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Accepted: 2 December 2019 Graphene-based efficient metasurface solar absorber is presented. Graphene

Published online: monolayer sheet is integrated over silicon dioxide dielectric layer to improve the
9 December 2019 bandwidth and achieve maximum absorption in the visible region from 430 to
770 THz. Simulation results indicate that the average absorption of our gra-
© Springer Science+Business phene-based metasurface absorber is more than 84% in the visible range. The
Media, LLC, part of Springer ~ absorber C-shape metasurface top layer placed above the graphene sheet is
Nature 2019 made up of tungsten material, and bottom layer made up of tungsten material
helps in absorbing incoming electromagnetic light. The resonance frequency can
be tuned in a wide frequency range by changing different physical parameters
of proposed absorbers design. The absorption efficiency results of the proposed
design are also compared with previously published similar absorber design to
show the improvement of absorption in the proposed design. The proposed
design is useful for designing next-generation graphene-based sensors and
photovoltaic devices. Purposed graphene-based metasurface absorber can be
used as a basic building block of solar energy-harvesting photovoltaic devices.

Introduction renewable and non-renewable resources. The non-

renewable energy sources like coal, petroleum, nat-
The life on earth is the gift of several resources which ural gases, etc., are used again and again and can be
is everlasting. These resources we call as natural exhausted one day. Converting one form of energy to
resources. Natural resources are classified into electric energy using non-renewable energy sources
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requires a large area and huge maintenance which
increases the overall cost of the project. The renew-
able energy source like the sun provides clean and
safe energy which is inexhaustible in nature and also
do not disturb the ecological balance of nature [1].
The earth receives an abundant amount of solar
radiation, so it is necessary to design an efficient
coating layer which absorbs the maximum region of
the solar spectrum (infrared, visible and ultraviolet
region). The sun radiation reaches earth, where most
of the energy is distributed in the visible and infrared
region. Narrowband, multi-band and multilayered
light absorber are designed to use as sub-system
blocks in the practical applications like sensing [2—4],
filtering, thermal emission, etc. [5-8].

The solar absorbers available today have lower
efficiency and cannot operate over wide range of
frequencies. One of the problems of the current solar
absorber is its complex design. This complex design
leads to increase the cost of fabrication because of its
complexity. Another type of absorber structure is
made up of perovskites which has a disadvantage of
less durability, less stability and narrowband
absorption [9, 10]. Therefore, there is a need to design
a solar absorber with artificial materials in the tera-
hertz frequency region. Artificial materials with
unusual electromagnetic properties which are not
found in nature are called “Metamaterials.” The
electromagnetic response mainly depends on the two
properties, the electric permittivity and magnetic
permeability [11, 12].

Metamaterial absorbers are gaining interest in the
researcher community because of their broadband
behaviour in the infrared, visible and ultraviolet (UV)
regions [13-17]. Metamaterials perfect absorbers for
radio to optical frequency range are presented in [13].
Achieving single-band and multi-band absorbers is
easy compared to achieving broadband metamaterial
absorber. Broadband metamaterial absorber is pre-
sented for visible and near-infrared regions [14]. The
array of metamaterial gold resonators placed on sil-
icon dioxide (SiO,) substrate can also give broadband
response in 200 THz to 400 THz frequency range
[15]. The broadband metamaterial absorber design is
applicable in solar energy-harvesting photovoltaic
devices [16]. Metamaterial absorbers are used in
achieving broadband response, but still there is a
room for improvement in the efficiency of these
metamaterial solar absorbers.
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Graphene metasurface solar absorbers are using
graphene material which has excellent electrical and
optical properties. These properties can be combined
with graphene metasurface absorbers to design effi-
cient and broadband solar absorbers. Graphene
material is gaining interest in the researcher com-
munity because of its excellent properties ever since it
has been invented [17]. Graphene gratings are used to
reflect the waves coming on to the top surface of the
gratings [18-20]. Graphene metasurface-based solar
absorbers can be used to tune the frequency in tera-
hertz region [21, 22]. Ultrafast lasers can also be
designed using graphene-based absorbers [23].
Broadband absorbers are designed using different
shape graphene metasurface [24-27]. The efficiency is
important factor while designing any solar absorber.
Graphene metasurface-based highly efficient solar
absorber with broad-spectrum range is designed
using gold resonators. The cost of such solar absorber
is high because of its costly materials [28].

We have proposed that solar absorber is designed
with tungsten material which costs less compared to
the gold-based solar absorber. Our design is showing
broadband response and high efficiency compared to
previously published results, and the comparison is
provided in results and discussion section. The pro-
posed design is presented in “Design and modelling”
section, and its results are presented and discussed in
“Results and discussions” section.

Design and modelling

In this section, we presented our graphene metasur-
face-based solar absorber design. The three-dimen-
sional design with its two-dimensional front view is
presented in Fig. 1. Metasurface resonator made up
of tungsten material is placed over graphene mate-
rial. The graphene layer is placed over a SiO, spacer
with tungsten substrate. The thickness (T) and width
(W) of C-shape metasurface is 100 nm and 200 nm,
respectively. The thickness of SiO, layer (S) and
tungsten substrate (G) layer is kept at 300 nm and
600 nm, respectively. The thickness of these two
layers is kept more so that there is more absorption
and less transmittance through this layer. The total
length of the structure is 2 pm.

The top metallic layer acts as a resonator. It gen-
erates resonance effect such that it helps in impe-
dance matching condition. The dielectric medium
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Figure 1 Graphene-based (a)
metasurface absorber design

a three-dimensional design

b two-dimensional design

(front view). The top

metasurface layer with the

thickness (T) of 100 nm, width

(W) of 200 nm and the bottom

layer with the thickness

(G) 600 nm. Both these layers

are made up of tungsten

material. The dielectric layer

with the thickness (S) of L
300 nm which separates the

top and bottom layer is made

up of SiO, material. The total

length (L) of the structure is (b)

kept 2 pm.

-
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layer helps to absorb the resonance frequency. The
effectiveness of absorption is very important and is
measured over here by the following equations [29]:
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where Q.ps is spectral power absorbed by each ele-
ment, A() is optical absorption,Ql\ is total power
absorbed and Qi is spectral power coming from the
sun and incident on the solar surface. To achieve the
maximum absorption, the bottom layer is added to
reduce the reflection. The thickness of the bottom
layer should be chosen more than the penetration

depth of incident light to get minimum transmission
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losses (T(w) =~ 0). The absorption A(w) is very
important parameter for the absorber design, and it is
given by Eq. (5):

A0) =1~ R(w) - T() (5)

R(w) is reflection parameter and T(w) is transmission
parameter. All these three parameters (absorption,
transmission and reflection) depend on frequency
(w). In addition, both R(w) and T(w) can be expres-
sed in terms of S-parameters as
T(w) = |Sy1|* and R(w) = |Sn|*.

The permittivity data of tungsten is adopted from
[30]. The SiO; is a sandwich layer between the top
and bottom layer with the thickness (S) of 300 nm
and a refractive index experimental data is taken
from [31]. The bottom layer (G) with a thickness of
600 nm helps in reducing the transmission of
incoming incident electromagnetic wave. The mono-
layer sheet of graphene is added above the dielectric
layer with length (L) of 2 um. The thickness of the
graphene sheet is considered as a 0.34 pm. The sur-
face conductivity of infinite graphene sheet is given
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by Kubo formula [32] presented in Eqs. (6-9). The
total conductivity is the addition of intraband and
interband conductivities as presented in the follow-
ing equations.

gw) =1+ ol (6)
' 52
- —jeksT U, 2
Ointra = 7'51’]2(60 _]21_,) <kBT + 21n(€ —+ 1) (7)
. 2 .
et (2lp] — (@ —j2I)h
R e ey )
0s = Ointer + Ointra (9)

The permittivity of graphene depends on the
thickness of graphene monolayer sheet (A(0.34 nm)),
angular frequency (), surface conductivity (o) and
permittivity of vacuum (¢,). Other such parameters in
the equation of graphene surface conductivity (o)
also depend upon kg(1.38e—23 J/K) is the Boltzmann
constant, temperature (T) in kelvin, e(1.6e—19 C) is
electron charge value, 71(6.62e—34 | s) is the Planck’s
constant,u-(0.3 eV) is chemical potential and also on
electron-phonon, I' (11e—3 [1/S]) is scattering rate.
Graphene’s chemical potential is given by
UchiVE/TCVpc/e, Ve is a gate voltage, C is the
capacitance is given by C = ¢;¢0/t, t is dielectric layer
thickness and ¢, is dielectric layer static permittivity.
An electromagnetic plane wave is inserted normally
from z-direction on proposed broadband absorber as
shown in Fig. 1a.

Results and discussions

The proposed design presented in Fig. 1 is simulated
using COMSOL Multiphysics, and the results in the
form for absorption, electric field, etc., are presented
in Figs. 2, 3, 4, 5, 6, 7 and 8. The design results are
analysed by changing different physical parameters
like width of resonator (W), thickness of resonator
(T), thickness of SiO, layer (S) and height of substrate
tungsten layer (T). The different physical parameters
of the design are optimized to achieve broadband
absorption in the visible region from 430 to 770 THz.
The absorption result of the solar absorber is pre-
sented in Fig. 2 for 430 THz to 770 THz frequency
range The metasurface resonator and graphene layer
placed above the dielectric layer collect all incoming
light into a dielectric layer which leads to an increase
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Figure 2 Absorption response of the proposed graphene-based

metasurface solar absorber. The response of average absorption is

84% in the visible region from 430 to 770 THz. The absorption is
near to unity for 550 THz and 750 THz frequencies.
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Figure 3 Graphene-based proposed solar absorber with a
variation of metasurface width (W) from 0.5 to 1 pum. The red
colour indicated the higher value, and blue colour indicate the
lower value. The maximum absorption is achieved in the middle
and end regions. The absorption decreases as the width of
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Figure 4 The graphene-based proposed solar absorber with a
variation of C-shaped height (T) from 20 to 100 nm. The red
colour indicates the higher value, and blue colour indicates the
lowest value. From the graph, it has been observed that absorption
decreases as the thickness of C-shaped decreases.

in absorption. The top layer and graphene layer
reduce the reflection, and bottom tungsten layer is
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Figure 5 Graphene-based metasurface solar absorber with a
variation of dielectric layer thickness (S) from 200 to 600 nm.
The red colour indicates the higher value and blue colour indicates
the lowest value. From the graph, it has been observed that
absorption is more in the middle of the region between 290 and
450 nm.
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Figure 6 Graphene-based metasurface solar absorber with a
variation of dielectric layer tungsten layer thickness (G) from
400 to 800 nm. The absorption is very weak for the middle
frequency range of 535 THz to 635 THz. The increase in
thickness also improves the absorption.

kept thick to reduce transmission, and thus, it doesn’t
allow light to pass through it. The optimized
parameter of design leads to an average absorption of
84% in the visible region from 430 to 770 THz as
shown in Fig. 2 (Table 1).

We vary the width (W) of metasurface layer from
0.5 to 1 um to observe the effect on absorption in the
visible region. As shown in Fig. 3, with increasing the
width (W) of metasurface structure the gap of the
C-Shape reduces, and it covers the whole region of
the top layer and thus absorption decreases. It has
been clearly observed that the absorption is more in
the middle and end frequency region. It is because
the peaks of resonator is around the same frequency
range. The reflection increases as we increase the
width (W) of C-shaped structure and results lead to
decrease in absorption. The metasurface width (W) is

@ Springer
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Figure 7 Electric field intensity for the frequency of a 430 THz,
b 550 THz, ¢ 650 THz, d 750 THz. The unit of the electric field is
V/m; absorption is maximum on C-shaped metasurface made up
tungsten.

2.5

1.5

Figure 8 Magnetic field current density for the frequency of
a 430 THz, b 550 THz, ¢ 650 THz, d 750 THz. The unit of the
magnetic field is A/m; the arrow in the figure indicates the current
distribution which is more near metasurface elements.

varied from 0.5 to 1 um, and frequency range is kept
from 430 to 770 THz.

The top layer with C-shaped metasurface helps to
improve absorption with minimum reflection at
lower width values. The thickness (T) of C-shaped
metasurface is varied from 20 to 100 nm by keeping
all parameter constant to understand its effect on
absorption in the visible region as shown in Fig. 4.
The absorption increases as the thickness of C-shaped
metasurface increases in the proposed design.
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Table 1 Absorption efficiency comparison of proposed graphene-
based metasurface solar absorber design with previously published
solar absorber designs in the visible frequency range [24-26]

Solar absorber design Absorption

efficiency (%)

Proposed graphene-based metasurface 84
tungsten solar absorber design

Design of Ref. [24] 71

Design of Ref. [25] 80

Design of Ref. [26] 70

The dielectric layer is responsible for the maximum
absorption of incoming light into it. From Fig. 5, it is
clearly indicated that when we change the thickness
of the dielectric layer (S) from 200 to 600 nm, the
absorption increases with increasing the thickness of
the dielectric layer. This clearly shows that the thick
layer (600 nm) absorbs more energy compared to the
thin layer (200 nm). The absorption is also more for
higher frequency values of 550 THz to 770 THz. The
higher absorption in the layer increases the absorp-
tion efficiency of the absorber, and this high efficient
absorber will be applicable in photovoltaic energy-
harvesting devices.

The thickness of the bottom tungsten layer (G) also
plays very important role in the absorption. The
absorption for different tungsten layer thickness
ranging from 400 to 800 nm and frequency range of
430 THz to 770 THz is presented in Fig. 6. From the
results, it is clear that the increase in thickness
improves the absorption to a certain extent. The
middle frequency range of 535 THz to 635 THz has
minimum absorption.

The results are also analysed to understand the
effect of the electric field intensity and magnetic field
current. The port of proposed graphene-based meta-
surface absorber is set to be a rectangular plot. The
electromagnetic wave incident from port-1 of the
structure and response is observed from port-2. The
boundary condition is assigned in X-Y plane for a
proposed three-dimensional graphene-based meta-
surface absorber design. We have presented the
electric field intensity and magnetic field density at
430 THz, 550 THz, 650 THz and 750 THz in Figs. 7
and 8, respectively.

From the electric field intensity, it is clear that
centre part of the absorber is absorbing the maximum
electric energy as presented in Fig. 7. The energy is
also increasing as we increase the frequency from
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430 THz (Fig. 7a) to 750 THz (Fig. 7d). The results
show that at 650 THz frequency maximum energy is
concentrated in the absorber.

Magnetic field current density for different fre-
quencies is presented in Fig. 8. Maximum concen-
tration of magnetic field takes place at the central
part, and this indicates maximum current density in
that area. There is not much change in the current
density by changing the frequency range from 430 to
750 THz. The arrows indicate the flow of current in
the structure with its intensity is shown by different
colours.

The proposed graphene-based metasurface absor-
ber is giving broadband absorption in visible region
which is better compared to the previously published
designs. The tungsten material used for the solar
absorber is very cost-effective material for designing
solar absorbers.

Conclusion

In conclusion, a graphene-based broadband
C-shaped metasurface absorber is proposed and the
data are numerically investigated from 430 to
770 THz visible region of solar spectrum. The pro-
posed design absorption band cover the whole visible
region with an average absorption of 84%. The tun-
ability in absorption peaks is obtained by varying the
different physical parameters of the design like the
thickness of C-shaped metasurface (T), the thickness
of the dielectric layer (H) and width of metasurface
(W) and thickness of tungsten layer (G). The
absorption result decreases as we increase the meta-
surface thickness (T). The absorption decreases with
the increase in the width of metasurface (W).
Absorption increases with increase in the thickness of
tungsten layer (G) and dielectric layer (H). The pro-
posed design absorption efficiency is compared with
the previously published design results. The pro-
posed design results efficiency is showing great
improvement over the other published results. The
idea of using metasurface structure above the gra-
phene sheet can be adopted for graphene-based
optical devices, sensor and energy-harvesting
devices.
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