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A tunable selective emitter with hollow zigzag SiO, metamaterials, which are deposited on Si3N4 and Ag film, is
proposed and numerically investigated for achieving excellent radiative cooling effects. The average emissivity reaches a
high value of 98.7% in the atmospheric window and possesses a high reflectivity of 92.0% in the solar spectrum. To reveal
the enhanced absorptivity, the confined electric field distribution is investigated, and it can be well explained by moth eye
effects. Moreover, tunable emissivity can also be initiated with different incident angles and it stays above 83% when the
incident angle is less than 80°, embodying the excellent cooling performance in the atmospheric transparency window.
Its net cooling power achieves 100.6 W-m~2, with a temperature drop of 13°, and the cooling behavior can persist in the
presence of non-radiative heat exchange conditions. Therefore, high and tunable selective emitters based on our designed
structure could provide a new route to realizing high-performance radiative cooling. This work is also of great significance

for saving energy and environmental protection.

Keywords: daytime radiative cooling, hollow zigzag metamaterials, net cooling power, emissivity

PACS: 42.79.Hp, 78.67.Pt, 44.40.+a

1. Introduction

With the increasing demands of modern refrigeration, the
corresponding emission of greenhouse gases poses a threat to
people’s lives, especially from traditional refrigeration meth-
ods such as air conditioners which consume a lot of electric
energy and generate net heat, which further aggravates CO,
emission and increases temperatures. It is becoming extremely
urgent to find an effective method to reduce temperatures and
energy consumption. Recently, the passive cooling technique
has aroused widespread interest, which can reduce the target
object temperature below the ambient one without any energy
consumption. Itis regarded as an alternative way to achieve ef-
fective cooling, in which refers to reflecting the sunlight in the
solar spectrum and pumping heat from objects to cold outer
space via the atmospheric window.!!=3! Catalanotti er al. real-
ized a selective surface at the atmospheric window and demon-
strated practical cooling during nighttime operation in 1975.4]
Since then, nighttime coolers have been extensively studied
and improved cooling performances were reported. 1% How-
ever, to achieve selective radiation in daytime, the radiative
cooler needs to have approximately unit reflection at the solar
spectrum and high emission at the atmospheric window while
considering the non-radiative condition.[!1-12]

In order to meet the necessary requirements, a multilayer

(131 3 photonic metamaterials structure!'*-!3] and a

structure,
random particle structure!!>->°! were proposed to achieve day-

time cooling. Rephaeli er al. achieved a metal-dielectric

DOI: 10.1088/1674-1056/abd697

photonic structure to get high-performance daytime radiative
cooling.?!! Raman et al. proposed a seven alternating lay-
ers of SiO, and HfO, on the top of Ag layer which had a
reflectivity of 97%. They experimentally verified 4.9 °C of
cooling temperature under direct sunlight in 2014.?] Chen et
al. proposed a three-layer radiator with silicon nitride, amor-
phous silicon and aluminum, which achieved an average tem-
perature reduction of 37 °C by eliminating parasitic thermal
load.[?3 Kecebas er al. investigated a similar periodic radi-
ator with a seven-layer structure and replaced the top layer
with Al,03 to improve the net cooling power.** Jeong et al.
put forward a structure with eight alternating layers of SiO,
and TiO,, and the average emissivity was 84% in the atmo-
spheric window.[?>! The combination of polymer layers such
as PDMS, ) PMMA *”) and PTFE[?*! has also been tested for
daytime radiative cooling. Photonic metamaterials could pre-
vent high solar absorption in the solar spectrum with a large
emissivity in the atmospheric window. Wu ef al. designed a
two-dimensional antenna composed of a low loss alternating
Al;O3 and SiO; multi-layer structure, which possessed both
selective MIR emissivity and low solar absorption.?’! Zhu et
al. proposed a micro photonic design consisting of a two-
dimensional silica pyramid array and a 100 pum-thick uniform
silica layer atop the bare solar cell.**! Jeong et al. presented a
periodic multilayer structure based on PDMS, which verified
that patterned metamaterials could obtain high emission.3!]
Gentle et al. reported that embedded microparticles into poly-
mer could also achieve a radiative cooling effect in 2010.132! In
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the subsequent research, random SiO, or TiO; microparticles
in a polymer layer exhibited superior performance for daytime
radiative cooling with high emissivity in the atmospheric win-
dow and low absorptivity in the solar spectrum region.[33-33
Although much progress had been achieved in the previous
works, it is still difficult to realize ideal broadband selective
absorption in the atmospheric window with a simple inorganic
radiative cooler. Thus, it is necessary to design photonic meta-
materials to improve their emissivity and maintain high reflec-
tivity.

In this study, we have proposed a novel metamaterial to
achieve a broadband absorption spectrum, which incorporates
a patterned SiO; layer and Si3zNy4 and Ag layers. The radia-
tive cooler exhibits an average reflection of 92.0% in the solar
spectral region and an average emissivity of 98.7% in the at-
mospheric window simultaneously. The electric field distribu-
tions at the resonant peak positions are carefully examined to
figure out the origin of the high emissivity. Tunable average
emissivity of our proposed structure is explored in detail with
different geometric parameters and incident angles. Finally,
cooling performance in the steady and transient state is exam-
ined respectively and its cooling ability persists when consid-
ering non-radiative heat exchange.

2. Model and method
2.1. Model design

Figure 1(a) depicts the three-dimensional configuration
of our designed radiative cooler, which consists of hollow
zigzag Si0O; metamaterials deposited on Si3N4 and silver sub-
strate. The SizNy and SiO, has extremely low loss in the so-
lar spectrum and a strong absorption peak in the atmospheric
window, %! serving as the absorptive segments. The hollow
zigzag structure with a gradual refractive index is designed
to improve the anti-reflection performance of the proposed
model. Figure 1(b) is the cross-section view of the metama-
terials and the geometric parameters are clearly indicated. The
periodicity is taken as 7 um along the x direction. The in-
ner and outer heights of hollow SiO, are hy = 2.6 um and
h; =3 um. The inner and outer widths of the patterned SiO»
are wp = 3.5 um and w; = 7 um. The tilted angle off the x
axis is taken as 6. Here it is set as 63°. The thicknesses of
the Si3Ny4 and Ag films areh; = 0.8 um and 44 = 0.2 pum, re-
spectively. The absorption spectra and field distribution are
numerically investigated with the finite difference time do-
main method. The incident plane electromagnetic wave is in
the z direction and the electric field polarization is along x di-
rection. A perfectly matched layer (PML) is set surrounding
the unit cell in the z direction. The periodic boundary con-
dition is applied along the x and y directions. The mesh size
of each layer is 20 nm in the z direction and 50 nm in the x
and y directions. The refractive index of SizNy4 and SiO, are

obtained from the reference data.l3”-*8] The dielectric prop-

erties of the silver film are taken from Ref. [38]. With the
solutions of Maxwell’s equations on electromagnetic waves,
we can finally obtain the optical spectrum. To obtain our de-
signed metamaterials in the lab, silicon can be employed as
the substrate of the radiative cooler and it does not influence
the optical properties of the upper structure. The silver layer
was firstly deposited on the silicon wafer by using dc mag-
netron sputtering, and then layers of Si3N4 and SiO, were
deposited.3°! After that, an array of grooves on the top of
the SiO, layer could be fabricated with lithography and the
inductively coupled plasma reactive ion etching method. 4]
A sacrificial layer was deposited on the silica layer to obtain
the triangular prism patterns through the lithography and wet-
etching process.[*!! Then, a SiO; layer was deposited on the
triangular prism patterns and the sacrificial layer etched away
with a specific solution to get the hollow zigzag SiO, metama-
terials.

(a) Hy‘/l\ E, (b)
kZ

mm SiO,
SizN,
Ag

hy
hs
hy
Fig. 1. Schematic diagram of thermal metamaterials. (a) 3D illustration.

(b) Crosssection view. Parameters: 7y =3 um, hp = 2.6 um, h3 = 0.8 um,
hy =0.2 pum, w; =7 um, wp = 3.5 um, 6 = 63°.

2.2. Radiative cooling power

In order to evaluate the cooling performance of the ther-
mal emitter, it is necessary to obtain its net cooling power
(Paet). Usually, it is determined by four factors in the day-
time environment. Namely, the infrared radiation of radia-
tive cooler, solar irradiance, atmospheric thermal radiation and
non-radiative radiation. The net radiative cooling power P is
defined as[*?]

Pnet = Prad - Patm - Psun - PCOIld+COI1V7 (1)

where P,,q is the radiation power of the radiative cooler surface

2r oo
Rad(T):A/() dszcose/ AL (T, 1)e(1,0), (2)
0

Pyim is the absorbed power from the atmospheric thermal radi-
ation

Patm(Tamb)
21 oo
- A/ dQcose/ A Ts (Tams A)E(A, 0)€am(A,6), (3)
0 0
Peun 1s the absorbed sun power

Pun =A /0 e(A,0)Iamr5dA, @)

064214-2



Chin. Phys. B  Vol. 30, No. 6 (2021) 064214

Peond+cony 18 the power absorbed by conduction and convection

Peond+conv (T7 Tamb) = Ahc (Tamb - T) . (5)

Here T, is the ambient temperature, T is the radiator sur-
face temperature. Iy = (2hc*/A°)/[e”</*8T — 1] stands for the
blackbody radiation and ym(4,0) = 1 — (A1) 59 is the
angular atmospheric emissivity. &, ¢, kg, and A indicate the
Planck constant, the speed of light, Boltzmann’s constant, and
the heat transfer coefficient, respectively. €(A,0) is the emis-
sivity of the film and A is the surface area of the radiative
cooler. According to Kirchhoff’s law, the absorptivity of an
object is equivalent to emissivity in a thermodynamic equilib-
rium state. The mean solar reflectivity and emissivity can be
obtained with the integral formula.[*3] The column water va-
por is assumed to be 1.0 mm and the air mass is 1.0 in this
calculation. The global AM1.5 solar spectrum in Eq. (4) is
987 W-m~2 of direct normal irradiance.**! The ambient tem-
perature is taken as 300 K in our analysis.

3. Results and discussion

The absorption spectra of our designed radiative cooler as
a function of the incident wavelength from 0.3 pm to 15 pm
is shown in Fig. 2. It can be clearly observed that the pro-
posed structure can simultaneously achieve high reflection in
the solar band and high emission in the atmospheric window.
In addition, the average emissivity is as high as 98.7% near
the atmospheric window, which enables the structure to radia-
tive cool maximally. Yellow and cyan colored spectra indicate
AM1.5 solar power density and atmospheric transmittance in

the atmospheric transparency window for reference. It illus-
trates that the radiative cooler has a broad near-unit absorptiv-
ity region in the atmospheric window embodying high perfor-
mance for daytime radiative cooling.

1.0 ~——

0.8
0.6

0.4

Absorptivity

0.2

0 ) te, \ \
0.3 071 3 4 8 13 15

Wavelength (pm)
Fig. 2. Absorptivity of the hollow zigzag SiO, thermal metamaterials in the
wavelength from 0.3 pm to 15 pm. Parameters: w; =7 pum, sy = 2.6 pm,
6 = 63°. Emissivity curve of the radiative cooler (red), the scaled AM1.5

solar spectrum (yellow) and the atmospheric absorption spectrum (cyan) are
plotted for reference.

To fully explore the physical origin of the high absorption
in the atmospheric window, the resonant positions are marked
in the absorptivity spectrum in Fig. 3(a). It is clearly found the
minimum absorptivity is still around 0.95 in the atmospheric
window. The electric field distribution at resonant positions of
8.1 um, 8.7 um, 9.3 um, 10.0 wm and 11.1 pm are illustrated
in Fig. 3(b) (I-V). The electric field mainly focuses on the top
of the hollow zigzag structure at 8.1 pm in Fig. 3(I). It moves
to the lateral sides of the hollow zigzag structure in the lower
position as shown in Fig. 3(I). The electric field is confined
around the two lateral regions in Fig. 3(III) at the resonant
peak 10.0 um. However, it penetrates the cavity in Fig. 3(IV).

(a) 1.00

0.98

0.96

Absorptivity

0.94 : . : '

8 9 10

11 12 13

Wavelength (pm)

A
2.1

1.8 1.8 28F
15 T15 ok
-1.2 1.2
£0.9 0.9 14f

0.6
7

0 0

8.1 pm 8.7 um

9.3 pm

\%

21 4 91
ERIPN by
=15 o1k =15
- 1.2 -1.2
09 14 =09

0.6 0.6

0.3 7NN I0.3

0 0 . 0

10.0 ym 11.1 ym

Fig. 3. (a) The absorption spectra of the thermal metamaterial with the resonant positions are marked with I, II, III, IV, and V. (b) The electric field
distributions at (I) 8.1 um, (II) 8.7 um, (IIT) 9.3 um, (IV) 10.0 um, (V) 11.1 um. Parameters: w; =7 pum, 6 = 63°, hp = 2.6 pm.
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At a larger resonant wavelength of 11.1 pm, the electric field
intensity in the cavity gradually decreases. The intensity at
resonant peak position V is less than that of (I, II, IIT and IV),
indicating that the hollow zigzag structure plays a major role in
the overall enhanced absorption. The graded refractive index
(moth eye effects) can be employed to explain the high ab-
sorptivity in the atmospheric window.*”! The hollow zigzag
structure can be viewed as an infinite number of thin layers.
The index of each thin layer is lower than the lower adjacent
layer when the groove width of the air decreases. Thus, the
effective refractive index of the material changes continuously
along the depth direction and a multilayer antireflective consti-
tution occurs.*>*8] The imaginary part of the dielectric con-
stant in Si3Ny4 and SiO, is extremely low in the solar region.
Therefore, the reflectivity is not affected by the thickness of
SiO,.

Figure 4 presents the absorptivity in our designed meta-
materials with different geometric parameters. Here the struc-
ture width is taken as 7 um and 6 = 63°. With the increase
of Ay from 2.0 um to 2.4 um, the absorption spectrums shift
to the high frequency region. To better reflect the tendency of
the absorptivity, the average emissivity with different depths
is shown in Fig. 4(b). With a larger 5, the average emissiv-

ity first increases and then decreases. It reaches a maximum
value at 2.6 um. The relevant net cooling power at different
depths is shown in Fig. 4(c). The trend of cooling power is
consistent with the average emissivity and reaches the highest
value of 100.6 W-m~2 at 2.6 um. The dependence of the ab-
sorption spectrum with different 0 is shown in Fig. 4(d). The
absorptivity is above 92% in the atmospheric window. With
a larger angle, the enhanced electric field around the edges is
no longer the same. The electric field inside the cavity varies
as well. Therefore, the absorptivity no longer overlaps in the
wavelength ranging from 8 um to 13 pum. To clearly reveal the
influence of the angle 0, the average emissivity with different
0 is illustrated in Fig. 4(e). The average emissivity increases
from 50° to 63° and then decreases from 63° to 70° with an an-
gle interval of 2°. The average emissivity and cooling power
of the absorber are closely related to the width w; in Fig. 4(g).
When wis taken from 3 pm to 7 pm, the emissivity is getting
larger in Fig. 4(h). The net cooling power with different w;
follows the same trend in Fig. 4(i). When w is getting larger,
the emissivity increases as well. Therefore, the optical geom-
etry parameters can be obtained to get the desired emissivity
in the atmospheric transparency window.

1.00 0.990 7101
(2) (b) i § (© .
> ./ E /
E 0.95 2 0.985 5 100}
3 = ! g
g ——hy=2.2 um % o, [ ]
£ 0.0 ez 2dum £ 0980 g oo}
« 1y = 2.6 um =
——hy=2.8 um = \ 8 [
——hy=3.0 um © L]
0.85 0.975 L~ . . . . 3 gl : : . .
8 9 10 11 12 13 22 24 26 28 3.0 Z 22 24 26 28 3.0
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1.00 0.988 T 101
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e LN
( ) ./ \. g l\
> 0.983 < 1001 n
T 0.96 z E /-
2 S
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3 7 0.978 g 99 _
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! - 1 ]
./. g /
> 0.96 0.98 _— Z 99 L)
> £
2 092f g 0.96 g 96 .
3 —w; =3 pm) A
2a —w; =4 uym BEJ %D
< (.88 —w; =5 um 0.94 S 93
—w; =6 pm L] 8
0.84 —w; =7 pm 0.92 b 090 =
778 9 10 11 12 13 ’ 3 4 5 6 7 z 3 4 5 6 7

Wavelength (pm)

wy ()

wy (pm)

Fig. 4. (a) Absorptivity with different depths %,. (b) The emissivity in relation with different depths. (c) Net cooling power with different depths.
Parameters: w; =7 um, 6 = 63°. (d) Absorptivity with different angles 6. (e) The emissivity with different angle 6. (f) Net cooling power in
relation with different angles 6. Parameters: w; =7 pm, iy = 2.6 um. (g) Absorptivity with different widths w;. (h) The emissivity with different
widths wy. (i) Net cooling power with different widths w;. Parameters: s = 2.6 um, 6 = 63°. The ambient temperature is 300 K.
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It should be pointed out that the tunable emissivity can be
achieved with different incident angle. Thus, the effect of in-
cident angle on emissivity is taken into consideration in Fig. 5.
This is more in line with the fact that the position of the sun
changes every day. The high average emissivity is approach-
ing 1.0 and it keeps as a constant between 0° and 30°. When
the incident angle exceeds 60°, the average emissivity drops
gradually. However, the average emissivity remains above
0.83. Namely, the emissivity can persist above 0.83 for angles
of incidence less than 80°. Our results demonstrate that the
proposed emitter can absorb the energy of incident wave al-
most perfectly with incident angle smaller than 80°, embody-
ing excellent radiation performance in the atmospheric trans-
parency window.

90
1.0 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1.0
Emissivity

Fig. 5. Emissivity as a function of various incident angles in the atmospheric
transparency window.

The net cooling power of our proposed structure as a
function of emitter surface temperature 7 is demonstrated in
Fig. 6. The influence of parasitic convection and conduction
are in the absence (red curve). The net cooling power of
the radiative cooler is 100.6 W-m~2 at the ambient tempera-
ture 300 K, which is due to its near-ideal emissivity and ex-
cellent heat dissipation performance in the atmospheric win-
dow. Moreover, the radiative cooler can reach an extremely
low equilibrium temperature at 257 K. The influence of the
non-radiative heat exchange coefficients is also taken into
Here the coefficient is taken as h. = 3, 6,
9 (W-m~2-K~1). With the increased A, the cooling power de-
creases rapidly when it is lower than the ambient temperature.

consideration.

Especially, the cooling effect persists even with a larger 4.

—
S
o

100 :
— h,=0 Wm 2K!

— h,=3 Wm 2K~}
he=6 W-m 2K
he=9 Wm 2K™!

[\~
o O
T

Net cooling power (W-m~2)
o
S

0 . . /
250 260 270 280 290 300 310

Surface temperature (K)

Fig. 6. The net cooling power of the proposed cooler with different /.

The net cooling power of the proposed cooler with dif-
ferent non-radiative heat exchange coefficients in Fig. 6 repre-
sents a steady-state process. However, the transient process of
the radiative cooler under ambient temperature conditions is
demonstrated in Fig. 7, which can be obtained by solving the
differential equation ]

Ccooler% = Fad — Patm — Psun — FPeond+conv, (6)
where Cgooler represents the heat capacitance and determined
from the sum rule of multilayer design. The initial tempera-
tures of the radiative cooler and ambient temperature are taken
as the same. Here h, is set as 6 W-m~2-K~!. The tempera-
ture variation of the radiative cooler as a function of time at
different ambient temperatures is shown in Fig. 7(a). When
the ambient temperature is 280 K, the cooling capacity of the
radiative cooler is very limited. With the increase of the ambi-
ent temperature to 300 K, the cooling capacity of the radiative
cooler increases to a value of 13 °C. An obvious drop of the
temperature is found when the ambient temperature is 320 K.
It indicates that the surface temperature of the radiant cooler
finally decreases to 287 K, verifying the cooling ability of our
designed cooler. Considering the transient process, the radia-
tive cooling power versus time is considered in Fig. 7(b). It
verifies that our designed emitter has excellent cooling per-
formance. Meanwhile, the net radiative cooling power (Pyer)
shown with the blue line and radiative power (P,q) in red grad-
ually decrease with time. When the equilibrium process is ap-
proached, the net radiative cooling power becomes 0 and the
radiative power is 165 W-m~2, which is employed to eliminate
the non-radiative radiation and the absorbed sun power.

C\\T\ 250

390 (a) g (b) — Pt
X j g 00—l |
()
2 300 § 150
® ~— S 100
5 e}
o0 o0
=T S -
o) — T= =
= —T=3280 K S o0

260 ©

0.1 1 10 100 1000 B 0.1 1 10 100 1000
Time (s) 7 Time (s)

Fig. 7. Temperature evolution of the radiative cooler versus time at 280 K,
300 K and 320 K ambient temperature. (b) Pryq and Ppe; of the radiative
cooler versus time under 300 K ambient temperature.

4. Conclusions

In summary, we have numerically described and investi-
gated the emission properties of hollow zigzag SiO, metama-
terials to achieve efficient daytime radiative cooling. A broad-
band absorption in the atmospheric window and a high re-
flectivity in the solar spectral can be simultaneously achieved.
It can be analyzed with electric distribution and it originates
from the graded refractive index of the hollow zigzag struc-
ture. The effects of the structure width wy, the depth of the
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groove hy, the degree of zigzag 6 and incident angle on the
absorptivity are fully analyzed. Moreover, tunable ideal emis-
sivity can be maintained at large angles, which is a desirable
feature in maximizing the cooling power. The hollow zigzag
Si0O, metamaterial structure can achieve 100.6 W-m~2 and a
drop of 13 °C for daytime cooling. When non-radiative ex-
change is considered, the proposed radiative cooler can still
achieve effective cooling. Therefore, the designed structure
not only provides potential applications in the radiative cool-
ing system of buildings, solar cells and sensors, but also pro-
vides an insight into designing radiative coolers and related
photonic structures.
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