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The passive radiative cooling technology shows a great potential application on reducing the enormous global energy
consumption. The multilayer metamaterials could enhance the radiative cooling performance. However, it is a challenge
to design the radiative cooler. In this work, based on the particle swarm optimization (PSO) evolutionary algorithm, we
develop an intelligent workflow in designing photonic radiative cooling metamaterials. Specifically, we design two 10-layer
SiO; radiative coolers doped by cylindrical MgF; or air impurities, possessing high emissivity within the selective (8-
13 um) and broadband (8-25 um) atmospheric transparency windows, respectively. Our two kinds of coolers demonstrate
power density as high as 119 W/m? and 132 W/m? at the room temperature (300 K). Our scheme does not rely on the
usage of special materials, forming high-performing metamaterials with conventional poor-performing components. This
significant improvement of the emission spectra proves the effectiveness of our inverse design algorithm in boosting the

discovery of high-performing functional metamaterials.
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1. Introduction

With the rapid development of modern industrialization,
the traditional cooling technology consumes a large amount
of energy source.!!?] The passive radiative cooling technol-
ogy without any external energy input has been regarded as a
promising method in the field of energy science.>®! Based on
the atmosphere transparent window in the wavelength range
of 8-13 um, the thermal radiation of terrestrial objects at the
room temperature (300 K) holds peaks exactly in the atmo-
spheric transparent window, which radiates the dissipated heat
directly to the outer space.!”-8!

Nighttime radiative cooling has been extensively studied
and successively implemented for decades.”~!”! However, the
practical cooling tasks are usually during the daytime, [>-7-18-221
which are much more difficult due to the heating effect of the
sunlight. The goals to achieve daytime radiative cooling are
to minimize the absorption of sunlight and simultaneously en-
hance the emissivity of the device in the atmospheric transpar-
ent window. [37:22-23]

There are a series of excellent photonic materials pro-
posed in the radiative cooling field,[*s! e.g., multilayer

structures, %] metamaterials, (191

randomly distributed particle
structures,??) and porous structures.!?’! The radiative cool-

ing materials have many potential applications on energy-
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5,139737] electricity generation'3®31 and water

cooling textile
harvesting.!*’! These wide variety of photonic materials with
different thermal performance provide a broad perspective for
the manufacture of radiation cooling devices.

Recently, the great potential brought by the machine
learning has ignited the field of material science and pho-

[41-46] The machine learning is utilized to in-

tonic device.
versely design photonic crystal structures*’*"1 and radia-
tive coolers.[*1:303¢1 Moreover the multilayer photonic de-
vice with microstructures has been demonstrated as high-
performing radiative cooling devices.!"-21>157-391 Therefore,
the machine learning technology has the wide application
prospects of designing the high-performing radiative cooling
metamaterials.

In this work, we use SiO, with high emissivity in the at-
mospheric transparency window and MgF, as basic materi-
als, taking advantages of their high sunlight transparency and
therefore low daytime radiation absorption.

Based on the particle swarm optimization (PSO) algo-
rithm, we design two kinds of high-performing photonic meta-
materials for selective and broadband radiative cooling. The
results show that the selective radiative cooler has the cool-
ing power of 119 W/m? and the broadband one has a cool-
ing power of 132 W/m? in the room temperature environment.
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Therefore, the two multi-layers microstructures could be used
for the passive radiative cooling. And our photonic metamate-
rial design with the PSO algorithm shows the immense poten-
tial on exploring radiative coolers with higher cooling power
and designing the high-performing functional photonic meta-
materials.

2. Theory of radiative cooling

Generally, the daytime radiative cooler is mainly affected
by solar thermal radiation, atmospheric and nonradiative (con-
ductive and convective) heat exchange, as well as the sur-
rounding air as shown in Fig. 1. Therefore, the net radiative

cooling power P, of the cooler is defined by!*7]

PC(TC) :Prad(n)_Patm(Tamb)_Psun_Pnonrad~ (1)

Outer space (3 K)

Sun
(6000 K)
Psun Prad Patm
-Pnonrad
Earth Radiative cooler ?Xg‘

Fig. 1. Schematics of radiative and nonradiative heat exchange pro-
cesses among radiative cooler, atmosphere and outer space. Prad, Pam,
Pan and Ppoprag are the power emitted from the radiative cooler, ra-
diative power from atmosphere absorbed by the radiative cooler, so-
lar power absorbed by radiative cooler and non-radiative heat exchange
(conductive and convective) power, respectively.

The first item in Eq. (1) P,q(T¢) is the power emitted by
the radiative cooler with area A which can be expressed as
27 /2
Pod(Te) = A/ d¢/ sin(8)cos(6)do
Jo Jo
X/ IBB(TCaA’)g(A’a9>¢)d)‘7 (2)
0

where T is the temperature of the radiative cooler, 0 (¢) is the

polar (azimuth) angles, Ipg (7T, 1) = 2;22 m

trum density of the black body at temperature T with Ak, ¢, A

is the spec-

and kg being respectively the Planck’s constant, the speed of
light in vacuum, the wavelength and the Boltzmann constant.
Here, £(1,0,¢) is the generally anisotropic emissivity of the
radiative cooler, which hereafter is considered independent of
¢.1471

The second item in Eq. (1) Pym(Tamp) is the radiative
power from atmospheric absorbed by the radiative cooler,

/2
Pan(Tamp) = 27rA/ d0sin(0) cos(0)
0

x /MIBB@mb,x)e(x,e>eatm<x,e)dx, 3)
0

where Ty, is the temperature of the atmosphere, € = 1 —
1(A)"/¢0s(0) is the angle dependent emissivity of atmosphere,
and #(A) is the atmospheric transmittance in the zenith direc-
tion.

The third item in Eq. (1) Py, is the solar power absorbed
by the radiative cooler,

Pan = A / " At 15(2)e(A, Byan), @)
0

where Iay 1.5(A) is the solar illumination, and gy, is the fixed
angle between the incident sunlight and the radiative cooler.

The last item in Eq. (1) Pyonrad represents the nonradiative
heat heat exchange power of the cooler with the surrounding
environment, which can be given by

Pnonrad(TC; Tamb) = Ah(Tamb - TC)7 (5)

where h = heong + heony 18 the total non-radiative heat coef-
ficient combining heat conduction coefficient hco,q With heat
convection coefficient scopy.

As shown in Eq. (1), when the power emitted by the ra-
diative cooler is lager than that absorbed from outer space, the
cooling effect occurs. The temperature of cooler 7, will con-
tinue to decrease until the net cooling power is equal to zero,
reaching a steady temperature Tgeaqy. Therefore, to obtain the
optimal cooling effect, one should simultaneously reduce the
absorbed power and enhance the dissipative radiation in the
atmospheric transparent window.

3. Inversely designing photonic metamaterials
with evolutionary algorithm

The evolutionary algorithms show the great potential in
inversely and efficiently designing the functional materials in-
stead of the traditional trial-and-error method. 4669611 And the
PSO algorithm is a kind of effective biological swarm intelli-
gence algorithm, which has the advantages of easy implemen-
tation, few hyper-parameters, and fast convergence, [46:60:62.63]
In this work, we develop a paradigm to systematically design
the photonic metamaterials. As shown in Fig. 2, our frame-
work mainly contains the stages of (i) the material definition,
(ii) metamaterial configuration, (iii) fitness calculation and (iv)
the evolution with PSO evolutionary algorithm.

The material definition as input parameters of the work-
flow needs to be prepared in advance, including the num-
ber of layers, the maximum thickness of each layer, the type
of the microstructure units and the maximum number of the
units in each layer. The optimization problem becomes in-
creasingly difficult with the increment of structure complex-
ity. Although, with more layers, more complex spectrum can
be achieved in principle, the larger number of layers makes the
searching space more complex and the spectrum calculations
time-consuming. Here in this work, for tractability, we define
(at most) 10 SiO; layers as the substrate. Because MgF, is
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transparent over an extremely wide range of wavelength, it is
widely used in the windows, lenses and radiative coolers.[”#!]
The multilayer SiO; with MgF, and air units could take the

advantages of their high sunlight transparency and therefore

low daytime radiation absorption. With this motivation, our
micro-cylinders are filled by air or MgF,. We also restrict the
centers of the cylinders in each SiO; layer to the same posi-
tions for the sake of model simplicity.

Evolving
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Fig. 2. Designing schematic of the radiative cooling metamaterials. The schematics mainly includes four parts, the material definition, metamaterial
configurations, fitness calculation and evolution with particle swarm optimization (PSO). The schematics starts with the material definition as the input
parameters which includes the materials, layers, and units. The material configuration will generate the metamaterials with the symmetry of the 17
plane groups. And the spectrum of the metamaterial is calculated by the RCWA in the fitness calculation part. The PSO part will make the population
of metamaterials evolve towards the new metamaterials with the better radiative cooling performance until reaching convergence condition.

The metamaterial configuration comprises the thickness
of each layer, 2D lattice parameters and center coordinate,
radius and filled material of each cylinder. For the initial-
ization, in the metamaterial configuration part, the thickness
of each layer is randomly generated within the maximum
thickness. Initially generating structures with consideration
of the spatial symmetry ensures not only the unbiased sam-
pling of the search space, but also higher diversity in the pop-
ulation of structures than the fully random initialization of

60.64.65] Thys, in this work, the crystal metamateri-

structures. !
als are randomly generated according to the plane group sym-
metries. The lattice parameters of the metamaterial belong to
5 Bravais lattices in the two-dimensional (2D) plane. The cen-
ters of the cylinders are regarded as the Wyckoff positions of
the 17 2D plane groups.

The spectrum of layered photonic metamaterial is cal-
culated by S* based on the rigorous coupled-wave analysis
(RCWA) method.[%] The fitness function between the result-

ing spectrum S, (A) and the ideal spectrum A(A) is set as

Fo= [ dAA2(3) - SoA), ©)

where the vector @ contains the configuration parameters of
our metamaterial structure. The emissivity of the ideal se-
lective (broadband) radiative cooler is A(A) =1 for A €
[8,13] um (A € [8,25] um) and zero otherwise.

The designing of metamaterials is thus equivalent to min-
imizing Eq. (6). We utilize the PSO algorithm to make the
whole population evolves towards the photonic metamaterial

with less fitness as[0%:67]

Vigpl = WiVip + 171 O (Dibest — Tiy)

+¢212 © (Gbest — Ty )

Tiryl = Tip+ Ve, @)

where i represents the index of the metamaterial structure as
well as particle, ¢ is the number of iteration and © is the
Hadamard (elementwise) product, w; is the inertia weight of
the velocity vector of particle i v;;, the acceleration constants
c1 and ¢, are equal to 2, and 71, 7, are the random vectors
with elements in the range of [0,1]. Here, gpe is the global
best photonic metamaterial, which corresponds to the material
with the minimum of fitness during the whole design process
and p; pes: 18 the local best photonic metamaterial ever explored
by particle i. The inertia weight is annealed linearly from 0.9
t0 0.4 as wy = Wimax — (Wmax — Wimin) /fmax - > With 7max being the
maximum number of iterations.[®”-%8] The three parts of new
velocity in Eq. (7) are also respectively called the inertia of
the velocity, individual cognition and social knowledge shar-
ing. Generally, the velocity of each particle in parameter space
is stochastically accelerated towards its previous best metama-
terial configuration (personal best) and towards the best so-
lution of the population (global best) within the total 17 2D
plane groups. Therefore, each metamaterial configuration is
updated according to its new velocity without confining the
symmetry. During the evolving process, in order to increase
the diversity of the population, the worse 30% of the popula-
tion metamaterial structures will be replaced by the initially
generated metamaterials. When the convergence condition is
reached, the evolutionary program will be terminated.

On one hand, an ideal selective radiative cooler emit-
ting in the range of 8—13 pum could reach a lower steady-state
temperature than an ideal broadband radiative cooler, due to
its lower radiation absorption.!®! On the other hand, above
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the ambient temperature, the power of an ideal cooler can
be significantly enhanced by broadening its effective emission
range. [3.8,20.691 Therefore, in this work, we consider both these
two kinds of coolers with performance tradeoff, since they are
possibly suitable for different working conditions. With our
multilayer photonic metamaterial design workflow, we devise
the two kinds of multilayer photonic metamaterials to cover
the 8—13 pm and 8-25 pm atmospheric transparency window
ranges as the selective and broadband radiative coolers, re-
spectively.

4. Results and analysis

First of all, we design a selective radiative cooler. The
goal is that the emissivity in the range 8—13 pm is 1, and the
emissivity of other wavelength range is 0, as shown in Fig. 3(a)
and Table 1. The selective radiative cooler is composed of 10
layers of SiO,, which are stacked from top to bottom, and the
thicknesses are 4.90, 4.11, 3.71, 0.41, 3.50, 1.57, 2.24, 4.72,
2.77, and 0.07 um respectively. Each layer of SiO; film is

Lattice

SiQ, mmm MgF,

Fig. 3. Designed metamaterials for radiative cooling. (a) The selective ra-
diative cooler. The right part is the top view of the rectangular primitive cell
in plane whose length and width are 8.76 um and 4.74 um. The detail of
the selective radiative cooler could be found in Table 1. (b) The broadband
radiative cooler. The right part is the top view of the square primitive cell in
plane which has a width of 1.86 um. The detail of the broadband radiative
cooler could be found in Table 1. The metamaterials are featuring periodic
circular holes of different radii. The cyan layers are the multi-layers of SiO.
The brown circulars are MgF,. And the pink lattice presents the primitive
cell of the radiative cooler.

Table 1. The structure information of the selective radiative cooler. The
primitive cell in plane is a rectangular 4.74 pm x 8.76 um. The thickness
is the thickness of the SiO, layer. The center of the rectangular is set as
the origin of coordinates. The center position is the center of the cylinder
in plane. The radius is the radius of the cylinder. The filled material is the
material of the cylinder of each layer.

No Thickness Center Radius Filled
' (pm) position (pm) (pm) material
152 i
1 4.90 (0,-1.52) 145 ar
(0,1.52) MgF,
~152 MgF
2 411 (0,-1.52) 1.25 g2
(0,1.52) air
3 371 (0,-1.52) 120 MeF>
(0,1.52) MgF,
~152 i
4 0.41 (0,-1.52) 127 ar
(0,1.52) air
~152 MgF
5 3.50 (0.-152) 1.40 g
(0,1.52) air
6 1.57 (0,-1.52) 1.24 a
(0,1.52) MgF,
7 224 (0.-152) 1.44 ar
(0,1.52) air
8 472 (0,-1.52) 1.35 MeF>
(0,1.52) MgF,
9 2.77 (0,-1.52) 1.16 a
(0,1.52) MgF,
10 0.07 (0,-1.52) 1.38 ar
(0,1.52) air

embedded with MgF,/air cylinders. The rectangle lattice of
the primitive cell is 4.74 umx8.76 um with pm plane group
symmetry. The center coordinates of each layer filled with cir-
cular holes are (0.0, —1.52 um), (0.0, 1.52 um) respectively.
The radii of filled cylinders in one layer are the same and dif-
ferent in different layers, i.e., 1.45, 1.25, 1.20, 1.27, 1.40, 1.24,
1.44,1.35, 1.16, 1.38 pm from the top to bottom.

Based on the RCWA, we calculate the spectrum of the
selective radiative cooler, as shown by the orange curve in
Fig. 4. It is better than the SiO, and MgF, materials in the
range of 8—13 pm. The absorptivity/emissivity near the 9 um

1.0F T T T T T - ) e ———  E——

0.8 ---- Ideal selective spectrum : ]
5 0.6 Ideal broadband spectrum : E
ht F |
2z 04F X -
a [ |
- 02 - | =1
8 L |
Qo opb———-———— e e = — — — ! -
]
~
» 1.0r
z L AM 1.5 Solar spectrum
‘% 0.8F [T7] Atmospheric transmittance spectrum
2 —— SiOq
g 0.6} —— MgF,

—— Selective radiative cooler
0.4 ' —— Broadband radiative cooler
0.2 -
0 i 1 i 1
0.3 1 2 3 5 8 10 13 15 20

Wavelength (um)

Fig. 4. Emissivity spectrum versus wavelength. The purple dot line and orange dash line are the spectrums of the ideal selective and broadband
radiative coolers, respectively. The calculated spectra of SiO,, MgF,, designed selective radiative cooler and designed broadband radiative
cooler are presented by gray, green, orange, purple lines, respectively. In the background, the AM 1.5 solar spectrum and atmospheric trans-

mittance spectrum are presented by yellow and cyan areas, respectively.
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is less than 0.3 for SiO, with gray curve, and close to O for
MgF, with green curve. After optimizing the structure pa-
rameters of the selective radiative cooler, its emissivity around
9 um remarkably exceeds 0.7. Assuming the ambient tem-
perature being 300 K, we can obtain the cooling power of the
selective radiative cooler at different conductive and convec-
tive heat exchange coefficients 4 of 0, 5 and 10 W-m2.K !,
respectively, corresponding to the solid black line, blue dash
line and orange dot line shown in Fig. 5(a). The refrigeration
power Pe(Tymp) could reach 119 W/m? at the ambient temper-
ature. When the cooling power drops to O, the temperature
of the cooler and the ambient reach equilibrium, and then the
radiative cooler reaches its cooling limit. Without consider-
ing the coefficient of conductive and convective heat exchange
(h = 0), the steady-state temperature Tyeady Of the selective ra-
diative cooler could reach 265.5 K, which is 34.5 K lower than
the ambient temperature.

() 300 - . . .
——h=0 W-m2K-!

250 h=5W-m-2K-! ,

- - - -h=10 W-m 2K~V

1]

’

150} (300 K, 119 W/m?)

P. (m/W?2)

0 <l i
260 270 280 290 300 310
Te (K)

‘

0 e
260 270 280 290 300 310

T. (K)

Fig. 5. Radiative cooling power versus the temperature of radiative cooler.
(a) Net cooling power versus the temperature of the designed selective ra-
diative cooler. (b) Net cooling power versus the temperature of the designed
broadband radiative cooler. The ambient temperature Ty is 300 K. The
solid black line, blue dash line and orange dot line present the different com-
bined heat conduction and heat convection coefficients z of 0, 5 W-m~2.K !
and 10 W-m~2.K~!, respectively. When the temperature of the radiative
cooler is equal to the ambient temperature 300 K, the net cooling powers
of the designed selective and broadband radiative cooler are 119 W/m? and
132 W/m?, respectively corresponding to the black empty circles.

Table 2. The structure information of the broadband radiative cooler.
The primitive cell in plane is a square 1.86 pumx1.86 um. The thick-
ness is the thickness of the SiO, layer. The center of the square is set as
the origin of coordinates. The center position is the center of the cylin-
der in plane. The radius is the radius of the cylinder. The filled material
is the material of the cylinder of each layer.

No. Thickness Center Radius Filled
(pm) position (p1m) (pm) material

1 11.02 0, 0) 0.92 air
2 8.74 (0, 0) 0.91 air
3 16.68 (0, 0) 0.76 MgF,
4 4.38 0,0) 0.56 air
5 16.77 0, 0) 0.82 air
6 4.37 (0, 0) 0.82 MgF,
7 7.90 0, 0) 0.76 MgF,
8 17.44 0, 0) 0.74 MgF,
9 10.51 (0, 0) 0.87 air
10 2.31 0, 0) 0.90 air

Since the ideal broadband radiative cooler has higher
cooling efficiency than the ideal selective radiative cooler
when its temperature is higher than or equal to the ambient

temperature. We also design a broadband radiative cooler with
the goal of 1 emissivity in the 825 um range and zero emis-
sivity otherwise, as shown in Fig. 3(b) and Table 2. The op-
timized structure is 10 layers of SiO,. The thicknesses are
11.02, 8.74, 16.68, 4.38, 16.77, 4.37, 7.90, 17.44, 10.51 and
2.31 wm from top to bottom. The shape of the primitive cell in
plane is 1.86 umx1.86 um with p4m plane group. The filled
cylinders are fixed at (0, 0), and the radii of the MgF,/air cylin-
ders are 0.925, 0.91, 0.76, 0.56, 0.82, 0.82, 0.76, 0.74, 0.87,
0.90 pm, respectively.

The calculated spectrum of the broadband radiative cooler
is the purple curve in Fig. 4. Near the wavelength of 21 um,
the emissivity of SiO, material is about 0.45, and the emis-
sivity of MgF, material is approximately 0.15. Similarly,
the emissivity of the designed broadband radiative cooler is
pushed to nearly 1 through our optimization, and the emissiv-
ity in the range of 8—13 pum is also close to 1. When the ambi-
ent temperature is fixed at 300 K, the broadband cooler has a
cooling power Pe(Tymp) of 132 W/m? at the ambient tempera-
ture as shown in Fig. 5(b), which is 13 W/m? higher than that
of the selective radiative cooler. We note that, when the tem-
perature of the cooler is higher than or equal to the ambient
temperature, the broadband radiative cooler is more effective
than the selective one. However, after a sufficiently long time,
the selective cooler ultimately reaches a steady state tempera-
ture Tyready (265.5 K) 1.7 K lower than the broadband one for
small 4 (h = 0).

As shown in Table 3, our selective and broadband coolers
show a high radiative cooling performance. Their net radia-
tive cooling powers and steady-state temperatures are supe-
rior than or at least approximate with the previously reported
cutting-edge radiative coolers.>72%41311 Moreover, distinct
with these results, our work particularly provides a general de-
signing schematic of the radiative cooling metamaterials with-
out much a priori knowledge or experience.

Table 3. The net cooling power at the ambient temperature and the temper-
ature decrease at the steady state of the designed material. P.(Tymp) is the
net cooling power of the material without the non-radiative heat-exchanges

at the ambient temperature. Tymp — Tsteady i the maximum temperature de-
crease where the net cooling power vanishes.

Material P (Tamb) (W . m72) Tamb — Tsleady (K)
Selective cooler 119 34.5
Broadband cooler 132 32.8
Multilayer 13 195
(HfO,,Si0,) 13! '
Multilayer 46 234
(HfO,,MgF;, SiC) 141l '
Metamaterial 105
(quartz, SiC,MgF,, TiO, ) "]
Metamaterial
2] 93 -
(TPX, Si0,)!
Metamaterial 134 8.7
(Si0,,Ag) P!
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5. Conclusion

In summary, we have developed and summarized a kind
of method, which is combining with symmetries of 17 plane
groups, PSO algorithm and RCWA theory to design and op-
timize the spectrum of photonic metamaterials for radiative
cooling. On the basis of this method, we effectively design
two multilayer metamaterials formed by 10-layer SiO, with
different cylindrical holes filled with MgF, and air for the se-
lective and broadband radiative cooling devices, respectively.
Moreover, the selective and broadband radiative coolers could
achieve 119 W/m? and 132 W/m? net radiative cooling power
at 300 K, respectively. The results show that the combination
of the two materials with poor radiative cooling performance
could achieve a high-performing radiative cooler. Due to the
effectiveness of designing photonic metamaterials for radia-
tive cooling by PSO, the method has the great potential ap-
plications in discovery of high-performing photonic, acoustic
and thermal metamaterials. Furthermore, the relationship be-
tween the symmetry and radiative cooling could be explored
by constraining the spatial symmetry of structures during the
PSO evolution process in the future work.
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