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Abstract

We have proposed a graphene-based metasurface solar absorber for broadband visible
wavelength range. The absorption analysis for four different designs is represented. We
have explored the Four C-shape array metasurface absorber design, Five circle array meta-
surface absorber design, Five C-shape array metasurface absorber design, and the Four cir-
cle array metasurface absorber design for ultraviolet, visible, and infrared regions with the
wavelength ranging from 0.2 to 0.8 um. The highest average absorption is achieved for the
four C-shape array metasurface absorber design. Furthermore, the absorptance response is
also explored for various parameter variations such as substrate thickness, resonator thick-
ness, and graphene chemical potential. The substrate height and resonator height have a
marginal effect on absorptance. We have also analysed the design by placing graphene
material spacer between gold layer and SiO, substrate layer. While the effect of graphene
chemical potential on absorptance is negligible for 0.1-0.7 eV, but for graphene chemical
potential of 0.9 eV, the absorptance plot shows a sudden decrease at around 0.69 pm wave-
length. The proposed metasurface solar absorber can be applied for photovoltaic applica-
tions and solar energy harvesting applications.

Keywords Solar absorber - Metasurface - Graphene - Efficient

1 Introduction

Optical metamaterials are attracting a lot of attention due to their potential applications in
photonics. The metamaterials can be engineered to obtain the expected optical character-
istics by characterizing the electromagnetic properties of the material. The extensive func-
tion of optical metamaterials (MMs) has pushed research in the area of electromagnetic
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absorbers. (Freise 2012) Electromagnetic metamaterials are artificially constructed sub-
stance with exotic electromagnetic properties like negative permittivity, negative per-
meability (Shelby et al. 2001)—(Smith et al. 2000), and have piqued interest in various
real-time applications like solar thermo-photovoltaic device (Lenert et al. 2014), sens-
ing (Taya 2015a)—(Patel and Parmar 2021), and other optical structure designs (Li et al.
2016). Resonant absorbers, which are frequency sensitive and give absorption at resonant
frequencies, and broadband absorbers, which provide absorption over a wide frequency
range, are the two types of electromagnetic absorbers (Watts et al. 2012). A while ago, a
‘perfect’ absorber with near-unity absorption has been shown to be capable of producing
using metamaterial which was initially postulated by Landy et al. (Landy et al. 2008). Rhee
et al. reviewed multiple metamaterial-based perfect absorbers. Metamaterial-based perfect
absorbers (MMPA) are applied as perfect absorber-based novel applications. MMPA is
typically made up with three layers. The layer is used to prevent incident electromagnetic
waves from being reflected. The middle layer is a dielectric layer that provides room for
electromagnetic waves to disperse plus can also act as a resonance cavity to extend the
duration that electromagnetic waves spend inside the middle layer. Finally, a continuous
metallic plate blocks leftover transmission in the third layer (Rhee et al. 2014).

Metamaterial based sensors are also widely known for their applications in several fields
i.e., industrial, environmental, and medical etc. (Liu et al. 2017)—(Shetti et al. 2019). Opti-
cal sensors (Ahmadivand et al. 2020; Chou et al. 2017), electrochemical sensors (Yu and Yi
2007), and physical sensors (Son et al. 2017) are the most well-known metamaterial based
sensors. Optical sensors are area-of-interest for most of the researchers due to its compact
size, low-cost and utilization of remarkable nanomaterials which make them easy to fab-
ricate (Shi et al. 2017). Direct type sensors are globally utilized due to its low-cost and
applications in medical domain to detect several biomolecules such as hemoglobin, urine,
protein etc. (Gerislioglu et al. 2020)—(Ertiirk et al. 2016). Graphene-peptide based sensor
can also be used for the environmental analysis and graphene-based leaky-wave optical
sensors can be used for detecting hemoglobin biomolecules (Wang et al. 2017; Patel et al.
2020a). Sensors fabricated using the gold-nanoribbons based substrate can be utilized for
biomedical diagnosis for which various combination of Raman signals are recently used
(Zhao et al. 2019). Taya presented a anisotropic metamaterial based waveguide sensor as
an optical sensor for the applications in the domain of refractometry (Taya 2015b, 2018).
S.A. Taya also investigated the dispersion properties of an anisotropic left-handed mate-
rial-based waveguide identifying some of the remarkable features, i.e. presence of funda-
mental mode in a narrow frequency range, positive group velocity that increases with the
increment in frequency, and an effective dependence of dispersion curves on the anisotropy
(Taya 2015c).

Many other metamaterial structures have since been suggested in various frequency
regimes, including microwave (Bhattacharyya et al. 2015; Charola et al. 2021a), terahertz
(Gao et al. 2015), infrared (Feng et al. 2014; Ahir et al. 2019; Parmar and Patel 2021),
and visible. However, they have low bandwidth because of one absorption point. For the
forthcoming growth of physics and photonics, graphene is a swiftly rising star. Given the
brief history of graphene, this essentially two-dimensional substance has remarkable crys-
tal and electrical quality and has already unveiled a great deal of new physics and prospec-
tive utilization. Graphene, in general, is a completely new group of matters that are only
one atom thick, and as such, it helps to achieve breakthroughs into low-magnitude phys-
ics, which has amazed and continues to give fertile ground for several utilities (Geim and
Novoselov 2007). Graphene has magnificent electro-optical characteristics which can be
applied with metasurface absorbers. Graphene also possesses exceptional optical, thermal,
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and mechanical properties. Each layer of graphene with a reflectivity of less than 0.1%
absorbs up to 2.3% of white light, according to research. As a result, the pure single gra-
phene sheet has a high degree of transparency and flexibility. ElI-Amassi et al. explored
a reflectance analysis for a symmetric parallel-plate waveguide designed by placing two
graphene sheets and they observed no effect of graphene conductivity on the reflectance for
high frequencies (El-Amassi and Taya 2017). Al-Ashi and co-authors presented an optical
sensor designed via graphene layer surrounding an optical fiber and the maximum sensitiv-
ity was determined while decreasing the graphene conductivity (Al-Ashi et al. 2020).

Many researchers have put up significant effort to enhance bandwidth. Shen et al.
(Shen et al. 2015), for example, devised a resistive film absorber that achieves near unity
absorption above 90% in the frequency region of 3.9 to 26.2 GHz. Broadband absorbers
are designed using metamaterials to absorb more energy and perfect absorption. Due to
its perfect absorption metasurface has showcased a great promise in various fields (Cheng
et al. 2012; Guo et al. 2016). A plasmonic metamaterial based on Au/SiO, nanocom-
posite absorber with a broadband visible regime of frequency. Parmar et al. presented a
‘gold metasurface-based broadband near-infrared and near-visible solar absorber, which
achieved 78% average absorption in the frequency region of 300-500 THz (Parmar et al.
2020). This was designed by placing square shape gold resonator over MgF, substrate fol-
lowed by tungsten base. Wang et al. designed a graphene-based absorber in the terahertz
regime. They achieved dual near unity absorption at two different frequencies (Wang et al.
2018). This design includes a cyclic pattern graphene disk followed by a gold material as a
ground plane. Min Zhong presented a metamaterial-based absorber with a metal-dielectric
layer design which achieves a 92% absorption peak at 4.2 THz. The absorption amplitude
is improved by placing the sample in the different liquid layers of acetonitrile, acetone,
methanol, or benzene and the achieved absorption amplitude for the respective liquid layer
was 97%, 98%, 99%, and 99.4% (Zhong 2020).

In this paper, we have presented a high absorption metasurface-based solar absorber
which is a basic requirement. The absorptance analysis is explored for four various meta-
surface-based absorber designs. The proposed metasurface-based solar absorber can be
used as a basic element for energy harvesting devices in visible range due to its efficient,
high-absorption, broadband in visible range like features. The effect of various geometrical
and chemical parameters on absorptance is presented. The design modeling, metasurface
absorber design results, and the conclusion are presented in section-2, section-3, section-4,
respectively.

2 Design and modeling

The metasurface-based solar absorber designs are presented in Fig. 1. The first metasurface
is designed by placing four C-shape array of gold resonators over a graphene spacer which
is placed over a SiO, substrate (Four C-shape array metasurface absorber design). The sec-
ond metasurface solar absorber is created by placing five circle array of gold resonator
over the same graphene spacer which is situated over a SiO, substrate (Five circle array
metasurface absorber design). The third metasurface is quite similar to the first one, the
only difference is instead of four C-shape array here we are placing five C-shape array over
graphene spacer. The fourth and the final metasurface solar absorber design is also identi-
cal to the second design the only variation is in the resonator pattern. Here we have placed
four circle array over a graphene spacer. instead of five which was the case in the second

@ Springer



696 Page4of22 J.Surve etal.

®
(® (h)

Fig. 1 Metasurface based solar absorber design a and b 3D view, ¢ and d side view, e-h top view. The
designs are made with gold and SiO,. material with graphene spacer. The dimensions are: L=20 um,
S,=4 pm, r;=1.8 um, Dy=6.4 um. Light is falling on the top of the metasurface as shown in the diagram.
The dimensions in the diagram are not up to the scale

design. The rest of the dimensions are the same for all designs. The various dimensions
are: Length of structure L =20 um, Radius of the circle R,=3.2 pm, substrate (SiO,) thick-
ness S, =4 um, Gold resonator thickness r, =1 um. The absorption analysis for the present
metasurface designs is presented here.
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The graphene conductivity o,, derived from Egs. (1), (2), (3) and (4) (Hanson 2008).
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where various parameters are interpreted as, g, is the vacuum permittivity, o, is the con-
ductivity, V is the thickness of graphene layer, e is the electron charge, w is the angular
frequency, kj is the Boltzmann’s constant, 7 is the reduced Planck’s constant, I" is the scat-
tering rate, o;,,,, i the intraband conductivity and o;,,,, is the interband conductivity, and T
is the normal room temperature.

The optical conductivity of graphene is regulated by varying its chemical potential
(0.1-0.9 eV). The chemical potential of graphene is calculated using y,. = hvy/7CVp/e,
where V), is the gate voltage, and the capacitance is defined as C = g,¢,/t., where g is
the static permittivity and t is the thickness of the dielectric layer.

The absorptance of the absorber depends on the graphene’s conductivity (o) and angle
of incidence (6,) (Patel et al. 2021).
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If we consider the transmittance near to zero value then absorption depends only on the
reflectance values as shown below.

Alw) =1 - R(w) (12)

Here, k is the wave vector.

3 Metasurface absorber designs result

The designs represented in Fig. 1 are explored for absorptance analysis and obtained results
are illustrated in Figs. 2, 3,4, 5,6, 7, 8,9, 10, 11, 12, 13 and 14. The Fig. 1 designs are
simulated using the COMSOL Multiphysics tool with the help of the finite element method
(FEM). The designs were simulated under the following condition: tetrahedral Delaunay
tessellation condition with a minimum, and maximum meshing size set as 0.03 and 0.7 um,
respectively. The growth rate for meshing is set as 1.35. Furthermore, periodic boundary
conditions are utilized. The results in terms of absorptance are illustrated in Fig. 2. The
obtained results are also analyzed for different wavelength ranges including ultraviolet, vis-
ible, and infrared, and formatted in the table form as shown in Table 1. Among the simu-
lated four designs, the four C-shape array metasurface absorber design is giving excellent
absorptance results. The highest absorptance is achieved in the visible region with 92%
of average absorptance. While the rest of the designs are giving moderate results. The
results are presented in decreasing order considering their performance in Table 1. From
Table 1, we can clearly say that all the four proposed designs are performing better than the
mentioned reference designs. The proposed designs are performing excellently in terms of
absorptance as it is achieving better absorptance in visible regime.

The designs are also simulated by varying different geometrical parameters such as
substrate (SiO,) thickness, resonator thickness, and various graphene chemical potential
(GCP). The results are obtained for 0.2-0.8 um wavelength range. The graphene layer
chemical potential is varied from 0.1 to 0.9 eV and the corresponding results are presented
in Figs. 3, 6, 9, and 12. The results illustrate that for the values between 0.1 and 0.7 eV
there is not much discrepancy with respect to graphene chemical potential, but for the
GCP of 0.9 eV, we can observe the sudden decrease in absorptance after the wavelength
of 0.7 um. The absorptance analysis is carried out for different resonator thickness values
ranging from 1 ym to 1.8 pum in the step of 0.2 um and the respective results are repre-
sented in Figs. 4, 7, 10, and 13. For four C-shape array metasurface design, the maximum
absorptance of 0.991 is achieved at 0.49 um wavelength for resonator thickness of 1.8 pum.
For five circle array metassurface design, the maximum absorptance of 0.993 is achieved
at 0.49 um wavelength for resonator thickness of 1.6 um. For five C-shape array metas-
urface design, the maximum absorptance of 0.991 is achieved at 0.49 um wavelength for
resonator thickness of 1.6 um. Four, four circle array metasurface design, the maximum
absorptance of 0.994 is achieved at 0.49 um wavelength for resonator thickness of 1.6 pm.
The results indicate that the absorptance is highest in the wavelength ranging from 0.4 to
0.7 um and the resonator thickness does not have a very high effect on the absorptance
results. We have also analyzed the effect of varying the substrate (SiO,) thickness. For
this, we have varied the substrate thickness in the range of 4 um to 6 um with the step of
0.5 um and the related results are illustrated in Figs. 5, 8, 11, and 14. For four C-shape
array metasurface design, the maximum absorptance of 0.993 is achieved at 0.49 um wave-
length for SiO, thickness of 4 pm. For five circle array metasurface design, the maximum
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Fig.2 Absorptance plot for a Four C-shape array metasurface absorber design; b Five circle array metas-
urface absorber design; ¢ Five C-shape array metasurface absorber design; d Four circle array metasurface
absorber design

absorptance of 0.99 is achieved at 0.49 um wavelength for SiO, thickness of 5.5 um. For
five C-shape array metasurface design, the maximum absorptance of 0.994 is achieved at
0.49 um wavelength for SiO, thickness of 4.5 pm. For four circle array metasurface design,
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Fig.3 Absorptance plot for various graphene potential 0.1-0.9 eV for four C-shape array metasurface des-
igna The line plot represents the absorptance for various values of GCP. The maximum absorptance of
0.993 is achieved at 0.49 um for all graphene chemical potential values. b The plot illustrates that for the
values between 0.1 and 0.7 eV there is not much discrepancy with respect to graphene chemical poten-
tial, but for the GCP of 0.9 eV we can observe the sudden decrease in absorptance after the wavelength of
0.69 um. The results are obtained for 0.2-0.8 um

the maximum absorptance of 0.993 is achieved at 0.49 um wavelength for SiO, thickness
of 4.5 um. The results indicate that the maximum absorptance is achieved in the visible
range which is from 0.4 to 0.7 pm. it is also clear that by varying substrate (SiO,) thickness
absorptance is not very much affected.

4 Conclusion

To conclude, a metasurface solar absorber with the help of sandwiched graphene mon-
olayer sheet in between SiO, substrate and gold resonator explored for 0.2—-0.8 um wave-
length range. The results of these four variations in metasurface has been compared in
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Fig.4 Absorptance plot for various values of resonator thickness 1-1.8 um with the increase in the step of
0.2 um for four C-shape array metasurface design. a The line plot represents the absorptance for different
values of resonator thickness. The maximum absorptance of 0.991 is achieved at 0.49 pm wavelength for
resonator thickness of 1.8 um. b The plot illustrates that the absorptance is highest for 0.4-0.7 pm range.
The results are obtained for 0.2—0.8 um range

terms of absorptance response and the best design of four C-shape array metasurface
solar absorber has been identified due to achieved highest average absorptance of 92%
in visible regime. The design results comparison with other published designs also show
that our design has highest average absorption for the visible region. We are also gain-
ing near unity (99.4%) absorption at 0.49 um wavelength. Furthermore, to identify the
optimized physical parameters, we have varied several geometrical parameters such as
substrate thickness, and resonator thickness, clearly stating that the highest absorption
is achieved for substrate thickness of 4 pm and resonator thickness of 1.8 um. Thus
the parameters have been optimized at which the highest absorptance for four C-shape
array metasurface solar absorber design has been achieved. The proposed solar absorber
design can also be utilized as an elementary block for an energy harvesting device in
visible regime due to its high efficiency, broadband in visible like qualities.
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the step of 0.5 um for four C-shape array metasurface design. a The line plot represents the absorptance for
different values of SiO, thickness. The maximum absorptance of 0.993 is achieved at 0.49 um wavelength
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results are obtained for 0.2—0.8 um range
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The results are obtained for 0.2—0.8 um range
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Fig. 11 Absorptance plot for various values of SiO, thickness in the range of 4-6 pm with the increase in
the step of 0.5 um for five C-shape array metasurface design. a The line plot represents the absorptance for
different values of SiO, thickness. The maximum absorptance of 0.994 is achieved at 0.49 um wavelength
for SiO, thickness of 4.5 um. b The plot illustrates that the absorptance is highest for 0.4—0.7 pm range. The
results are obtained for 0.2—0.8 um range
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Fig. 12 Absorptance plot for various graphene potential 0.1-0.9 eV for four circle array metasurface
design. a The line plot represents the absorptance for various values of GCP. The maximum absorptance
of 0.987 is achieved at 0.49 um for GCP value of 0.9 eV, but after 0.69 um wavelength absorptance value
suddenly decreased to near zero value. So, the next best graphene chemical potential value is 0.7 eV which
achieves 0.984 absorptance. b The plot illustrates that for the values between 0.1 and 0.7 eV there is not
much discrepancy to GCP. The results are obtained for 0.2—0.8 um range
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Fig. 13 Absorptance plot for various values of resonator thickness 1-1.8 um with the increase in the step
of 0.2 um for four circle array metasurface design. a The line plot represents the absorptance for different
values of resonator thickness. The maximum absorptance of 0.994 is achieved at 0.49 pm wavelength for
resonator thickness of 1.6 um. b The plot illustrates that the absorptance is highest in the wavelength rang-
ing between 0.4 and 0.7 um. The results are obtained for 0.2—-0.8 um range
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Fig. 14 Absorptance plot for various values of SiO, thickness 4-6 pum with the increase in the step of
0.5 pum for four circle array metasurface design. The plot illustrates that the absorptance is highest in the
wavelength range of 0.4-0.7 pm. a The line plot represents the absorptance for different values of SiO,
thickness. The maximum absorptance of 0.993 is achieved at 0.49 um wavelength for SiO, thickness of
4.5 ym. b The results are obtained for 0.2—0.8 um range
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Table 1 Comparison of four metasurface absorber design

Wavelength range — 0.4 t0 0.7 um

Design| (Visible region)
Average
Absorptance (%)

Four C-shape array metasurface absorber design 92

Five circle array metasurface absorber design 91

Five C-shape array metasurface absorber design 90

Four circle array metasurface absorber design 91

Design based on graphene metasurface of Ref. (Charola et al. 2021b) 92

Design based on graphene metasurface of Ref. (Azad et al. 2016) 90

Design based on graphene metasurface of Ref. (Patel et al. 2019) 89.57

C-shaped graphene metasurface-based absorber of Ref. (Patel et al. 2020b) 86.5

Design based on graphene metasurface of Ref. (Liu 2018) 80

Design based on graphene metasurface of Ref. (Sang et al. 2019) 71.1

Design based on graphene metasurface of Ref. (Rufangura and Sabah 2017) 70
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