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Abstract: We propose in this article a method to generate radiative coolers which are reflective
in the solar spectrum and emissive in the transparency window of the atmosphere (8-13 um).
We choose an approach combining thermal control capacity of gratings and multi-layers. We use
optimized BN, SiC and SiO, gratings, which have emissivity peak in the transparency window.
We place under these gratings a metal/dielectric multi-layer structure to obtain a near perfect
reflectivity in the solar spectrum and to enhance the emissivity in the transparency window. The
optimized structures produce a good radiative cooling power density up to 80 W.m™2.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

The combined improving demand in housing comfort and temperature rise due to global warming,
has increased energy consumption in air conditioning. This strongly impacts the environment
so that limiting cooling energy expenses has become a real issue. One possible option to fulfill
this goal is through material design for a radiative cooling which in principle is very simple:
evacuate the heat directly into space. Indeed, it is well known that the earth’s atmosphere has
a transparency window for electromagnetic waves between 8 and 13 um. This transparency
window coincides with thermal radiation wavelengths at typical ambient temperatures. Using
this phenomenon, a body can be cooled just because its heat is radiated into cold outer space:
this is the passive radiative cooling process.

Radiative cooling is a common phenomenon at the earth’s surface and it can be illustrated
by several natural processes. For example dew or frost formation observed in the morning after
long winter nights is a well-known manifestation of such a phenomenon. Nighttime radiative
cooling systems have been extensively studied [1-12]. Many selective emitters in the spectral
window were exploited : cheap plastic [1,2], pigmented paints [3,9], SiO and Si3Ny4 films [4-6]
and more recently composite materials [11, 12]. Other authors have compared different kinds of
materials and their properties [7, 8, 10].

However, the cooling demand is much more important at daytime, and if radiative cooling



occurs naturally at night in the absence of daylight, it becomes complicated at daytime because of
the heating by the sun that influences the radiative cooler. To produce daytime radiative cooling,
a strong emission in the transparency window and a quasi-total reflection (90 % or more [13])
in the solar spectrum are required. However, it is difficult to achieve simultaneously these two
properties. Some previous studies have tried to design daytime radiative coolers [14, 15] but
without much success due to the fact that the reflection rate was not sufficiently important to
prevent overheating of the structure. In 2013, Rephaeli et al. [13] experimentally proved for
the first time the concept of daytime passive radiative cooling with a new structure based on a
photonic crystal. The structure used as a cooler made of two parts: a 2D photonic crystal using
phonon-polariton mode to obtain maximum emissivity in the infrared atmospheric transparency
window and a 1D photonic crystal to reflect radiation in the solar spectrum. In 2014, it was shown
that a metamaterial could also act as a daytime radiative cooler [16]. The device was composed of
an anisotropic and conical-shaped metamaterial structure, for a better polarization insensitivity.
It presented a large selective infrared emission on the entire atmospheric transparency window
(8-13 um). These two results demonstrated that it is possible to realize energy-efficient radiative
cooling devices but the proposed structures are quite complex to fabricate and they do not seem
suitable for a possible mass production. At the end of 2014, a system composed of a nanophotonic
solar reflector and a thermal emitter was designed [17]. When exposed to a direct solar irradiance
of 850 W.m2 on a rooftop, the structure has reached a cooling power density of 40 W.m™2 at
ambient temperature. In 2017, an ingenious type of device was proposed for daytime radiative
cooling [18], which manufacturing seems easy and economical. The structure is a randomized
glass-polymer hybrid metamaterial. It is transparent polymer with silicon dioxide microspheres
inside disposed at random. The emission in the atmospheric transparent window comes from
the microspheres employing phonon-enhanced Frohlich resonances while the reflection of solar
irradiance is performed with a thick silver coating. Note that many other structures have also
been proposed either for solar cells cooling [19-23] or just for daytime radiative cooling [24-26].

In this work, our aim is to propose a new design, which combines the abilities of thermal
emission control of gratings and multi-layer structures. To this end, we choose to associate thin
films stack with surface gratings. Indeed, it is well known that one is able to control spectrally
and directionally the thermal emission by ruling a grating on the surface of a polar material,
supporting surface phonon-polaritons, such as SiC (Silicon Carbide) or SiO, (Silicon Dioxide -
a-Quartz) [27-30]. Coupling these gratings with other structures, such as multi-layers structure,
which also have emission properties different from classical lambertian thermal sources [31,32],
is therefore a natural way to control and shape surface radiative properties and obtain structures
with very particular emissive properties. It could indeed complete the grating emission into the
atmospheric window.

In the next sections, we first remind the principles of radiative cooling. Then, we present
our structures, their properties and the calculation methods used to optimize and calculate
their cooling power density. Finally, we present the final optimized structures and discuss their
performances.

2. Principles of radiative cooling

We define the radiative cooling power P.,,; [17] as follows (Fig. 1):
PC()()I(T) = Prad(T) - Putm(Tamb) - Psun - Pcond+conv (1)

In this equation, P, .4 is the power emitted by the structure, defined by equation (2).

Praa(T) = A / dQcos(0) /0 ) dA (T, De(A, Q) )
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Fig. 1. Schematics of a radiative cooler composed of multi-layer structure and grating
overhead with some of the radiative and nonradiative processes.

where f dQ = foﬂ/z sinfdo fozn d¢ is the angular integral between § = 0 and 7/2 and between
¢ = 0 and 27 for a hemisphere, Ipp(T, A) is the black body specific intensity at temperature 7,
€(4, Q) is the spectral and angular emissivity of the structure and A the surface of the device.
Here, we need to be careful with the structure we study, because the emissivity of a plane surface
like the multi-layer does not depend on the polarization and the azimuth angle, which is not the
case for the grating, where emissivity can be different for both polarizations and also depend on
the azimuthal angle. So we take into account in the expression above the azimuthal angle ¢ in
addition to the emission angle 6 and the emissivity should also be a function of the wavelength
A and space angle Q. However, we will show in the next parts, that we choose omnidirectionnal
gratings, i.e. which have emissivity peaks for certain wavelengths for all angle of incidence.
Marquier et al. [33, 34] have shown that for omnidirectionnal grating sources, the azimuthal
dependance is negligible. We have checked for our structures and it is effectively the case. So the
only difference is the emissivity of the grating between TM and TE polarizations. So we could
use a simplified expression / dQ = / 27 * sinfd@ of the angular integral between 8 = 0 and
7/2 for a hemisphere and use €(4, §) as the spectral and angular emissivity of the structure. But
to have a realistic result, we need to take for the structure the average emissivity between TM
and TE polarizations. For the rest of the study and for sake of simplicity, the structure emissivity
will only be presented for one of the polarization (TM), but the radiative cooling power will be
calculated from the average emissivity between TM and TE polarizations.

Pt is the power from incident atmospheric radiation:
Putm(Tamb) =A / dQCOS(@)/ d/lIBB(Tumba /1)6(/17 Q)Q”m(/l, 9) (3)
0

The atmospheric emissivity is given by: €,;m(4, 8) = 1—£(1)1/¢?5) where 1(1) is the atmospheric
transmittance in the zenith direction.
Py,,p is the absorbed power incoming from the sun:

Pyyn = A/ d/le(/l’ HSun)IAMLS(/l) 4
0



with the solar illumination represented by 4571 .5, which correspond to the solar spectrum after
it goes through 1.5 times the atmosphere thickness. We consider our structure facing the sun
with the angle 0g,,,,, which is the sole angular dependence in the emissivity.

The conduction and convection transfer is given by a simple Newton law in Pcong+conv (5)
with a coefficient 4. combining both heat transfer mechanisms.

Peondiconv (T, Tumb) = Ahc(Tamb - T) (5)

To produce radiative cooling, the resulting power P.,0; should be positive. When Pc,0/(T) = 0,
the temperature of the structure is corresponding to the steady state temperature 7. This is an
equilibrium temperature; if the external conditions do not change, the structure should stay at
this temperature. So if P.,,;(T) > 0, the power excess represents the radiative cooling power. If
the structure stays in the same external conditions, its temperature should naturally decrease.

To have a good radiative cooling power, an emissivity near 1 for most wavelengths in the [8-
13]um range and for most angles of incidence is really useful, because it increases significantly
the power emitted by the optimized structure P,,4 without influencing the other power Py,
and P,;,,. These two powers tend to decrease P.oo/, SO it is interesting to keep them as low as
possible. Other possibilities to improve the radiative cooling are:

- to keep a low solar absorption, the maximum allowed solar absorption is 10 percent in order
to compensate it with the emission in the atmospheric window [13]. That is quite done in our
structure with the association Ag - multi-layer;

- to reduce at most the convection and conduction around the structure by isolating it.

3. Approach of problem

The studied structure is constituted of three components: a metallic layer used as a substrate is
placed under a multi-layer with a lamellar grating ruled on the top of it (Fig. 2). Note that it is
the first time that a grating is used to conceive daytime radiative coolers. The aim is to optimize
this structure in order to have a perfect reflexion in solar spectra and a perfect emission in the
atmospheric window [8-13] um. We could then have daytime radiative cooling and reduce our
structure temperature below ambient temperature.

3.1.  Metallic layer

To generate a good cooling, it is essential to have a quasi-perfect reflection in the solar spectrum.
We can achieve this with a metal layer, used as a substrate. A study of the optical properties of
several metals was performed and silver showed up as the best candidate. So we use silver as the
metallic layer for the rest of the study.

3.2.  Multi-layer structure contribution

The multi-layer above may be composed of materials with interesting optical properties ( high or
low index, optically transparent, SPP (surface phonon-polaritons), ...). On the one hand, it should
permit to increase the solar spectrum reflexion and on the other hand, it should contribute to the
thermal emission in the earth atmosphere transparency window. In association with the grating,
it can inhibit or increase the emission on a large spectra or create new emission peaks, especially
if the multi-layer is made of materials supporting SPPs. Alternating transparent materials with
absorbing materials can be used to create a resonant cavity [31,32]. At last, a layer of inert
material could be inserted between two layers for fabrication issues.

3.3. Grating contribution

The grating is a new element in regards to daytime radiative cooling literature. It permits to
enhance the emission between 8 and 13 um. The three parameters defining the grating are the
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Fig. 2. Schematic representation of the studied structure.

period d, the depth % and the filling factor F' (Fig. 2). SiC, SiO, and BN (Boron Nitride) are the
3 materials that have been used for the grating. The reason is that these three materials are polar
so that they support SPP, which are evanescent waves bordered in the near-field close to the
interface. Note that these surface waves appear only in p-polarization (or transverse magnetic).
When a grating is ruled at the source surface, it scatters the surface wave and couples it to a
propagative wave in the far-field.

In principle, the 3 materials chosen for the grating are good candidates since they exhibit SPP
at wavelengths located in the transparency window 8-13 pm. The grating should therefore scatter
the thermally excited SPP to the far-field providing strong emission close to the resonance.

3.4. Numerical method (RCWA with PSO)

To calculate the radiative properties of our multi-layer with grating structure as a function of the
wavelength A and the angle of incidence 6 of the incident field, we used the Rigorous Coupled-
Wave Analysis (RCWA) method. We used a code based on RCWA, RETICOLO, developed by
J.P Hugonin and P. Lalanne from Institut d’optique. A short description and references to the
RCWA method and RETICOLO could be found in [35].

For this study, we combined RETICOLO with a particle swarm optimization (PSO) algorithm.
PSO was first presented by Kennedy and Eberhart [36]. It is built on a collaborative system with
different particles, which allows to converge towards minimums. There are three main actions
in a PSO algorithm : evaluate, compare and imitate. To converge towards the target, each
particle decides its next move from its current speed, its best solution and the best solution of
its neighbours (its informants) [37]. Here, the target fixed for the PSO algoritm is the radiative
properties of an ideal daytime radiative cooler which emits only between 8 and 13 um and is
perfectly reflective elsewhere for all angles of incidence.

We want to optimize the type of materials and the thickness for each layer and the three
parameters of the grating, to obtain an emissivity as a function of the wavelength and the emission
angle as close as possible of the ideal target defined above for both states of polarization of light.
The research space is very large with several local minima and no unique solution. Furthermore,



the optimization should deal with discrete variables, as the type of material for the layer. The
PSO method is particularly suitable for this kind of optimization with discrete and continuous
variables. Our team has already used this kind of algorithm before [32] to optimize multi-layer
structures and further details could be found in [32]. For this study, we choose to optimize first
structures with only 4,5 or 6 layers and to reduce the number of material types.

4. Results and discussion
4.1. Results

We found several structures corresponding to our criteria, which produce a good radiative
cooling, but we will examine thoroughly only one of them. This optimized structure combines
a SiO, 1D grating with a multi-layer structure Ag/HfO,/BN/SiC/BN/SiO; as seen in Fig. 3. Its
parameters are listed as structure 1 in Table 1. We add the characteristics of structures 2 and 3,
which also permit to have a good radiative cooling, but with a SiC and a BN grating respectively.
We will not examine thoroughly these structures here, but it shows that with a good optimization,
it is possible to have an important radiative cooling with the 3 types of materials for the grating.

d
<>
Sio2 h
Sio2 d1
SiC d2
BN d3
HfO2 d4
Ag d5

Fig. 3. Optimized multi-layer structure with SiO, 1D grating.

Structure | Grating d(um), F et h(um) | Layer | Layer | Layer | Layer | Layer
1 2 3 4 5
dl(um)| d2(um)| d3(um)| d4(um)| d5(um)
1 SiO, SiO; SiC BN HfO, | Ag
337 10.39 [ 0.736 0.93 0.725 | 0.999 | 0.08 0.11
2 SiC SiC SiO, SiC BN Ag
328 [ 04 ]0457 0.03 0.808 | 0.812 | 0.942 | 0.929
3 BN BN SiC SiO, Ag /
3.83 10.59 ]0.998 0.0711 | 0.686 1.0313 | 0.99 /

Table 1. Parameters of our optimal multi-layer + grating structures for SiO,, SiC and BN
gratings.

We plot in Fig. 4 the emissivity at normal incidence of our structure 1 as a function of



wavelength compared to the ideal emissivity and in Fig. 5 the emissivity as a function of
wavelength and angle of incidence.
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Fig. 4. Emissivity at normal incidence in polarization TM of the optimized structure as a
function of wavelength (blue line) compared to the ideal emissivity (red line).
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Fig. 5. Emissivity in polarization TM of the optimized structure as a function of wavelength
and angle of incidence.

In Fig. 4, we see emissivity peaks close to 1 in the [8-13] um wavelength range thus coming
close to the ideal emissivity that we had fixed in the PSO. Note that this result is different from
the one obtained with simple gratings. Indeed, a SiO, 1D grating has a typical single emissivity
peak located around 9 pum. The multi-layer structure completes very well these peaks by adding
it own peaks in the whole atmosphere transparency zone. Some interactions between the grating
and the multi-layer can modify further the emissivity in this area. On the other side, in the solar
spectrum, the emission is reduced to a single peak for 1<0.4 um, this peak has very little impact
on Py, and then on P4 For 1>0.4 um, the emission is near zero, so that the solar absorption
by the structure is reduced and it contributes to a good radiative cooling. Mapping these results
as a function of the wavelength and the angle of incidence (Fig. 5), we can see that the emissivity
is nearly independent of the angle of incidence. Although the transmittance of the atmosphere
decreases with the angle of incidence, as shown in the supplementary materials of [38], it is still



high up to values close to 60 degrees. Therefore, an isotropic emission is more efficient for a
good radiative cooling.

To evaluate the performance of our structure, we show in Fig. 6 the variation of the calculated
radiative cooling power density (in red) during a clear day in our city Poitiers (located at the
west of France with an oceanic and temperate climate). As an example, we took the ambient
temperature of the clear day of 16 March 2017 in Poitiers. We want to clarify that in this
example, we are not in the most favorable situation, because the temperature are not really high
for the light illumination, so a better temperature/ light illumination ratio could produce more
radiative cooling power density. But we choose this example to have an idea of the producible
radiative cooling power density along a lambda day in our location, to help for example for
further experimental testing. We suppose that the structure temperature is equal to the ambient
temperature during the day. It permits on the one hand, to simulate a case where we are totally
isolated from conduction and convection. On the other hand, it is similar to considering that
the radiative cooling power produced by our structure is the power needed to make these two
temperatures stay equal. To calculate this radiative cooling power we took, as we have mentioned
before, the average emissivity between TM and TE polarizations. As we can neglect Peond+conv,
we can see in Fig. 6 the different contributions of P.,.; as defined in equation (1).

Pcool
140 Prad
1 Patm
120 Psun
c},’\ 100
E_ J
2 %]
o 60 -
2 |
[e]
Q- 40
20
O T — T 1 7 | 1
0 5 10 15 20 25

time (h)

Fig. 6. Radiative cooling power density and its contributions (with the average emissivity
of the structure between TM and TE polarizations) as a function of time regarding to the
temperature of a typical March day in Poitiers.

As could be expected, it is at night where we have the highest mean P,,,; around 70 W.m2.
The maximum value is reached at 7pm around sunset, when the temperature is still very high,
but the sun contribution has almost disappeared. At noon, when the sun contribution is at its
maximum, we still have a radiative cooling power density of 40 W.m~2. Our performances are
of the same order of magnitude as other daytime radiative coolers proposed recently [13,17,25].
Hence, a good radiative cooling could be obtained by using a relative simple structure combining
a multi-layer and a 1D grating.

Few interpretations about the emissivity of our optimized structure are given in the next part.

4.2. Results interpretation

Concerning the multi-layer structures, we have considered in a first approach only metals, HfO,
and polar materials in their constitution.



We took a metallic layer as a substrate of our multi-layer structure in order to reduce the
solar absorption. To reflect most of the solar radiation, silver seems to be the best metal with an
affordable price. This reflection will be completed by the dielectric layer above. The HfO, layer
does not modify a lot the emission in the transparency window, but it helps to further reduce
emission peaks in the solar spectrum in association with upper layers and it can serve as a buffer
layer in order to facilitate the layer deposition.

The upper part is constituted of polar materials, which have the particularity to support SPP.
The multi-layer can produce emissivity peaks different from the grating through resonance or
cavity effect. It is also possible that these non radiative surface waves could be coupled through
the grating to a propagative wave in the far-field. Another possibility is that the grating could
act as an upper layer added to the multi-layer and modify or enhance some resonances already
existing in the multi-layer. So the multi-layer structure can increase emissivity of some peaks
and create others. However, unlike simple gratings, whose we can predict position and origin of
peaks, it becomes difficult for a mix of multi-layers and gratings. That’s why PSO is useful to
optimize our structures with emission peaks only in the [8-13] ym range.

For the grating, the three types of materials (SiO,, SiC and BN) can potentially produce
good radiative cooling, because all emissivity peaks are located in the transparency atmospheric
window [8-13] um. It is also important to choose well the grating period. For these three polar
materials, small period tends to produce monochromatic and isotropic emission peaks and for
larger periods, the emission peaks are monochromatic and directional. Our optimized gratings
have all small periods and produce consequently isotropic emission peaks [28, 34]. The grating
could also scatter thermally excited SPP from the multi-layer to the far-field adding therefore to
the peaks produced solely by the grating and the multi-layer.

To illustrate our optimized structure, we separate in Fig. 7 the input of each component: ideal
emissivity, optimized structure, grating alone and multi-layer.
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Fig. 7. Emissivity at normal incidence as a function of wavelength : ideal (red line), optimized
structure (blue line), multi-layer only (cyan) and grating alone with silver (magenta).

The three emission peaks coming from the multi-layer structure are still found in the optimized
structure emissivity. The peak at 9 um from the grating is still there too. The second peak of
the grating around 10 um permits to keep the structure emissivity higher than with only the
multi-layer. Finally the last contribution of the grating around 12 um coupled with the multi-layer
contribution produced a higher emissivity at this wavelength for the optimized structure. It is
one example where the coupling between the multi-layer and the grating enhances the grating



emissivity peaks. It could come either from the SPP excitation by the grating coupled to the
multi-layer or from the grating acting as an additional layer to the multi-layer and enhancing its
emissivity.

4.3. Simplified structure for fabrication

To simplify the fabrication, we next show that it is possible to have a good radiative cooling
with a simplified structure composed of few layers. The design of this structure is shown in
Fig. 8. Here, we complete the emission peak of the grating with the emission of an "optimized"
Fabry-Perot cavity : a layer of TiO», located between two layers of SiO;. In the same conditions
as previously, we plot on Fig. 9 the radiative cooling power density (in red) during the day for
the average emissivity between TE and TM polarizations. We still have the maximum cooling
power around 75 W.m~2 at 7pm and the radiative cooling power density is still better at nighttime.
Around noon, we attain a Peoo; of 30 W.m~2. The performance of this simplified structure, a
little bit under the performance of the precedent structure, is still very good for the considered
external temperatures.
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<>
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Fig. 8. Simplified radiative cooler structure.

As previously, we separate the input of each element in Fig. 10. The grating has an emission
different from the other optimized structure because we changed its parameters d, h and F. With
its emission peak around 9 um, the grating contributes greatly to the emission between 8 and
11 pum. Then the TiO; cavity produces a peak at 10 um and a feeble one around 12 um. Finally,
it is then the combination of the multi-layer and the grating effects, which produces the great
emission between 8 and 11 um and increases the emissivity of the 12 um-peak. This combination
along with the silver layer also permits to reduce the emissivity in the solar spectrum. This proves
that the grating can, in addition to its own emission peaks, exhibit or enhance emissivity from
the multi-layer structure below.

5. Conclusion and perspectives

We have shown that it is possible to design structures, which are very emissive in the atmospheric
transparency window and very reflective in the solar spectrum, by associating thin film stacks
with gratings. The coupling between polar material gratings and multi-layer structures creates
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Fig. 9. Radiative cooling power density (in red) of the simplified structure (with the average
emissivity of the structure between TM and TE polarizations) as a function of time regarding
to the temperature of a March day in Poitiers and its contributions P, 4 (in blue), Py (in

black) and Py, (in magenta).
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Fig. 10. Emissivity at normal incidence as a function of wavelength : ideal (red line), opti-
mized structure (blue line), multi-layer only (cyan) and grating alone with silver (magenta).



additional emission peaks in the atmospheric transparency window and reduces emission else-
where. Furthermore, the presence of the grating above the multi-layer can produce an emissivity
greater than the emissivity made by the grating or multi-layer alone. This phenomenon could be
a consequence of the SPP excitation in the multi-layer accentuated by the grating or the grating
could play the role of an upper layer enhancing the emissivity of the multi-layer.

A simplified structure which produces a good radiative cooling power was also obtained. It
will permit facilitating the experimental verification and as such validate the theoretical results.

For this study, we worked only with 1D lamellar gratings as a preliminary work. 1D lamellar
gratings can produce emission peaks for TE polarization and for azimutal angles different
from zero. Nevertheless there is generally a distinction between the emission produced by both
polarizations and 1D lamellar gratings produce emission peaks at best with a maximum of 50
% for non polarized light and all emission angles. On the contrary, 2D gratings potentially
produce emission peaks with a maximum of 100 % for a non polarized light and all emission
angles. It could improve further the radiative cooling power generated by our multi-layer +
gratings structures. It could also help for practical applications in natural light as it could permit
to be free of all polarization or azimuthal angle considerations. Thus a combination of a 2D
grating with the simplified structure could be a good consideration for prototype fabrication and
experimental tests will be done in this way soon.

Funding

This work was partially funded by the French Government program “Investissements d Avenir”
(LABEX INTERACTIFS, reference ANR-11-LABX-0017-01) and ANR RADCOOL (reference
ANR-17-CE06-0002-01).



