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Abstract

Solar energy absorption for the whole spectral irradiance is important which includes UV,
visible and infrared regions. We have proposed a new metasurface solar absorber design
by optimizing the different metasurface designs to absorb most of the solar radiation. The
design results are obtained for two metasurface designs namely plus-shape metamaterial
design and I-shape metamaterial design. The absorption result comparison of these two
designs clearly shows that the plus-shape metamaterial design is having more absorp-
tion for all three regions. The highest average absorption of 95% is observed for the vis-
ible region for plus-shape metamaterial design. The design results for different parameter
variations such as thickness, width, length, etc. are observed and an optimized design is
obtained. The design results for the angle of incidence are also observed which clearly
shows that the design is having a wide angle of incidence. The graphene potential varia-
tion is not affecting the overall absorption of the design. The proposed solar absorber with
its wide angle of incidence and high absorption in the solar spectrum can be used for solar
thermal energy conversion applications.
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1 Introduction

The demand for energy is rising, and clean and renewable energy sources are needed
because fossil fuels are limited and polluting our environment. Renewable energy is gain-
ing interest among researchers because they are non-polluting and available in abundance.
Renewable energy uses natural resources like wind, solar, water, etc. (Elavarasan et al.
2020; Bait-Suwailam et al. 2019). One of the most effective renewable energy sources is
solar energy because solar energy is available easily and if the efficiency of the solar cells/
absorbers can be improved then the need for energy in the world can be resolved. The solar
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absorber captures solar radiation energy and transforms it into heat or electricity (Wang
et al. 2015; Rufangura and Sabah Oct. 2015). The solar absorber is an efficient way for
solar thermal energy conversion which can be applied to many solar applications (Li et al.
2020). The solar absorber radiation is absorbed in three solar spectral regions namely infra-
red, visible and ultraviolet regions. The broadband absorption can be achieved with the use
of metamaterial, graphene, etc. (Patel et al. 2019a). Metamaterials can be used to improve
absorption by reducing tungsten nanowires (Bilal et al. 2020).

Metamaterials are artificial materials having a negative refractive index which improves
different performance parameters of the solar absorbers (Patel et al. 2020). Broadband
absorption is one of the important parameters which can be improved by incorporating
metamaterials in the solar absorber designs (Xu et al. 2019; Mehrabi et al. 2020; Jadeja
et al. 2020; Patel et al. 2021a, 2022). The broadband absorption can be achieved with a
reduction in the unit cell area. Solar absorber design is optimized for better performance
in Heidari and Sedighy (2018). Metamaterials are effective in increasing the absorption
as well as increasing the sensitivity of the sensors. The sensitivity of the sensors which
is observed through its high absorption peaks for different concentrations can also be
enhanced using metamaterials (Parmar and Patel 2021). Terahertz metasurface absorbers
are also applicable in thermal applications(Chen et al. 2020; Cheng et al. 2020, 2021a).
Broadband metasurface absorbers can be designed with square ring-shaped resonators
(Cheng et al. 2021b). Perfect absorbers can also be used for sensing applications (Zhang
et al. 2021; Cheng et al. 2021c).

Graphene is a single atom thick graphite material having outstanding electrical and
optical qualities. The characteristics of graphene can be employed to enhance absorbers’
absorption (Patel et al. 2019b). The optical properties of the graphene material help in
achieving these applications. Graphene materials also help in absorbing radiation in the
THz regime (Feng et al. 2021). Graphene-based absorbers are gaining interest amongst
researchers because of their wide applicability which includes THz applications and solar
absorbers (Patel et al. 2020; Parmar and Patel 2021). To increase the solar absorber’s
absorption, two distinct metasurface forms are used in the design of absorber. Machine
learning methods are used to improve the absorber results (Parmar et al. 2022). Graphene
material is used with its patterned design with metamaterials to get the electrical tuning
and easier fabrication in broadband absorber (Han and Chen 2020). The three-dimensional
structured graphene metamaterial (SGM) can be a good pick because of its metallic trench-
like structure’s wavelength selectivity. The ultrathin graphene metamaterial layer has high
heat conductivity and a broadband dispersion-less nature as a result (Lin et al. 2020). A
Broadband solar absorber using graphene metasurface is designed to absorb the visible
region. The absorber is enhancing the absorption using graphene metasurface (Charola
et al. 2020). The graphene-based absorber is giving a wide angle of incidence with polari-
zation insensitiveness (Rahmanzadeh et al. 2018). Graphene metal absorbers can be used to
tune the spectrum of the terahertz absorbers. Various design characteristics can be changed
to achieve this adjustment with graphene chemical potential (Torabi et al. Mar. 2017; Patel
et al. 2021b). The solar absorbers are applicable for heating residential/commercial build-
ings. One of the most important applications is industrial heating. Solar thermal energy is
also applicable in photovoltaics. Solar absorbers are also applicable in power generation
(Han et al. 2016; Zhang et al. 2022; AL-Rjoub et al. 2018).

The need for accommodating the visible regions with the ultraviolet region and infrared
region is increasing day by day so We have proposed a solar absorber that is absorbing
most of the solar energy with high efficiency. The design is further improved by tracking
the effects of various adjustments in physical factors such as substrate length, width, and
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height. The electric field of the design is also observed to verify the absorption behavior
for different wavelengths. The design and modeling, results and analysis, and conclusion
are presented in Section-II, Section-III, and Section-1V respectively.

2 Solar absorber design

The absorber is designed by placing a plus shape metamaterial shape above the silicon dioxide
substrate with a graphene spacer layer is displayed in Fig. 1. The structure is having Titanium
material as a metasurface resonator. The design of the plus-shape metamaterial is shown in
the figure. The design is verified for two different variants of the design namely the I-shape
design and the Plus-shape design. Two designs are verified to check the best performance of
the plus shape design over the other design. The design parameters like length, width and
thickness are varied to optimize the design. The optimum design is designed based on this
variation and the optimum design is having substrate thickness=2.5 pym, substrate length and
width=2 um. Graphene layer thickness is 0.34 nm, resonator thickness is 0.2 m, and resona-
tor breadth is 120 nm. To enhance the absorption capabilities of the suggested solar absorber,
graphene materials is used. The metasurface design show plus-shape sign from the top as
shown in Fig. 1a where the graphene layer is visible below the plus-shape metamaterial. The
front view of the plus-shape metamaterial is presented in Fig. 1b. The top view of the second
design is presented in Fig. 1c. The light falls on the top of the metamaterial resonator. There
is no ground plane used in this structure so the transmittance can also be considered while
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Fig.1 Solar Absorber a Plus-shape design b front view of the plus shape design ¢ I-shape design. The
resonator thickness (h1) is 0.2 um, substrate thickness (h2) is 2.5 um. The length and width of the substrate
is 2 pm. The dimensions L1 =120 nm, L2=920 nm and L3 =1560 nm. Graphene potential V, is applied to
graphene material. The figure is not drawn up to the scale
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calculating absorption. We have applied the graphene potential and presented it in Fig. 1. The
graphene potential is applied (Patel et al. 2020).

The graphene monolayer is used as a spacer for improving the results. The graphene
conductivity is mainly based on the graphene potential (u.). The absorption behavior using
the graphene layer and graphene potential effect on its conductivity is presented here in this
section.

2.1 Graphene analysis

Graphene is a highly conducting material and its conductivity (o,) depends on graphene
potential (y.). The equations below show this dependency which includes parameters like
(kg = Boltzman constant,I" = scattering rateand T = room temperature Parmar et al.
2019). The graphene analysis using kubo formula is presented and the results of absorption for
various graphene chemical potentials are shown in the following section.
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2.2 Analysis of absorption

The absorption Eqgs. (5-8) are analyzed in Surve et al. (2021). The equations show relation of
angles (6,) and p_ have also been resembled in the following sections in detail.
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Absorption = 1 — Reflectance — Trasmittance (11)

3 Metasurface solar absorber results

Using the COMSOL Multiphysics simulation software, the metasurface designs shown in
Fig. 1 are created to obtain its absorption response and electric field results. We have used
periodic boundary conditions with Delaunay tessellation and plane wave source. Absorp-
tion is calculated by using Eq. 11 with periodic boundary conditions applied with Delau-
nay tessellation meshing conditions. Absorption results for plus-shape metamaterial design
and I-shape metamaterial design are presented in Fig. 2. From the figure, it is clear that
the plus-shape absorption result shown in the blue line is more compared to the I-shape
results shown in the orange dash line. The absorption is provided for the range of 0.1 um to
3 um. The absorption is compared for visible region, ultraviolet region and infrared region
in Table 1. The proposed structure shown in Fig. 1 can be experimentally tested using
Chemical Vapour Deposition (CVD). Graphene monolayer deposition over substrate can

Fig.2 a Comparison plot with (a)
absorption result for two meta- 1 i
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Table 1 Comparison between the

desi UV region Vis region Infra region
csigns (0210 (041007 um) (0.7 to 1.2 um)
0.4 um) absorption (%)  absorption (%)
absorption
(%)
Plus-shape design 61 95 88
I-shape design 58 93 83

be done with CVD and then gold layer can be deposited over graphene monolayer (Park
et al. 2019).

The absorption response for different physical parameters like substrate thickness, sub-
strate width, substrate length, resonator width, resonator thickness, angle of incidence and
graphene potential is presented in Figs. 3, 4, 5.

Substrate thickness, Substrate length and Substrate width are key factors to consider
while calculating the structure’s absorption. The variation in these parameters can give
the optimized design which has the highest absorption considering those parameters. The
absorption results for different variations of substrate parameters are presented in Fig. 3.
The length and width of the substrate are kept the same as the structure is a square shape.
The unit cell structure is square so there should not be much difference in the results
obtained in these two parameters. The substrate length and substrate width are varied from
2 to 5 um as presented in Fig. 3a and b respectively. The variation in the results clearly
shows that for substrate length and substrate width the increase in its values reduces the
absorption values. The reduction in absorption occurs because of a change in resonance
as the overall structure size is changing. This show that the smaller the periodic cell gives
better absorption because the increase in periodic cell size with the same metasurface size
changes the resonance and effects in a reduction in absorption. Because of all these rea-
sons better absorption is visible at 2 um substrate length and substrate width. The substrate
thickness is also very important in achieving better absorption. The substrate thickness
is varied from 1 to 2,5 um. The increase in substrate thickness helps in achieving better
absorption which is visible in Fig. 3c. The increase in substrate thickness is limited to a
certain range because above that the inductance of the structure is changing and it affects
the overall absorption results. The absorption values are better for 2.5 um substrate thick-
ness (Table 2).

The resonator made up of titanium material plays a vital role if its width and its thick-
ness are varied. The variation in length changes the metasurface design which results in a
change in absorption of the design. The absorption results for different variations of reso-
nator parameters are presented in Fig. 4. The resonator thickness and resonator width are
varied and their effect on absorption plot is presented in Fig. 4a and b respectively. The
variation in the resonator thickness is carried out from 0.2 to 1 pm. The variation in the
resonator thickness is not affecting much to the absorption results between 0.2 to 1.2 um
wavelength. The red color area clearly shows this response. This indicates that resonator
thickness range is giving better inductance and resonance for those variations and thus
good results are visible in the response. The variation in the width of plus-shape metas-
urface width is carried out from 40 to 120 nm. The results shown in Fig. 4b show that the
absorption is better for higher widths. For the width of 120 nm the absorption is highest
in the range of 0.2-1.2 um and the other range also it is showing good absorption. The
increase in width changes the resonance of the metasurface and it improves the absorption

@ Springer



Broadband plus-shaped metasurface absorber based on graphene... Page70f12 774

Table 2 Comparison of the proposed designs with similar published designs from reference

Design UV region (0.2 to Vis Region Infra region
0.4 um) (0.4 t0 0.7 um) (0.7 to 1.2 um)
Absorption (%) Absorption (%) Absorption (%)

Plus-shape design 61 95 88

I-shape design 58 93 83

From Patel et al. (2019c) - 93.7 -

From Lin et al. (2019) - 93 -

From Azad et al. (2016) - 90 -

From Patel et al. (2020) - 86.5 -

From Liu (2018) - 80 -

From Sang et al. (2019) - 71.1 -

From Rufangura and Sabah (2017) - 70 -

From Yu et al. (2019) - 90 -

From Cao and Cheng (2019) - 90 -

as it is visible in the paper. The width of the plus-shape metasurface plays an important
role as the thickness increase changes the overall resonance by changing the permittivity
and permeability of the design.

The incident angle is important because solar energy is changing as the day progress.
The different angles of incidence show the angular behavior of solar radiation during the
day. The response should be available for the wide angle of incidence to be highly efficient.
The absorption results for different variations of angle of incidence and graphene potential
are presented in Fig. 5. The variation in the angle of incidence is carried out from 0° to
80°. The angle of incidence from 0° to 50° the absorption is good for most of the range. As
the angle of incidence increases above 50°, the absorption reduces from the initial range of
0.2-1.2 um. The graphene potential is varied from 0.1 to 0.9 eV for the wavelength range
of 0.1-3 um. The change is graphene chemical potential is not affecting the overall absorp-
tion for the whole wavelength range. The absorption is higher in the range of 0.2—-1.2 um
wavelength range for all the graphene chemical potentials.

Electric field (EF) results are showing the concentration of normalized electric field in
V/m. The more the electric field than more the absorption in that particular region. Electric
field results are absorption is presented in Fig. 6 for wavelengths 0.2 um, 0.5 ym, 0.8 pm,
and 1.1 ym. The absorption is minimum for 0.2 ym and maximum for 0.5 ym. The EF
results are showing good agreement with corresponding absorption values. The red color
shows the highest EF and the blue part shows the minimum EF. The highest EF values are
7.5x 107 V/m.
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Fig.3 Absorption results from (a)
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4 Conclusion

The proposed absorber design is giving broadband absorption covering the visible region,
ultraviolet region, and infrared region. The design results for the plus-shape metasurface
design is showing better performance than the I-shape metasurface design. The plus-shape
metasurface design is giving the highest average of 95% absorption in the visible region
compared to 93% absorption of the I-shape metasurface design. The design results are also
showing better performance compared with other published results. The physical param-
eters are also varied to obtain optimized results. The optimized design is having substrate
width of 2 ym, substrate length of 2 um, resonator thickness of 0.2 um, resonator width of
120 nm, and substrate thickness of 2.5 pm. The EF results are also matching well with the
obtained absorption results. The graphene potential is not affecting the overall absorption
of the design. The wide angle of incidence is observed over 0° to 50°. The proposed solar
absorber is applicable in converting solar radiation to thermal energy.
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(a) (b)
(c) (d)

Fig.6 EF of metasurface absorber for four different wavelengths a 0.2 pm b 0.5 um ¢ 0.8 pm d 1.1 um. The
EF is a minimum of around 0.2 um which is also matching our absorption results. The highest EF values
are 7.5x 107 V/m presented with red color in the plot
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