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33 Abstract

35 Recent works have demonstrated that daytime radiative cooling under direct sun-
37 light can be achieved using multilayer thin films designed to emit in the infrared atmo-
39 spheric transparency window while reflecting visible light. Here, we demonstrate that
41 a polymer-coated fused silica mirror, as a near-ideal blackbody in the mid-infrared and
43 near-ideal reflector in the solar spectrum, achieves radiative cooling below ambient air
45 temperature under direct sunlight (8.2 °C) and at night (8.4 °C). Its performance ex-
ceeds that of a multilayer thin film stack fabricated using vacuum deposition methods
by nearly 3 °C. Furthermore, we estimate the cooler has an average net cooling power
of about 127 Wm™ during daytime at ambient temperature even considering the signif-
icant influence of external conduction and convection, more than twice that reported
54 previously. Our work demonstrates that abundant materials and straight-forward fab-
56 rication can be used to achieve daytime radiative cooling, advancing applications such

58 as dry cooling of thermal power plants.
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Manipulating thermal emission from surfaces by thermal photonic design has received
great attention in recent years.!™'' In particular, passive radiative cooling schemes that
do not require external active devices such as fans, air conditioners or thermoelectrics are
of much interest because of their potential to reduce energy consumption. ¢ Radiative
cooling refers to the physical process by which a body dissipates heat to another body
of lower temperature via thermal radiation. The coldest known heat sink is the universe
with a temperature of around 3 K, and radiative thermal contact can be made with this
thermal reservoir by exchanging energy through the transparency window of the atmosphere.
Historically, radiative cooling during nighttime has been widely studied and employed for
rooftop cooling. 1720 However, radiative cooling during daytime is more useful as cooling
demand peaks during daytime hours.

Recently, a passive radiative cooling scheme has been reported by Raman et al. that
achieves this goal by radiating energy through the main atmospheric transparency window
in the range of 8 - 13 um while reflecting incident sunlight.® Their radiative cooler consisted
of seven alternating layers of SiOy and HfO, on top of a silver back reflector, resulting in 97%
reflection of solar illumination and an average emissivity of about 0.65 in the transparency
window. With a relatively simple experimental apparatus, Raman et al. was able to achieve
a 5 °C degree reduction below the ambient air temperature under direct sunlight. Subse-
quently, Chen et al. was able to demonstrate an average temperature reduction of 37 °C
below ambient by combining a selective emitter with an apparatus consisting of a vacuum
chamber.?! Related to these experiments, there have been other recent theoretical works in
designing various photonic structures for radiative cooling purposes. 122272

Most of these radiative coolers are designed to emit only in the atmospheric transparency
window to avoid exchanging radiation with the atmosphere. This requirement leads to

complex photonic designs, for instance consisting of multilayer stacks that require vacuum
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deposition methods. It is interesting to consider whether emitting and absorbing outside
of the main atmospheric transparency window is necessarily detrimental. If not, materials
that are naturally visibly transparent yet emit strongly over a broad bandwidth in the mid-
infrared, such as glasses, could perform as well as other more complex photonic structures
reported previously.

Here, we experimentally demonstrate passive radiative cooling under direct sunlight and
at night using only a polymer-silica-mirror consisting of a fused silica wafer coated with a
polymer top layer and a silver back reflector. This simple scheme achieves daytime cooling
temperature differentials of 8.2 °C under direct sunlight and 8.4 °C at night, nearly 3 °C larger
than that achieved by the nanophotonic structure in daytime. Our work demonstrates that
inexpensive, abundant materials can be used for applications in energy such as dry cooling
for power plants by realizing daytime radiative cooling without need for complex photonic
structures.

We experimentally examine the radiative cooling performance of the polymer-silica-mirror
by coating a 4-inch fused silica wafer of 500 pm thickness with a 100 pum thick polydimethyl-
siloxane (PDMS) film as a top layer and 120 nm thick silver film as a back reflector. The
silver film is deposited by electron beam evaporation method under high vacuum. The PDMS
film is spin-coated for 60 seconds followed by degassing for 10 minutes and curing for one
hour at 80 °C. The performance of the device is tested on the roof of a building in Pasadena,
California by exposing it to the sky.

A picture of the setup and surroundings is shown in Figure la. To experimentally achieve
cooling below ambient, special care needs to be taken in the measurement setup to reduce
the parasitic conduction and convection from the ambient. In our measurement, the device
is placed on a low thermal conductivity aerogel blanket which is attached to the inner side
of a petri-dish. The petri-dish is supported by three glass rods to suspend it above the roof.
The top of the petri-dish is covered by a polyethylene film, acting as a convection shield that

is transparent to all the radiative wavelengths of interest. The temperatures of the device
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and ambient air are recorded by K-type thermocouples.

120 nm Silver |

Figure 1: (a) Image of the samples under field test on the roof of a building in Pasadena,
California. The device sits on top of an aerogel blankets attached to the bottom surface
of a petri-dish with full access to the sky. The petri-dish is supported by three glass rods,
suspending the petri-dish from the roof. The top of the petri-dish is covered by polyethylene
film, acting as a convection shield that is transparent to all the radiative wavelengths of
interest. (b) Schematic of the test setup. The input/output energy balance is labeled with
Prody, Psun, Paum and P.,, denoting the radiated power from the cooler, absorbed power
from the sun, absorbed power from the atmosphere, and conduction/convection power loss,
respectively. The inset in (b) shows the cross section of the cooler structure consisting three
layers.

The measured temperatures of the polymer-silica-mirror, silica-mirror without polymer
coating and the ambient air are shown in Figure 2. The polymer-silica-mirror maintains a
temperature that on average is 8.2 °C below the ambient air temperature throughout the
period when it is exposed to the sun. At night, the device achieves 8.4 °C below ambient air
temperature without sun irradiation. The daytime temperature differential is 1.0 °C larger
than the silica-mirror and nearly 3 °C larger than that of a prior report.® For comparison,
we also include the field test results of a doped silicon wafer (resistivity of 8 - 12 Q-cm)
measured under the same conditions. Its temperature increases significantly after exposure

to sunlight, reaching nearly 57 °C under the peak solar irradiation. Interestingly, the doped

4
ACS Paragon Plus Environment

Page 4 of 13



Page 5 of 13

©CoO~NOUTA,WNPE

ACS Photonics

silicon wafer also exhibits radiative cooling of about 5 °C below ambient air temperature
after sunset, indicating the cooling ability of silicon solar cells. Here, the infrared absorption

and emission is due to free carriers introduced by the doping.
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Figure 2: (a) Temperature measurement of the polymer-silica-mirror (orange), silica-mirror
(red), ambient air temperature (blue) and bare doped silicon wafer (purple) during a 24-hour
cycle. (b) Zoom-in of the temperature measurement when the device is under direct solar
irradiation. The polymer-silica-mirror achieves a temperature that is 8.2 °C below ambient
air temperature under these conditions.

To understand these observations, we measure the emissivity of the samples over the vis-
ible and infrared wavelength ranges using an ultraviolet/visible /near-infrared spectrometer
and Fourier transform infrared spectroscopy (FTIR). The result is shown in Figure 3. Due to
the transparency of fused silica and PDMS as well as the high reflectivity of silver from the
visible to the near-infrared, the absorption for these wavelengths is minimal. However, a sig-
nificant portion of the ultraviolet light is absorbed by the samples, resulting in about 23 Wm 2
absorption power density for the polymer-silica-mirror. The emissivity approaches unity for
infrared wavelengths longer than 4.5 microns due to absorption of PDMS and silica. Here,
PDMS is added to the design to counteract the large absorption dip of fused silica around
wavelengths of 9 microns, shown as the red line in Figure 3. Counterintuitively, despite
the fact that the sample has a high absorption outside the main atmospheric transparency
window, we observe radiative cooling performance exceeding that of the nanophotonic cooler

designed to emit only within the atmospheric transparency window of Raman et al. ©

5)
ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Photonics

We investigate the origin of this observation by calculating the cooling performance of
two additional cases with idealized emissivity profiles shown in Figure 3. For Case 1, the
emissivity is unity beyond 4.5 pm and zero otherwise, while for Case 2 the emissivity is only

unity in the main atmospheric transparency window.
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Figure 3: Measured emissivity of the polymer-silica-mirror (black solid line) and silica-mirror
(red solid line) from ultraviolet to far infrared. Emissivity of two idealized cases: Case 1
(green dashed line) with unity emissivity beyond 4.5 pum and Case 2 (blue dashed line) with
unity emissivity only in the main atmospheric transparency window. The AM 1.5 solar
spectrum, atmospheric absorption spectrum and a blackbody radiation curve (grey dashed
line, 10 times enlarged in spectral irradiance) at 300 K are superimposed.
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Figure 4: Calculated net cooling power density of the polymer-silica-mirror, silica-mirror and
the two idealized cases as a function of device temperature with different thermal coefficients
(a) heon = 0 and (b) heop, = 10 Wm2K! under AM 1.5 illumination. The ambient temperature
of the atmosphere is taken to be 300 K.

We begin by examining the radiative energy balance of the coolers under solar illumina-

tion. We take the cooler to be at temperature Tj., and the ambient atmospheric temperature
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to be T;,,,,. The net cooling power density, defined as P.,., is given by:

Pcool - Prad(Tdev) - Psun - Patm(Tamb) - Pcon(Tamb7 Tdev) (]-)

where P,.q denotes the radiation power density of the device:

Prad(Tdev) = /dQCOS(Q)/d)\IBB(Tdev,)\)Edev()\,e) (2)

with Ipp indicating the spectral radiance of a blackbody, €4., being the emissivity of the
cooler and A being the wavelength. The absorbed power density by the device with surface

facing the sun at angle ¥ is given by:

Pyun = cos() / (N U) Lanri (M) (3)

L a5 1s used as solar illumination intensity during daytime and W is the angle between the
normal direction of the cooler and the sun. The absorbed power density due to surrounding

atmospheric thermal radiation is:

P (Toms) — / 402 cos(6) / AN 55 (T Neaen (s O)eam (A, ) (4)

The emissivity of the atmosphere is given by €4 (), 0).2° The last term from Equation (1)
is the power density of thermal conduction and convection parasitically transferred to the

cooler:

Pcon (Tamb7 Tdev) - hcon (Tamb — Tdev) (5)

where h,, is the thermal coefficient. Experimentally, the thermal coefficient is determined
by heating up a 4-inch Si wafer and measuring the transient temperature of the wafer in
the same petri-dish used for the radiative cooler. For this measurement, we maximize the

influence of parasitic conduction and convection by coating the wafer with silver on both
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polished sides, thereby minimizing radiative losses. Fitting the transient temperature using
a lumped capacitance analysis yields the thermal coefficient as around 10 Wm2K-!.

We present the net cooling power density as a function of device temperature without and
with the influence of parasitic convection and conduction in Figures 4a and b, respectively.
The figure shows that Case 1, which emits outside the primary atmospheric transparency
window and thus parasitically absorbs radiation from the atmosphere, has a larger cooling
power density than Case 2 for cooler temperatures above 283 K. While the absorbed at-
mospheric radiation increases for Case 1, the power radiated outward increases by a larger
amount. Thus, expanding the spectral range of high emissivity can be beneficial under
some circumstances. 21?® For a cooler temperature of 300 K, Case 1 achieves a cooling power
density 158 Wm™, 43 Wm™ higher than Case 2.

On the other hand, if the goal is to achieve cooling temperature substantially below
ambient temperature, Case 2 is better. For Case 2, the absorption from the ambient is
low as the atmosphere is transparent, while, for Case 1, absorption from the ambient is
significant due to absorption of the cooler in wavelengths outside the transparency window. 2°
Achieving such low temperatures requires high vacuum to minimize parasitic conduction and
convection.?! If such parasitic mechanisms are present, expanding the bandwidth of thermal
emission is likely to be beneficial despite the increase in sky radiation absorption as shown
in Figure 4b.

The above discussion shows why the polymer-silica-mirror achieves such good perfor-
mance despite absorbing atmospheric radiation. Due to convection and conduction, the
steady-state temperature only minimally differs from that of the atmosphere, thus decreas-
ing the influence of the atmospheric radiation and making the near-unity emissivity over a
broad bandwidth beneficial. The result is a net cooling power density of 127 Wm ™2 at ambient
temperature of 300 K under AM 1.5 solar irradiation, 20 Wm2 higher than the silica-mirror
and more than twice of that achieved by the nanophotonic structure. ® The predicted steady-

state temperature at zero net cooling power using the measured h., = 10 Wm>2K™"! is 8.7
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°C below ambient under direct sunlight, in good agreement with our measurement.

In summary, we have shown that abundant materials with strong infrared emission over
a broad bandwidth such as fused silica and PDMS are capable of radiative cooling with
performance exceeding that of more complex nanophotonic structures. For applications
in which the desired temperature is not substantially different from ambient temperature,
a radiative cooler with near unity emissivity over a broad infrared spectrum will achieve
better performance than one that emits only in the atmospheric window. The presented
radiative cooler can be easily realized with common bulk materials such as fused silica wafers
with a metallic back reflector. Further improvements in the present cooler can be achieved
if structure can be designed to reduce sunlight absorption in the ultraviolet. Our work
advances the application of passive radiative cooling for applications such as dry cooling of

power plants.
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