right, IR absorption for FS coated with PMMA (gray line), NP
etched on FS (red line), and NP etched on FS coated with PMMA (pink line). In each panel, the average absorption between 8 and 13 um is
shown. The black line shows absorption of bare FS, as reference. Note that reflection and transmission measurements are taken with the beam

incident on the nanostructured surface.

and FS+NP surfaces with different etching times are reported
in Table 1. Tp. includes both direct and diffused
contributions. Also, the averaged direct transmission (T avg)
values in the 350 and 750 nm optical range from Figure 2a data
are reported.

T is fairly constant for different nanopillar heights, while
the haze increases, meaning that the optical absorption from
the nanostructure is negligible. The increasing haze at short
wavelengths can also be seen in the spectra of Figure 2b, where
the visible direct reflection (continuous lines) and transmission
(dashed lines) measured decrease as a function of RIE time, for
the samples of Table 1. Here, one can see that both direct
transmission and reflection drop approaching the UV region
due to the increased surface scattering, while the absorption
from the NP surface is negligible (Rp;, + Tp; + A + S = 1, with
A =~ 0). S includes both diffused transmission and reflection.

A large NP height is desirable for increasing glass absorption
and suppressing reflection close to the 9 ym SiO, phonon
band. However, this increases the haze in the visible range,
giving the samples a bluish and milky aspect and reducing the
transparency, which is detrimental for the use of such surfaces
in screens. To avoid the mentioned effect, a thin polymer
coating can be used to encapsulate the NP nanostructures, thus
reducing the surface scattering. A significant haze reduction is
possible when the refractive index of the polymer matches that
of the FS substrate in the visible optical range. Moreover, the
molecular vibrations of the polymer in the mid-IR region
increase the IR emissivity where the NP SPhP cannot be
excited. In our case, we chose a poly(methyl methacrylate)
(PMMA) coating whose refractive index n ~ 1.48.
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In our case, a PMMA coating thickness of 1.5 ym on the
nanostructures was chosen as a compromise between haze
reduction while still preserving the contribution of NPs to the
optical response in the mid-IR region.

Figures 3a—c show the effect of PMMA coating on the
nanostructured samples. One can see that due to the polymer
coating, the haze of the NP samples is removed, allowing high
transparency (negligible haze) to the sample. The insets of
Figures 3a—c show the measured total transmission and haze
(Tro = 93.1% and H = 0.04% for bare FS). In addition, Figure
3d shows the measured optical response of bare FS and FS
+NP before and after PMMA coating in the visible/near-IR
optical range. The spectral feature that appears around 900 nm
is due to a change of detector in the spectrometer. The PMMA
coating on the bare FS produces a small periodic oscillation
along the spectra due to small cavity effect between the
interlayers.”” Also, the overall reflection of the sample is
increased by about 1%; meanwhile, the overall transmission
remains unchanged, which translates to an absorption
reduction of the sample. Note that without the coating the
FS+NP surface direct T and R near the UV range are reduced
to 20% and 0%, respectively (see the Supporting Information).
When the coating is added, almost the same R and T than the
coated FS surface are obtained due to the reduction of surface
scattering.

Figure 3e shows the mid-IR absorption of the different
surfaces considered (FS+NP with and without PMMA
coating) as compared with the bare FS substrate. On the left
panel, the mid-IR absorption of the 1.5 yum PMMA coating on
FS is reported, where characteristic vibrational absorption
bands overlapping with the SiO, phonons can be distinguished.
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Figure 4. Thermal properties and computed thermal cooling power of the nanostructured surfaces. (a) Thermal camera image of bare FS (top left
sample), NP etched on FS (top right sample), bare FS coated with PMMA (bottom left sample), and NP etched on FS and coated with PMMA
(bottom right sample) on a hot plate. The temperature of the hot plate is set to a different temperature in each one of the four cases to measure the
same “apparent” temperature of the four samples (100 °C). (b) Measured surface temperature for the different samples in (a) showing that the
nanostructured samples need less heat from the hot plate, i.e., energy, to extract the same energy than the bare FS. (c) Computed cooling power for
the FS and NP+PMMA cases. In blue and green, two theoretical cases of emissivities: a broadband emitter (¢ = 1 for A > 4 ym, blue) and a
selective emitter (¢ = 1 for 4 = 8—13 pum, green). Ambient temperature set at 300 K.

In comparison, the effect of the FS+NP structure is shown in
the central panel (red line). Here one can see that the
absorption of FS with NP is higher than the PMMA-coated FS
for wavelengths lower than ~9.3 um due to strong SPhP
resonance. However, the coating improves the absorption of
the surface when the SPhP cannot be excited due to molecular
vibrations. Lastly, the right panel of Figure 3e shows the FS
+NP surface coated with PMMA (pink line), resulting in the
higher absorption in the mid-IR optical range. In each one of
the panels the average absorption in the ATW of the
nanostructured surfaces is shown, being ~0.801 for bare FS.
Mid-IR absorption measurements and averaged values in the
ATW at different angles of incidence and detection are
reported in the Supporting Information.

Finally, to evaluate the proposed nanostructures for radiative
cooling applications, we have directly measured the thermal
radiation emitted from different samples and related it to the
IR optical properties studied above.

In Figure 4a, individual thermal camera images of bare FS
and a surface with NP with and without PMMA coating on a
hot plate are shown. Because each surface has a different
emissivity, the hot plate has to be set to different temperature
in each of the four cases to achieve the same “apparent”
temperature (100 °C; see Figure 4b). These results are
consistent with the trend observed when the hot plate
temperature was set the same for all samples, thus confirming
the difference in surface emissivity (see the Supporting
Information).

To relate these thermal measurements with the optical
measurements of Figure 3e, one can use Stefan—Boltzmann’s
radiation law, E o eT*, where E is the radiated power emitted
by the body at temperature T with emissivity &, (absorptivity
because of Kirchhoff’s law). From the calculations reported in
the Supporting Information, we confirm that the temperature
ratios between the modified surfaces (FS+NP, FS+PMMA, and
FS+NP+PMMA) and the bare surface (FS) have similar values
as the corresponding average absorption ratios in the working
optical range of the thermal camera, as expected from optical
characterization.

Figure 4c shows the calculated theoretical cooling power for
the FS and the FS+NP+PMMA samples using equations from
the literature. For the computation, mid-IR spectral absorption
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measurements at different angles of illumination and detection
were used (see the Supporting Information). In addition, two
theoretical cases of emissivities, a broadband emitter (& = 1 for
A > 4 um, cyan line) and a selective emitter (¢ = 1 for A = 8—
13 pm, green line), are added to compare with literature. More
details about the radiative cooling calculations, the effect of the
nonradiative contribution, and the comparison with previous
studies can be found in the Supporting Information. One can
see that the cooling power of the modified sample is higher
than that the bare FS, the coated FS+NP sample being the one
with higher cooling power for higher temperature, as expected
from the experiment in Figure 4a.

B CONCLUSIONS

In conclusion, we demonstrated a new nanostructured
transparent surface for radiative cooling applications based
on lithography-free, scalable fabrication of NPs on glass. The
nanostructure reduces the IR reflectivity of the SiO, Rest-
strahlen band around 9 ym by coupling light into localized
SPhP modes. In addition, we showed that coating the
nanostructured glass with a thin PMMA removes the haze
produced by the NPs in the visible range, resulting in a fully
transparent surface suitable for optical displays applications.
Lastly, we experimentally verified that our nanostructured
surface can extract more heat via radiation, showing an
apparent temperature several degrees lower than the bare glass
substrate.
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