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Solar selective absorbers influence the photothermal efficiency of high-temperature solar thermal

applications directly and significantly. In present work, a metasurface absorber consisting of an octagonal

prism array is proposed, optimized and analyzed. Firstly, the structure parameters of the absorber are

optimized, finding the optimal absorber achieves near-perfect spectrally-selectivity compared with the

perfect solar absorber. The high solar absorptivity of 0.9591, low emissivity of 0.1594–0.3694, and high

photothermal efficiency of 94.72–83.10% are achieved at 1073–1573 K and 1000 suns. Then, the

mechanisms leading to the excellent spectral selectivity are investigated, suggesting that the coupling

effects of multi-plasmon resonance modes and the impedance matching lead to the high solar

absorptivity. Meanwhile, the impedance mismatching is the mechanism to minimize the emissivity in the

mid-IR region. Moreover, whether the spectral absorptivity can be changed by structural parameters is

investigated, suggesting that the excircle diameter of the first tungsten octagonal prism and the height of

SiO2 under the octagonal prism can influence the spectral absorptivity obviously. Finally, the metasurface

absorber is demonstrated to be highly insensitive to both polarization and incident angles. These results

suggest that the proposed metasurface absorber should be suitable for high-temperature solar thermal

devices.
1. Introduction

Solar energy, as an abundant, clean, and sustainable renewable
energy, has gained much attention in recent years because of its
ability to alleviate energy shortage and reduce environmental
pollution from fossil fuels.1–3 Concentrated solar power is
a promising technology that generates electricity through solar-
thermal conversion and thermal-driven power cycle.4 To
improve the power cycle efficiency, the temperature of the solar–
thermal conversion has been increased continuously during the
last two decades.55 Recently, a solar power tower system with
graphite-based receiver has even been proposed to operate at
above 1300 �C.5,54 However, the radiative thermal loss from the
solar absorber increases with the fourth power of temperature,
reducing the photothermal efficiency of the absorber signi-
cantly.56,57 To ensure that the solar-electric efficiency, which is
the product of the photothermal efficiency and the power cycle
efficiency, can be improved effectively under high temperature,
the photothermal efficiency is necessary to be as high as
possible.
g, Central South University, Changsha,

.edu.cn; qingli@csu.edu.cn

f Technology, Jinan, 250014, P. R. China

mation (ESI) available. See

the Royal Society of Chemistry
To enhance the photothermal efficiency, the absorber
should exhibit high absorptivity in the solar spectrum and low
emissivity in the mid-IR region (i.e. good spectral selectivity).6

However, there are two problems with present state-of-the-art
commercial Pyromark absorber when the temperature rises to
1300 �C. Firstly, the solar absorptivity of this commercial
absorber is as high as 0.965 within the solar spectrum, but its
spectral emissivity also can be as high as �0.85 within the mid-
IR region.53 Meanwhile, this absorber cannot withstand the
high temperature of above 1100 �C.

To solve the two problems, many absorbers have been
proposed in the literature, which can be roughly divided into
multilayered absorbers and metasurface absorbers (MAs).

The multilayered absorbers were usually designed to utilize
the interference effects among different layers to achieve good
spectral selectivity.7 For example, He et al. designed a SiO2/
AlCrTaTiZrN absorber, obtaining the high solar absorptance
(asol) of 0.928 and high photothermal efficiency (h) of 87.7% at
873 K, when the solar concentration ratio is 100.8 Qiu et al.
fabricated a HfB2/TiB2 absorber, which could achieve a high asol

of 0.932 and a high h of 68.6% at 1073 K, when the solar
concentration ratio is 100.9 Atasi et al. reported a W/WAlN/
WAlON/Al2O3 absorber with the asol of 0.90, and its 3tot is as low
as 0.15 at 773 K.10 Nuru et al. fabricated an AlxOy/Pt/AlxOy
multilayer absorber, obtaining the asol of 0.951, and the 3tot is as
low as 0.08 at 773 K.11 Tian et al. investigated a multilayered
RSC Adv., 2022, 12, 16823–16834 | 16823
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stack consisting of SiO2/Al2O3/W/Al2O3/W, founding that the
asol and the photothermal efficiency (h) of it are 0.881 and
82.3% at 673 K, respectively, when the solar concentration ratio
is 100.12 Wang et al. demonstrated a SiO2–Si3N4 multilayer,
which could obtain the spectral absorptivity (al) of 0.95 in the
solar spectrum and the spectral emissivity of 0.1 in the mid-IR
region.13 AL-Rjoub et al. deposited a WSiAlNx/WSiAlOyNx

multilayer absorber with the asol as high as 0.96 and the 3tot as
low as 0.11 at 673 K.14Wang et al. developed a Cr/AlCrN/AlCrNO/
AlCrO multilayer absorber, and the results showed that the asol

of 0.94 and the 3tot of 0.25 at 773 K are obtained.15

The metasurface absorbers (MAs) were designed to obtain
good spectral selectivity through exciting different resonance
modes. The geometries of these MAs were designed to possess
the sizes equivalent to incident wavelengths to obtain good
spectral selectivity through the excitation of multi-plasmon
resonance modes. For example, Zhao et al. designed a MA
based on C–Si trapezoidal pyramids and Al pyramids, and the
results indicated that the average al of 0.9316 within 0.3–1.4 mm
was obtained owing to the excitation of Surface Plasmon Polar-
itons (SPPs).16 Zhou et al. proposed a MA consisting of SiO2/
Si3N4/Ti substrate and Ti rings, which could achieve the average
al of 0.9 within 0.3–4 mm and the asol of 0.97 by enhancing the
synergistic effects of the plasmon resonances.17 Liu et al. re-
ported a MA based on a TiN disk array, achieving the al higher
than 0.90 within 0.316–1.426 mm due to the excitation of plas-
monic resonances and their hybrid coupling effects.18 Chen et al.
investigated a MA consisting of Ni disks, obtaining the asol of
above 0.90 and the h of as high as 89.01% at 800 K by coupling
the SPPs, Magnetic Polaritons (MPs), and the intrinsic absorp-
tion of Ni.19 Wu et al. proposed a MA based on nanoporous W/
SiO2 lm, and the results indicated that the h of 90.32% at 800 K
is obtained owing to the impedance matching with the free
space.20 Jiang et al. designed a MA by combining a planar
multilayer system and a nanowire array, obtaining the average al
of above 0.9 within the wavelength of 0.3–1.909 mm due to the
coupling effects of multiple resonance modes.21 Hassan et al.
designed aMA based on nanowire array, which could achieve the
average al of 0.97 at the wavelength of 0.3–1.3 mm.22

To sum up, even though many solar selective absorbers have
been proposed and investigated, however, there are still many
Fig. 1 (a) Sketch of a concentrated solar collector; (b) 3D structure of th

16824 | RSC Adv., 2022, 12, 16823–16834
problems with these absorbers. Firstly, the photothermal
conversion performance of the absorbers has not reached the
ideal value. Then, the thermal stability of the absorbers under
high temperatures remains relatively low. Finally, the complex
structures of some absorbers are difficult to manufacture.
Therefore, designing a simple solar absorber that can be easily
manufactured and can obtain excellent photothermal conver-
sion performance, eminent thermal stability, incident and
polarization angle insensitivity is still a challenging task.

In this article, a spectrally-selective metasurface absorber
(MA) based on tungsten octagonal prisms was proposed and
investigated. Firstly, structure parameters of the proposed MA
were optimized to achieve good spectral selectivity and high
photothermal efficiency. Next, a three-dimensional simulation of
the electromagnetic elds revealed the physical absorption
mechanisms of the MA. In addition, the inuences of the
structure parameters on the absorption performance were
investigated. Finally, the inuences of changes in polarization
and incident angles were explored. The novelty of this work is
that an absorber with simple structure was proposed, and it was
proved to be able to achieve higher photothermal efficiency than
ten new absorbers proposed within the last ve years at various
operating conditions. It is well known that 1% improved pho-
tothermal efficiency can improve the output of the plant by 0.9–
1.4% while keeping investment constant.23 Thus, the proposed
absorber is promising to improve the performance of the plant.
2. Design of the metasurface
absorber

The metasurface absorber (MA) proposed for high-temperature
solar applications is composed of many structural units which
are arranged in a periodic way (see Fig. 1a and b). As illustrated in
Fig. 1c, the components of the structural unit (see Fig. 1c) are the
rst and the second tungsten lms, the rst and the second SiO2

lms, the rst and the second tungsten octagonal prisms, and the
SiO2 octagonal prism. Moreover, considerations for designing
different components of the MA are detailed as follows.

Firstly, the rst SiO2 lm between the rst and the second
tungsten lms was designed to produce magnetic polaritons.24

Then, the tungsten octagonal prism array, the second SiO2 lm,
e designed MA; (c) a structural unit.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and the second tungsten lm were constructed to excite
magnetic polaritons as well. Then, localized surface plasmon
resonances (LSPRs) will be excited at the vertex of the tungsten
octagonal prism.25 Furthermore, at the upper surface of the rst
and the second tungsten octagonal prisms, surface plasmon
polaritons were excited.25 In addition, the SiO2 octagonal prisms
that wrap the tungsten octagonal prisms were constructed to
prevent the tungsten from being oxidized and grain growth.26

Moreover, the melting points of the tungsten and SiO2 are 3673
K and 1996 K, respectively, which are much higher than 1573 K.
Hence, the proposed absorber will possess excellent thermal
stability. Finally, the designed structure can be fabricated by
some mature techniques such as ICP etching, magnetic sput-
terings, atomic layer deposition, and electron-beam
lithography.27

Besides, the structure parameters of the proposed MA are
also shown in Fig. 1. Where h1, h2, h3, h4, h5, h6, and h7 are the
heights of different components, and d1, d2, and d3 are the
excircle diameters of the SiO2 octagonal prism, the rst and the
second tungsten octagonal prisms, respectively. p is the peri-
odicity of the structural unit. In the following sections, rstly,
the nite element method is used to calculate the spectral
absorptivity of the MA under different structure parameters.
Then, the structure parameters would be optimized based on
orthogonal experiments to make the spectral selectivity reach
the best at high temperature.
3. Simulation methods

A nite element model was developed by solving Maxwell's
equations that can describe the solar radiation transport in the
proposed MA.28 Owing to the symmetric structure of the MA,
only a unit (seen in Fig. 1c) is simulated in the model. In the
model, the effects of wavelength on the refractive indexes of the
tungsten and SiO2 are considered,29,30 as shown in Fig. S1 in the
ESI.†24,25 The transport process of the light in the MA can be
described by theMaxwell's equations, which was solved by nite
element method using a commercially available soware
package COMSOL Multiphysics 5.6.31

The boundary conditions on the boundaries perpendicular
to the x-axis and y-axis are Floquet periodicity boundary
conditions. In addition, the boundary conditions on the top
surface and bottom surface are port conditions. The port
condition on the top surface is used to emit solar radiation into
the MA, and the incident angle (q) and polarization angle (4) are
shown in Fig. 1b and c. The port condition on the bottom
surface is used to calculate the transmitted radiation. The
height of the rst tungsten lm (h1) is set to be 150 nm, which
exceeds the penetration depth of incident radiation. Therefore,
solar radiation cannot penetrate the MA, which has the spectral
transmittance (sl) of zero. The spectral absorptivity (al) and
spectral reectance (rl) of the MA can be calculated by eqn (1)
and (2).32,33

rl ¼ jS11j2 (1)

al ¼ 1 � rl (2)
© 2022 The Author(s). Published by the Royal Society of Chemistry
where S11 is the scattering matrix coefficient of the reection.
Some parameters are dened for evaluating the performance

of the MA. The solar absorptivity (asol) equals the proportion of
the absorbed solar radiation in the incident solar radiation, as
shown in eqn (3).34 The total emissivity (3tot) equals to the ratio
of the radiative power values radiated by the MA and blackbody,
as illustrated in eqn (4).23 The photothermal efficiency (h) equals
the ratio of solar radiation transformed into thermal energy and
the incident solar radiation, as shown in eqn (5).35

asol ¼
Ð
4 mm
0:28 mm alIAM1:5ðlÞdlÐ
4 mm
0:28 mm IAM1:5ðlÞdl

(3)

3tot ¼
Ð
50 mm
0:28 mm alIBðl;TabsÞdlÐ
50 mm
0:28 mm IBðl;TabsÞdl

(4)

h ¼ asol �
5:67� 3tot

�
T4

abs � T4
amb

�
CIs � 108

(5)

where Tabs, Tamb, C and Is are the temperature of MA, temper-
ature of ambient, solar concentration ratio and solar ux
intensity at AM1.5, respectively; IAM1.5(l) is the spectral solar
irradiance at AM1.5;36 IB(l, Tabs) is the spectral irradiance of
blackbody at Tabs, which is calculated by Planck's radiation law,
as shown in eqn (6).37

IBðl;TabsÞ ¼ 3:7419� 10�16

l5
�
e1:4388�10�2=ðlTÞ � 1

� (6)

To make sure that the simulation results are insensitive to
the mesh number, grid independence tests have been per-
formed as illustrated in Table S1 in the ESI.† To validate the
current model, the model have been veried through
comparing the results calculated by the present model and Han
et al.'s model, as shown in Fig. S2 in the ESI.† The results
indicate that the present model can be considered reliable.
4. Results and discussion

In the following paragraphs, rstly, a near-perfect metasurface
absorber (MA) is designed by optimizing its structure parame-
ters. Next, the underlying absorption mechanisms giving rise to
the near-perfect spectrally-selectivity of the MA were revealed
and analyzed. Then, the inuences of structure parameters on
the performance were illustrated. Finally, sensitivities of the MA
to incident angle and polarization angle were studied. In
addition, it is worth noting that the incident light defaults to be
normally incident TM polarized wave.
4.1 Near-perfect spectrally-selective metasurface absorber

The structures of the metasurface absorber (MA) were opti-
mized by orthogonal tests to obtain good spectral selectivity and
solar-thermal conversion performance. In the optimization, the
photothermal efficiency (h) under 1573 K and 1000 suns was
selected as the object function. Aer the optimization,
a optimal MA with the structure parameters of p¼ 155 nm, h1 ¼
RSC Adv., 2022, 12, 16823–16834 | 16825
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Fig. 2 AM1.5 solar spectrum and spectral absorptivity of the optimal
MA.
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150 nm, h2 ¼ 10 nm, h3 ¼ 20 nm, h4 ¼ 10 nm, d1 ¼ 150 nm, h5 ¼
240 nm, d2 ¼ 130 nm, h6 ¼ 70 nm, d3 ¼ 80 nm and h7 ¼ 70 nm
was obtained.

The AM1.5 solar spectrum and spectral absorptivity of the
optimal MA are demonstrated in Fig. 2. It can be found that the
al is above 0.9 at the wavelength of 0.285–1.8 mm. Specically,
the al even exceeds 0.98 at the wavelength of 0.373–1.656 mm.
According to eqn (3), the optimal MA achieves an excellent solar
absorptivity (asol) of 0.9591. In addition, the al of a 150 nm
tungsten lm was also simulated and compared with the
optimal MA. As shown in Fig. 2, the al of tungsten is 0.3773–
0.7885 lower than that of the optimal MA within 0.285–1.8 mm.
Meanwhile, the asol of tungsten is 0.5189 lower than that of the
optimal MA, indicating that the reasonable design of the
optimal MA has improved the optical performance of tungsten
greatly. It also can be found in Fig. 2 that the al drops sharply
with increasing l when l > 1.8 mm, and therefore the al even
becomes below 0.06 when l > 3.616 mm. To sum up, the optimal
MA exhibits high absorptivity in the solar spectrum and low
emissivity in the mid-IR region.

In addition, the total emissivity (3tot) and photothermal
efficiency (h) under different MA temperatures (Tabs) when Tamb

¼ 300 K and C ¼ 1000 suns were calculated through eqn (4) and
(5) to further demonstrate the spectral selectivity of the optimal
MA. It can be observed from Table 1 that the 3tot increases with
Table 1 Performance of the optimal MA under different temperatures

C/suns Tabs/K Tamb/K

Current optimal
MA Perfect absorber

3tot h 3tot h

1000 1073 300 0.1594 94.72% 0.3487 96.39%
1000 1173 300 0.1990 93.78% 0.3753 94.72%
1000 1273 300 0.2410 92.32% 0.1813 92.85%
1000 1373 300 0.2841 90.20% 0.2214 91.07%
1000 1473 300 0.3272 87.19% 0.2564 88.54%
1000 1573 300 0.3694 83.10% 0.2907 85.08%

16826 | RSC Adv., 2022, 12, 16823–16834
increasing Tabs, and 3tot is within 0.1594–0.3694 when Tabs ¼
1073–1573 K. Besides, h decreases with increasing Tabs, and h is
within 83.10–94.72% when Tabs ¼ 1073–1573 K.

For a perfect solar absorber, it should achieve the highest h
under the corresponding working conditions.38 When the
wavelength is smaller than a truncation wavelength, its al

should be 1. When the wavelength is larger than the truncation
wavelength, the its al should be 0.39 The 3tot and h of the perfect
absorber under different Tabs are also calculated when Tamb ¼
300 K and C ¼ 1000 suns, and the results are shown in Table 1.
As illustrated in Table 1, the 3tot of the optimal MA is just
0.0597–0.0787 larger than that of the perfect absorber when Tabs
¼ 1273–1573 K. Moreover, the h of the optimal MA is just 0.53–
0.1.98% lower than that of the perfect absorber when Tabs ¼
1073–1573 K. Thus, it is concluded that the optimal MA can
convert solar energy to thermal energy efficiently at high
temperatures, and the spectral selectivity is almost the same as
that of the perfect absorber. Hence, the optimal MA can be
considered as a near-perfect spectrally-selective absorber.

Furthermore, the performance of the near-perfect MA was
compared with that of some previously developed absorbers in
Table 2. As can be seen in Table 2, Wu et al. designed a MA
based on nanoporous W/SiO2 lm, which can obtain the h of
90.32% that is 2.52% lower than the 92.84% of the near-perfect
MA when C ¼ 1 and Tabs ¼ 373 K.20 Wang et al. reported an
absorber using manganese-iron oxide nanoparticles, achieving
the h of 89.30% that is 5.74% lower than the 95.04% of the
present near-perfect MA under C ¼ 1000 and Tabs ¼ 1023 K.40

Niranjan et al. studied aW/WAlSiN/SiON/SiO2 multilayer, which
can obtain the h of 89.50% that is 5.01% lower than the 94.51%
of the near-perfect MA when C ¼ 100 and Tabs ¼ 773 K.41 He
et al. studied an absorber based on alloy nitride MoTaTiCrN
nanolms, obtaining the h of 86.90% that is 6.92% lower than
the 93.82% of the near-perfect MA under C¼ 100 and Tabs¼ 823
K.42 Ye et al. reported an absorber based on a tungsten sphere
and cuboid array, which can achieve the h of 87.56% that is
0.81% lower than the 88.37% of the near-perfect MA when C ¼
100 and Tabs ¼ 1000 K.43 Zhang et al. designed a chimney-like
absorber, which can obtain the h of 91.62% that is 1.83%
lower than the 93.45% of the near-perfect MA when C ¼ 1000
and Tabs ¼ 1200 K.44 Li et al. reported an absorber based on TiN
particles, obtaining the h of 93.00% that is 1.12% lower than the
94.12% of the near-perfect MA when C ¼ 1 and Tabs ¼ 373 K.45

Zhao et al. proposed a Al0.4Hf0.6NbTaTiZrN MA, which can
achieve the h of 74.90% that is 20.45% lower than the 95.35% of
the near-perfect MA under C ¼ 100 and Tabs ¼ 673 K.46 Raza
et al. designed an absorber using SiC–W nanoparticles,
achieving the h of 82.68% that is 3.13% lower than the 85.81%
of the near-perfect MA under C ¼ 100 and Tabs ¼ 1050 K.47 Qiu
et al. studied an absorber based on TiB2–ZrB2 composite
ceramic, which can obtain the h of 83.90% that is 10.61% lower
than the 94.51% of the near-perfect MA when C ¼ 100 and Tabs
¼ 773 K.48 He et al. reported a double-layer alloy nitride
HfNbTaTiZrN absorber, obtaining the h of 90.10% that is 3.75%
lower than the 93.85% of the near-perfect MA under C ¼ 100
and Tabs ¼ 823 K.49 The above mentioned results demonstrate
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Performance comparisons of the near-perfect MA and some
existing absorbers

Absorber C Tabs/K Tamb/K asol 3tot h

Present 1 373 K 0 0.9591 0.2800 92.84%
Ref. 20 1 373 K 0 — — 90.32%
Present 1000 1023 300 0.9591 0.1410 95.04%
Ref. 40 1000 1023 300 0.9270 0.5500 89.30%
Present 100 773 0 0.9591 0.0693 94.51%
Ref. 41 100 773 0 0.9550 0.1570 89.50%
Present 100 823 300 0.9591 0.0805 93.82%
Ref. 42 100 823 300 0.9230 0.0650 86.90%
Present 100 1000 0 0.9591 0.1329 88.37%
Ref. 43 100 1000 0 0.9535 0.1375 87.56%
Present 1000 1273 300 0.9591 0.2102 93.45%
Ref. 44 1000 1273 300 0.9457 0.2056 91.62%
Present 1 373 300 0.9591 0.0280 94.12%
Ref. 45 1 373 300 0.9500 0.0300 93.00%
Present 100 673 300 0.9591 0.0503 95.35%
Ref. 46 100 673 300 0.8600 0.1950 74.90%
Present 100 1050 300 0.9591 0.1475 85.81%
Ref. 47 100 1050 300 0.9545 0.2000 82.68%
Present 100 773 0 0.9591 0.0693 94.51%
Ref. 48 100 773 0 0.9340 0.2320 83.90%
Present 100 823 300 0.9591 0.0805 93.85%
Ref. 49 100 823 300 0.9600 0.2250 90.10%
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that the photothermal conversion performance of the present
near-perfect MA is better than some previously absorbers.

4.2 Mechanisms for the spectrally-selective characteristics

To reveal the mechanisms of the excellent spectral selectivity
and the good photothermal performance of the near-perfect
MA, the transmission and absorption of solar radiation in the
near-perfect MA is simulated. The distributions of the magni-
tudes of electromagnetic elds and Poynting vectors, the
impedance matching between the MA and the free space, and
the spectral absorptivity of different components were studied,
and the results are as follows.

Firstly, to reveal the dissipation mechanisms of electro-
magnetic waves within the MA, the Poynting vectors and the
distributions of the magnitudes of the electric eld (jEj) and
magnetic eld (jHj) were illustrated in Fig. 3.

Fig. 3a and b describe the jEj and jHj distributions in the xz
plane at y ¼ 0, respectively. As shown in Fig. 3a and b, there are
four regions with strong jEj at both sides of the rst and second
tungsten octagonal prisms, and three regions with strong jHj
appear at the upper surface of the rst and second tungsten
octagonal prisms. These results suggest the excitation of surface
plasmon polaritons (SPPs) at the top of the rst and the second
tungsten octagonal prisms. In addition, two regions with strong
jEj arise at the edges of the bottom of the second tungsten
octagonal prism, and two regions with strong jHj arise at the rst
and second SiO2 lms. The jEj and jHj at these regions increase
with rising wavelength. These results implicate that magnetic
polaritons (MPs) are excited at the rst and second SiO2 lms,
and the intensity of MPs increases with rising wavelength.

Then, because the xy planes at z ¼ 255 nm and z ¼ 295 nm
are at the middle of the rst and second tungsten octagonal
© 2022 The Author(s). Published by the Royal Society of Chemistry
prisms, they are suitable to be selected as the typical planes to
illustrate the dissipation mechanisms of electromagnetic waves
within the tungsten octagonal prisms. The jEj distributions in
these two planes are shown in Fig. 3c and d, respectively. It can
be seen in Fig. 3c and d that regions with strong jEj are strongly
concentrated at the vertexes of the rst and the second tungsten
octagonal prisms, which suggests that the local surface plas-
mon resonances (LSPRs) are excited. In addition, the jEj
increases with rising wavelength, indicating that the intensity of
LSPRs increases with rising wavelength.

Finally, the energy transport and absorption of the elec-
tromagnetic waves are also visually presented in Fig. 3. As can
be seen from Fig. 3, most of the Poynting vectors (white
arrows) point to four components, including the two tungsten
octagonal prisms, and the two tungsten lms. This is because
there are multiple plasmonic modes in these parts, efficiently
converting solar radiation to thermal energy due to ohmic
loss.

As discussed above, it can be concluded that the coupling of
SPPs, MPs and the LSPRs leads to the good absorption of the
radiation within the solar spectrum.

Then, to better explore the absorption mechanisms of the
near-perfect MA, the impedance matching of the MA and the
free space was studied. The relation between effective imped-
ance (zl) and S parameters can be described by eqn (7).50,51

zl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ S11Þ2 � S21

2

ð1� S11Þ2 � S21
2

s
(7)

where the S11 and S21 are the scattering matrix coefficients of
the reection.

Furthermore, the relation between the zl and the al can be
expressed by eqn (8).44 According to eqn (8), perfect spectral
absorptivity (al) can be achieved when the effective impedance
zl is matched to the impedance of the free space (z0), as shown
in eqn (9). In addition, near-zero absorptivity will be achieved
when eqn (10) is met.

al ¼ 4ReðzlÞ
½1þReðzlÞ�2 þ ½ImðzlÞ�2

(8)

Re(zl) ¼ Re(z0) ¼ 1, Im(zl) ¼ Im(z0) ¼ 0 (9)

Re(zl) ¼ 0, Im(zl) ¼ 1 (10)

where Im(zl) and Re(zl) are the imaginary and real parts of zl of
the MA, respectively; Im(z0) and Re(z0) are the imaginary and
real parts of z0 of the free space, respectively.

The imaginary part Im(zl) and real part Re(zl) of the effective
impedance zl of the near-perfect MA are calculated and illus-
trated in Fig. 4. It is manifest from the Fig. 4 that Im(zl) and
Re(zl) are nearly 0 and 1 within l ¼ 0.373–1.656 mm, which
agrees with the near-perfect al (>0.98) within this region in
Fig. 4. Furthermore, the Im(zl) and Re(zl) appear dramatic
changes within l ¼ 2–3.5 mm, which causes a rapid decrease in
the al. Meanwhile, Im(zl) and Re(zl) are close to 1 and 0,
respectively, when l > 3.5 mm, which leads to almost 0 of the al.
The above results indicate that the impedance of the near-
RSC Adv., 2022, 12, 16823–16834 | 16827
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Fig. 3 Distributions of the jEj, jHj and Poynting vectors (white arrows) at various wavelengths. (a) jEj in the xz plane at y ¼ 0 nm; (b) jHj in the xz
plane at y ¼ 0 nm; (c) jEj in the xy plane at z ¼ 225 nm; (d) jEj in the xy plane at z ¼ 295 nm.
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perfect MA highly matches that of the free space within l ¼
0.373–1.656 mm, but they doesn't match with each other at all
when l > 3.5 mm.
16828 | RSC Adv., 2022, 12, 16823–16834
Then, to investigate the energy absorption capacities of
different components in the near-perfect MA, the spectral
absorptivity of the ve components was studied. It can be
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The imaginary part Im(zl) and real part Re(zl) of the zl of the
near-perfect MA.
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observed from Fig. 5a that the prisms play signicant roles in
enhancing the absorption performance, and the rst and the
second tungsten lms also contribute some al. This is because
the prisms introduce multiple resonance modes which enhance
the transports of the electromagnetic waves in the tungsten,
where the electromagnetic waves are dissipated quickly due to
ohmic loss. Meanwhile, the al curves of the rst and the second
SiO2 lms are close to zero within the whole solar spectrum.
However, the two lms are still necessary for improving the al,
because they can be combined with adjacent tungsten compo-
nents to build a metal–dielectric–metal structure for exciting
MPs, and also can protect the MA from being oxidized.

In addition, to analyze the inuences of the prisms in the
near-perfect MA, the prisms are divided into three layers in
Fig. 5b. It is manifest from the Fig. 5b that the al of the layer 1,
layer 2 and layer 3 are approximately 0.9–47.1%, 0.3–60.7%, and
�0 when l ¼ 0.28–4.0 mm, respectively. As the wavelength
increases, the al of layer 2 decreases gradually, resulting in the
decrease in the al of the prisms. However, the al values of the
Fig. 5 Spectral absorptivity (al) of different parts of the near-perfect MA

© 2022 The Author(s). Published by the Royal Society of Chemistry
rst and the second tungsten lms are increased at the same
time (see Fig. 5a), so the al of the MA is near perfect within l ¼
0.373–1.656 mm. Meanwhile, the al of layer 3 is nearly zero,
which suggests that this layer barely absorbs the electromag-
netic waves. Nevertheless, layer 3 is also essential for the MA,
because it can protect the MA from oxidation.
4.3 Inuences of structure parameters on the spectral
absorptivity

According to the analysis in the previous section, the excellent
spectral selectivity of the near-perfect MA is due to the coupling
effects of multi-plasmon resonance modes and the impedance
matching with the free space at octagonal prisms and under-
neath lms. However, the inuences of their structure param-
eters on the absorption performance of the MA are still unclear.
Therefore, geometric inuences on the spectral absorptivity
were analyzed in this section. Meanwhile, it should be noted
that the other parameters remained identical to the optimal
parameter values when one parameter was analyzed.

4.3.1 Inuences of the structure parameters of tungsten
octagonal prisms. The parameters related to the octagonal
prisms are the excircle diameters of the rst (d2) and the second
(d3) tungsten octagonal prisms, and the heights of the rst (h6)
and the second (h7) tungsten octagonal prisms. According to the
above discussion, the octagonal prisms have important inu-
ences on the spectral absorptivity (al) of the MA. Hence, the
inuences of the four parameters were studied, and the results
are presented in Fig. 6.

It is manifest from the Fig. 6a that the al ascends obviously
with increasing d2 in the whole solar spectrum region. This is
because the rst tungsten octagonal prism can not only excite
SPPs and LSPRs, but also can excite MPs together with the
second SiO2 lm and the second tungsten lm. Therefore, d2
has a great inuence on the al of the MA. As shown in Fig. 6b,
when h6 ¼ 0.06–0.10 mm, the al varies irregularly and slightly
within l ¼ 0.28–1.8 mm, however it increases slightly with
increasing h6 when l > 1.8 mm. In addition, when the h6
increases from 0.1 mm to 0.30 mm, the al declines sharply within
l ¼ 1.0–2.2 mm but increases obviously within l ¼ 2.2–4.0 mm.
. (a) al of different components; (b) al of different layers of the prims.

RSC Adv., 2022, 12, 16823–16834 | 16829
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Fig. 6 Spectral absorptivity (al) of the MA at different structure parameters of tungsten octagonal prisms. (a) Influences of d2; (b) influences of h6;
(c) influences of d3; (d) influences of h7.
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As shown in Fig. 6c, when d3 ¼ 0.06–0.10 mm, the al increases
slightly when l is around 0.4 mm but decreases appreciably
within l ¼ 0.28–2.0 mm with increasing d3. Moreover, al

increases signicantly within l ¼ 2.2–4.0 mm when d3 increases
from 0.10 mm to 0.30 mm. As is presented in Fig. 6d, the increase
in h7 has a little inuence on the al within l ¼ 0.28–4 mm when
h6¼ 0.05–0.09 mm. However, the al declines dramatically within
l ¼ 0.8–2.2 mm and increases obviously within l ¼ 2.2–4.0 mm
when the h7 increases to 0.30 mm.

To sum up, all the parameters related to the octagonal
prisms will affect al of the MA. It is known that the fabrication
uncertainties of the absorber are smaller than 0.01 mm.52 When
the variations of these parameters are within the fabrication
uncertainties, only the d2 has obvious inuences on the al,
indicating that d2 should be controlled carefully in the fabri-
cation. However, h6, d3, and h7 inuence al slightly, indicating
that these geometries are able to sustain relatively large fabri-
cation uncertainties.
16830 | RSC Adv., 2022, 12, 16823–16834
4.3.2 Inuences of the structure parameters of underneath
lms. The parameters that are relevant to the underneath lms
are the height of the rst SiO2 lm (h2), the height of the second
tungsten lm (h3), the height of the second SiO2 lm (h4). The
inuences of the three parameters on the spectral absorptivity
(al) are shown in Fig. 7.

It can be found from Fig. 8a that the al remains virtually
unchanged within l ¼ 0.28–1.8 mmwhen h2 increases from 0.01
mm to 0.05 mm, but al declines obviously when h2 increases
from 0.05 mm to 0.20 mm. In addition, the al exhibits an upward
trend with the increase in h2 when l is larger than 1.8 mmwithin
h2 ¼ 0.01–0.05 mm. Moreover, the increase in al is signicant
when the h2 increases to 0.20 mmwithin l > 1.8 mm. As shown in
Fig. 8b, the al varies slightly when h3 ¼ 0.01–0.20 mmwithin l¼
0.28–4 mm, suggesting that this parameter has little inuences
on the absorption performance. It is manifest from the Fig. 8c
that the al declines gradually with increasing h4 within 0.3–2
mm, but the al hardly changes as h4 changes when l ¼ 2–4 mm.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Spectral absorptivity (al) of the MA at different structure parameters of underneath films (a) influences of h2; (b) influences of h3; (c)
influences of h4.
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To sum up, the h4 has obviously inuences on the al of the
MA when l ¼ 0.35–2 mm, but the h2 has slight inuences on the
al within the fabrication uncertainty. And the h3 inuences
little on the al when h3 ¼ 0.01–0.20 mm.
4.4 Inuences of incident angle and polarization angle

The incident and polarization angles of realistic solar radiation
are variational in practical applications, and the MA should be
insensitive to these angles for converting radiation into heat
effectively. Therefore, the sensitivities of the near-perfect MA to
the incident angle q and polarization angle 4 (seen Fig. 1c) were
studied within l ¼ 0.28–4.0 mm in this section.

The inuences of the q of TE and TM polarized waves on the
al of the near-perfect MA were evaluated, as shown in Fig. 8. It
can be observed from Fig. 8a that the al of the near-perfect MA
changes 5% or less when the q of the TE polarized wave
increases from 0� to 50� within l ¼ 0.33–1.92 mm. Moreover, as
seen in Fig. 8b, the al changes 5% or less when the q of the TM
Fig. 8 Spectral absorptivity (al) under various incident angles (q). (a) al o

© 2022 The Author(s). Published by the Royal Society of Chemistry
polarized wave increases from 0� to 50� within 0.28–1.27 mm
and 2.44–3.00 mm.

Meanwhile, the solar absorptivity (asol) of the near-perfect MA
under TE and TMpolarized waves with various incident angles are
shown in Fig. 9. As can be seen in Fig. 9, when the q is within 0–
50�, the solar absorptivity (asol) of 0.9591–0.9572 and 0.9591–
0.9471 were achieved by the TE and TM polarized waves, respec-
tively. These results suggest that the near-perfect MA presents
excellent insensitivity when the incident angle is within 0–50�.

In addition, it can be found from Fig. 10 that the al of the
near-perfect MA is almost unchanged when the 4 of the nor-
mally incident wave increases from 0� to 90�. The results indi-
cate that the near-perfect MA is completely insensitive to the 4

in Fig. 1c when l ¼ 0.28–4.0 mm. Moreover, because the near-
perfect MA is rotationally symmetric, its al under normally
incident TE polarized wave (i.e. the electric eld is in the y
direction) and TM polarized wave are the same. Additionally,
the symmetric structure of the near-perfect MA is also the main
reason to obtain excellent polarization insensitivity.17
f TE wave. (b) al of TM wave.

RSC Adv., 2022, 12, 16823–16834 | 16831
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Fig. 9 Solar absorptivity (asol) of the MA under TE and TM polarized
waves with various incident angles.

Fig. 10 Spectral absorptivity (al) under normally incident wave with
various polarization angles (4).
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5. Conclusions

In this article, a near-perfect spectrally-selective metasurface
solar absorber consisting of an octagonal prism array is
designed and investigated for solar energy harvesting at high
temperatures, and the following conclusions are obtained.

(1) A near-perfect spectrally-selective absorber with p ¼
155 nm, h1 ¼ 150 nm, h2 ¼ 10 nm, h3 ¼ 20 nm, h4 ¼ 10 nm, d1 ¼
150 nm, h5¼ 240 nm, d2¼ 130 nm, h6¼ 70 nm, d3¼ 80 nm, and
h7 ¼ 70 nm was obtained aer optimizing the metasurface
structure. The high solar absorptivity of 0.9591 and a low
emissivity of 0.1594–0.3694 were achieved by the near-perfect
absorber, leading to high photothermal efficiency of 94.72–
83.10% under 1000 suns and 1073–1573 K.

(2) The underlying absorption mechanisms leading to the
spectral selective absorption of this near-perfect absorber were
revealed. It is found that coupling effects of multi-plasmon
16832 | RSC Adv., 2022, 12, 16823–16834
resonance modes combined with the impedance matching
with the free space lead to the high solar absorptivity. Moreover,
the impedance mismatching is the mechanism to minimize the
emissivity in the mid-IR region.

(3) Inuences of the structure parameters of the absorber are
studied. The results suggest that the excircle diameter of the
rst tungsten octagonal prism and the height of the SiO2 under
the octagonal prism have stronger inuences on the spectral
absorptivity than other parameters within the fabrication
uncertainty.

(4) Sensitivities of the near-perfect absorber to the incident
angle (q) and polarization angle (4) are investigated. The solar
absorptivity of 0.9591–0.9572 and 0.9591–0.9471 are achieved
under TE and TM polarized waves within q ¼ 0–50�, respec-
tively. And the al of the near-perfect MA is almost unchanged
within 4 ¼ 0–90�. These results demonstrate that the near-
perfect absorber is insensitive to the incident angle within q ¼
0–50� and polarization angle within 4 ¼ 0–90�.
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d1
 Excircle diameter of the SiO2 octagonal prism (nm)

d2
 Excircle diameter of the rst tungsten octagonal

prism (nm)

d3
 Excircle diameter of the second tungsten octagonal

prism (nm)

E
 Electric eld (V m�1)

h1
 Height of the rst tungsten lm (nm)

h2
 Height of the rst SiO2 lm (nm)

h3
 Height of the second tungsten lm (nm)

h4
 Height of the second SiO2 lm (nm)

h5
 Height of the SiO2 octagonal prism (nm)

h6
 Height of the rst tungsten octagonal prism (nm)

h7
 Height of the second tungsten octagonal prism (nm)

H
 Magnetic eld (A m�1)

Is
 Solar ux intensity at AM1.5, 1000 W m�2
IAM1.5(l)
 Spectral solar irradiance at AM1.5 (W m�2 m�1)

IB(l,
Tabs)
Spectral irradiance of blackbody (W m�2 m�1)
LSPRs
 Local Surface Plasmon Resonances

MPs
 Magnetic Polaritons

rdst
 Destination origin

rsrc
 Source origin

SPPs
 Surface Plasmon Polaritons

S11, S21
 Scattering matrix coefficients

Tabs
 Temperature of metasurface (K)

Tamb
 Temperature of ambient (K)

zl
 Effective impedance of metasurface

xyz
 Cartesian coordinates (nm)

asol
 Solar absorptivity

al
 Spectral absorptivity

3tot
 Total emissivity

h
 Photothermal efficiency (%)

q
 Incident angle (�)

l
 Wavelength (mm)

rl
 Spectral reectance
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