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Abstract: Renewable energy is the energy for future generations as it is clean and widely available.
The solar absorber is a sustainable energy source that converts solar energy into heat energy. The
structural optimization is analyzed to enhance the absorption of the multilayer design. The proposed
efficient solar absorber is made of a multilayer plus-shaped resonator supported by a SiO2 substrate
with a graphene spacer. The multilayer approach is utilized to enhance the absorption of the overall
structure. The absorption of the multilayer solar absorber design is presented with AM 1.5 response
observing the amount of energy absorbed from solar radiation. The different structural parameters
are optimized to obtain the efficiency plus-shaped absorber design. The results of a different angle of
incidence clearly show that the absorber is giving high absorption over a wide-angle range. The design
results are also being analyzed with other similar works to show the improvement. The proposed
absorber with high efficiency will be a good choice for solar thermal energy conversion applications.

Keywords: structural optimization; broadband; numerical; metasurface; graphene; absorption

MSC: 65-11; 68U07; 78-10; 78A40; 78M50; 90C31

1. Introduction

Renewable energy is getting the attention of researchers because it is a non-polluted
and abundantly available resource compared to its counterpart fossil fuels. The solar
absorber is a renewable source that converts solar radiation into heat and that heat can
be used for several applications. Solar absorbers are used in solar water heaters, solar
drying, etc. The efficiency of solar absorbers is a critical issue and researchers are working
on increasing it. One of the ways to increase efficiency is by absorbing major solar radiation
covering the range of infrared, visible, and UV regions. The higher the absorption over
these three regions is, the higher the efficiency. The response of the solar absorber can
be increased by integrating metasurfaces and graphene in the design. The metamaterial
solar absorbers are effective and improve efficiency to a great extent because of their
negative refraction.

Metamaterial solar absorbers are widely used to obtain a wideband result in spectrum
regions [1]. Metasurface-based designs are also applicable in solar thermal conversion. The
absorber shows broadband response with near-unity absorption with a tungsten-based
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resonating surface [2]. The metamaterial absorber with a grating resonating structure shows
an average of 90% absorption but this absorber does not cover the ultraviolet region [3]. The
solar absorber design with square and circle metasurface absorbers is used for achieving
broadband absorption. The absorber design can absorb most of the near-infrared region
energy [4]. A broadband metamaterial absorber is designed to absorb the solar spectrum in
the visible region [5]. Ultrabroadband response covering the solar spectrum is achieved
by using a slotted square-shaped resonator over a dielectric substrate [6]. A graphene
metamaterial sawtooth structure-based solar absorber is presented in [7]. A perfect absorber
for absorbing visible energy of the solar spectrum is designed with broad response and
polarization and angle insensitiveness [8,9]. The perfect unity absorber was designed using
metamaterial for absorbing the soslar spectrum visible energy. The designed absorber can
be applicable in thermal imaging applications [10]. Metamaterial absorbers are gaining
interest amongst researchers and are currently widely researched. The absorber structure
based on a single resonator is presented in [11]. Dual-band absorber and perfect absorber
based on metamaterial are given in [12,13]. The absorber structure based on gallium
arsenide substrate is designed for the perfect absorber using a metamaterial resonating
structure [14]. Graphene is another material that can be placed in solar absorbers to improve
its absorption.

Graphene is single-atom-thick graphite used in the solar absorber to improve its wide-
band response. Graphene and graphene oxides are most popular amongst researchers
because of their high-conducting nature and good electrical and optical behavior. Graphene
aerosols are also effective in increasing the heat which results in effective solar teams
generation [15]. Graphene is also very effective in coating a solar absorber for anticorrosive
effects [16]. The performance improvement in the greenhouse dryer is made with a solar
absorber. It is possible to improve the performance of the dryer by painting the walls of
the solar absorber with graphene coatings [17]. Graphene-based broadband absorbers
are used to absorb most of the solar radiation [18–20]. Graphene-based metamaterial
absorbers utilize the metamaterial resonator over a dielectric or metal substrate and sand-
wich a graphene layer between them which increases the efficiency and increases overall
bandwidth [21–23]. Graphene-based absorbers are also used for perfect absorption in the
terahertz spectrum [24].

The need for high absorption in solar absorbers creates room for broadband solar
absorbers with high absorption in all the solar spectrum regions. We have presented a
broadband absorber having absorption over all three regions. The absorber is created
using a multilayer approach of stacking substrate and resonator. Three substrates and
three metasurface resonators having the same size and structure are stacked over one
another respectively. All the parameters are optimized for getting better solutions and
results. The absorption responses of the three designs are analyzed and compared. The
design responses are analyzed with other similar designs too. The design, its responses,
and conclusions are given in different sections as follows.

2. Multilayer Design

There are several solar absorber designs based on a single-layer approach but the need
to increase efficiency has created a way to add more layers to improve absorption. One
way to make a multilayer design is stacking layers periodically which we did in this case as
presented in Figure 1. We added three layers of substrate and a plus-shaped metamaterial
periodically one over the other. The addition of these layers improves the absorption and
overall efficiency of the solar absorber. The design schematic is presented in Figure 1 which
shows the three different designs with the addition of these layers. The top view and front
view show the single-layer approach which shows that the metamaterial resonator is placed
over a SiO2 substrate with a graphene spacer. The addition of layers increases the overall
height of the design. The substrate thickness, metasurface thickness, and graphene spacer
thickness are 2500 nm, 1000 nm, and 0.34 nm respectively. The length of the substrate layer
is kept at 5000 nm which is also the same as its width. The second layer of substrate and
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metasurface resonator is placed over the main resonator. Three layers are stacked one over
another to create a multilayer design. The thickness of the resonator and substrate for all
three layers is kept the same. All the parameters are optimized and optimized values are
selected for making the high absorption in the solar absorber design. The graphene layer
conductivity is obtained using [25] and given in Equations (1)–(4).

ε(ω) = 1 +
σs

ε0ω∆
. (1)

σintra =
−je2kBT

π}2(ω− j2Γ)

(
µc

kBT
+ 2ln

(
e−

µc
kBT + 1

))
. (2)

σinter =
−je2

4π} ln
(

2|µc| − (ω− j2Γ)}
2|µc|+ (ω− j2Γ)}

)
. (3)

σs = σinter + σintra. (4)

Figure 1. Multilayer metamaterial design. (a) Plus-layer top view; (b) single layer; (c) two layers;
(d) three layers; (e) single-layer front view. Three layers are added periodically one over the other
with substrate and plus-shape metamaterial as a periodic component. Metasurface thickness is
1000 nm and substrate thickness is 2500 nm. Substrate length and width are kept at 5000 nm. The
light is falling from the top of the structure.

The reflectance and absorption can be calculated from the following Equations (5)–(11) [25].

r(ω, θi) =
ω cos θi ∏00(ω, θi)

2i}ck2 + ω cos θi ∏00(ω, θi)
. (5)

σ||(ω, k) = −i
ω

4π}k2 ∏
00
(ω, k). (6)



Mathematics 2023, 11, 282 4 of 13

r(ω, θi) =
2π cos θiσ||(ω, k)

c + 2π cos θiσ||(ω, k)
. (7)

R(ω, θi) = |r(ω, θi)|2. (8)

R(ω, θi) =
4π2cos2θi

[
Re2σ||(ω, k) + Im2σ||(ω, k)

]
[
c + 2πcosθiReσ||(ω, k)

]2
+ 4π2cos2θiIm2σ||(ω, k)

. (9)

R(ω) = R(ω, 0) =
4π2

[
Re2σ(ω) + Im2σ(ω)

]
[c + 2πReσ(ω)]2 + 4π2Im2σ(ω)

. (10)

A(ω) = 1−R(ω)− T(ω). (11)

where k refers to the wave vector.

3. Multilayer Absorber Results

The multilayer design results are compared with single-layer and two-layer designs
in this section to show the improvement in the overall efficiency of the design. Three
different designs namely single-layer, two-layer, and three-layer designs are simulated
using COMSOL Multiphysics. The design results are investigated using periodic boundary
conditions with Delaunay tessellation and plane wave source. The light is falling from
the top of the plus-shape metamaterial structure. The response comparison is given in
Figure 2a. For the visible and ultraviolet ranges, the absorption is almost the same for
all three absorbers but as we move toward the infrared range than the absorption is
decreasing as the number of layers decreases. This clearly shows that the layer increase is
affecting the solar absorption in the infrared range and the reason for this is the effective
thickness of the structure is increasing by increasing the layers which are affecting the
higher wavelength regions compared to the lower wavelength regions. The results of the
three-layer design show the highest absorption of 93.8% in the visible spectrum, and 90%
in the infrared spectrum with a wavelength of 700 to 2000 nm. The results of all three
designs are compared in Table 1. Figure 2b shows the AM 1.5 response and a comparison
of absorbed energy of multilayer solar absorber design is presented in green color. As
presented in the results, the multilayer design is absorbing most of the solar spectral energy.
The different colors in the AM 1.5 curve show the amount of energy absorbed. The green
color shows the amount of energy absorbed from the solar radiation. There is only some
energy missed which is shown with red color in the plot. The comparison of the absorption
for three layer is carried out to show that the addition of the layer improves the absorption.
This improvement in absorption increases the efficiency of the overall solar system. This
improvement can be used where there are no size constraints on the design. One of the
disadvantages of increasing the layers is its cost. The cost of the structure is increased by
increasing the layers, thus where there are no constraints related to the size and cost, then
this concept is lethal in improving the efficiency of the structure.

Table 1. Absorption comparison for visible and infrared region.

Design Visible Band (400 to 700 nm)
Absorption (%)

Infrared Band (701 to 2000 nm)
Absorption (%)

Single-layer design 93 69

Two-layer design 92.6 82

Three-layer design 93.8 90
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Figure 2. (a) Comparison of absorption results of single-layer design, two-layer design, and three-
layer design is giving high absorption compared to the other two designs. The three-layer design
(b) AM 1.5 results comparison with three-layer design results. The green color plot shows the
absorption in the AM 1.5 response in W m−2 µm−1. The red color shows the energy of AM 1.5 not
absorbed through the absorber.

4. Structure Optimization of the Design

Optimization of the system can solve many problems which cannot be solved without
it. The optimization of the system can be aimed at minimization of cost, energy consump-
tion, etc. One of the important optimization methods is structural optimization. Structural
optimization is important in improving the absorption of the solar absorber design. The
structural optimization can be done with parametric optimization where parameters are op-
timized using parametric optimization algorithms. The parametric optimization algorithm
is dependent on the behavior of the data which is sometimes having nonlinear constraints.
The nonlinear optimization algorithm can be used in this case. The Nonlinear parametric
optimization is one of the optimization algorithm which can be utilized to improve the
nonlinear systems [26]. The nonlinear optimization algorithm is applied to microgrid
to make the real-time operation which can be applicable in microgrid operations [27].
Optimization algorithms are also applicable in saving the energy in many industries by
effectively scheduling the energy [28]. The dealing with constraints and applying the
nonlinear optimization is presented in [29]. The detailed discussion about the nonlinear
optimization is available in a book. A detailed investigation about constrained optimization
algorithms and unconstrained optimization algorithm is in [30].

Nonlinear optimization is used when the function is not behaving linearly with respect
to the variable. The nonlinear optimization has function f (x), or constraint ci(x) = 1,2, . . . n
or dj(x) = 0,1, . . . n, are nonlinear functions of the vector of variables x.
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Here in our research, we have applied variation to different parameter to maximize
the absorption of the design. While doing this, we also have to consider the range of
wavelength for which we are observing the behavior of absorption. The response which
we are getting is nonlinear and thus this nonlinear optimization is applied to find out
the best value of different parameters where the maximum absorption is achieved while
considering the different wavelength range.

Optimization of the design is observed by varying structural parameters such as length,
width, and height of substrate and metasurface thickness. The structure optimization is
obtained by varying the different structural parameters to find out the optimized values
of those structural parameters. In this section, we provide a detailed explanation of the
optimization of each parameter. The structure optimization is presented in Figures 2–6.
The variation is presented in a line plot as well as a color plot to show the high absorption
region for different variations over 0 to 3000 nm. Metasurface thickness that is important
structural parameter is observed between 500 to 1000 nm with a separation of 100 nm as
presented in Figure 2. The increase in resonator thickness in increasing the absorption but
for the initial wavelength range until 1000 nm the absorption is almost the same and it is
changing after that point until 3000 nm. The increase in absorption is also the effect of an
increase in the area of the resonator which makes the resonator absorb the light easily. The
optimized quantity of the resonator thickness is 1000 nm. The initial wavelength range is
showing minimum absorption until 0.3 µm. The absorption is increased after 0.3 µm and
then it kept high absorption for the other spectrum range. The lineplot of absorption shows
that, and the change in the resonator thickness changes the curve and optimized value of
1000 nm is achieved through nonlinear optimization algorithm and presented in the plot.
The color plot also shows similar behavior and it is easy to understand the variation of
energy though different colors. The blue color in the initial part shows the minimum solar
energy absorption. The red part shows the maximum energy absorption. There are a few
points in the wavelength where perfect absorption is achieved.

Substrate thickness is important in making the overall area of the structure a limited
size. The substrate thickness is kept to a level that the overall area of the absorber should
not be increased. The cost of the absorber will be increased if the substrate thickness is
increased. The substrate thickness is observed at 1500 to 2500 nm with a separation of
250 nm as given in Figure 3. The rise in thickness increasing the absorption but for the
initial wavelength range until 1000 nm, the absorption is almost the same and it is changed
after that point until 3000 nm. The increase in absorption is also the effect of an increase in
the area of the resonator which makes the resonator absorb the light easily. The substrate
thickness increase is also important as it absorbs more energy. The increase in the substrate
thickness to a certain extent is ok and not going to increase the cost of the absorber. The
variation in the substrate thickness is limited to a minimum of 2500 nm because of this.
Further increase to this thickness changes the inductance of the design and also increases
the cost of the solar absorber structure.

The substrate length is observed at 5000 to 8000 nm with a separation of 1000 nm
as presented in Figure 5. The increase in substrate length increases the absorption, but
for the initial wavelength range until 2000 nm, the absorption is almost the same and it
changes after that point until 3000 nm. This clearly shows that there is no effect in the UV
and visible region, but the effect is visible in the higher infrared wavelength. The lesser
the length, the greater the absorption in these higher infrared wavelengths. The substrate
length is kept at 5000 nm with this optimization. As seen in the figure, the variation in
the substrate length is not changing the absorption of the solar absorber design. The solar
absorber was observed for different lengths and there is no variation in the results which
show that the absorption is same. The increase in the thickness reduces the absorption
for the higher wavelength region, and for the other lower wavelength region, it is almost
the same.
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Figure 3. Absorption response for variation in RT (resonator thickness). Variation is carried out 500
to 1000 nm with a separation of 100 nm. The results are presented in the form of (a) line, (b) color
plots for 0 to 3000 nm.

Figure 4. Absorption response for variation in ST (substrate thickness). The variation is carried out
from 1500 to 2500 nm with a separation of 250 nm. The absorption spectrum is presented in the form
of (a) line, (b) color plots for the wavelength range of 0 to 3000 nm.
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Figure 5. Absorption response for variation in SL (substrate length). The variation is carried out from
5000 to 8000 nm with a separation of 1000 nm. The absorption spectrum is presented in the form of
(a) line, (b) color plots for 0 to 3000 nm.

Figure 6. Absorption response for variation in SW (substrate width). The variation is carried out
from 5000 nm to 8000 nm with a separation of 1000 nm. The absorption spectrum is presented in the
form of (a) line, (b) color plots for 0 to 3000 nm.
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The substrate width is observed at 5000 to 8000 nm with a separation of 1000 nm as
presented in Figure 6. The increase in substrate width is increasing the absorption but
for the initial wavelength range until 2000 nm, the absorption is almost the same and it
changes after that point until 3000 nm. This clearly shows that there is no effect in the UV
and visible region, but the effect is visible in the higher infrared wavelength. The lower
the length, the more the absorption in these higher infrared wavelengths. The substrate
width is kept at 5000 nm with this optimization. As seen in the figure, the variation in the
substrate width does not change the absorption of the solar absorber design. The solar
absorber is observed for different widths and there is no variation in the results, which
shows that the absorption is same. The increase in the thickness is reducing the absorption
for the higher wavelength region and for the other lower wavelength region it is almost
the same. The color plot is clearly showing that the absorption is similar for almost all the
variations. The absorption for the higher wavelength has some variation. The results of
substate length and width are similar because our structure is square and has the same
length and width. The same thing is also verified through these results.

Thus, after the structural optimization, the optimized values obtained were 1000 nm
and 2500 nm for resonator thickness and substrate thickness, respectively. The length and
width of the substrate were 5000 nm.

The comparison of the three responses with other published responses is shown in
Table 2. The three-layer solar absorber showed better absorption in not only visible but also
infrared regions. The electric field intensity response of the three-layer design is observed in
Figure 7. The response clearly shows the high electric field intensity in visible and infrared
wavelengths as is given in the absorption response shown in Figure 2. Both responses
match well with each other, and it shows better similarity which verifies the results. The
angular response is presented in Figure 8 which shows good absorption for different angles.
The wide-angle results are given in the figure that shows the overall good response of
the design. The E-field distribution is presented with absolute E-field (|E|) values. The
E-field variation is verifying the absorption spectrum presented in Figure 2. The different
wavelength E-field results matches with the absorption results. The red color in the field
shows the high field while the blue color shows low electric field. The comparison with
previously published results is presented in Table 2. The three-layer design results are
compared with other designs. The absorption is compared for visible and infrared regions.
The visible band is observed for 400 to 700 nm and infrared band is observed for 701 to
2000 nm. The highest absorption of 93.8% is available for visible region and 90% is available
for infrared region.

Table 2. Comparison of published solar absorber designs with proposed plus-shape metasurface design.

Design Visible Band (400 to 700 nm)
Absorption (%)

Infrared Band (701 to 2000 nm)
Absorption (%)

Single-layer design 93 69

Two-layer design 92.6 82

Three-layer design 93.8 90

[31] 90 -

[32] 86.5 -

[33] 93 -

[34] 90 -

[34] 90 -

[35] 80 -

[36] 71.1 -

[37] 70 -
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Table 2. Cont.

Design Visible Band (400 to 700 nm)
Absorption (%)

Infrared Band (701 to 2000 nm)
Absorption (%)

[38] 84 77

[39] 93.7 -

[40] 92 -

Figure 7. Electric field intensity (|E|) response for (a) 100 nm, (b) 400 nm, (c) 700 nm, (d) 1000 nm,
and (e) 1500 nm.
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Figure 8. Angular response for 0 to 3000 nm range. (a) Line, (b) color plots for 0 to 80-degree
angular response.

5. Conclusions

The numerical simulation and structural optimization of the solar absorber are pre-
sented to achieve high absorption. The multilayer approach in designing solar absorbers is
analyzed in this manuscript. The multilayer design gives a better performance in visible
and infrared regions compared to the single-layer design. The multilayer design shows
90% absorption in the infrared region of 701 nm to 2000 nm and 93.8% average absorption
in the 400 nm to 700 nm visible region. Structural optimization gives the best absorption
for the multilayer solar absorber design. The structural optimization shows optimized
values of 1000 nm for resonator thickness, 2500 nm for substrate thickness, and 5000 nm
for substrate length and width. The electric field response of the multilayer design also
matches well with the achieved absorption results. The comparison with AM 1.5 spectral
irradiance curve also shows that the absorber absorbs most of the solar radiation.
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