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ABSTRACT: This study proposes designing and developing a metamaterial absorber that improves the efficiency of solar cells. The design
includes circular forms with rectangle gaps etched on the upper surface of an FR4 substrate, with a copper sheet serving as an isolating
substrate for the ground beneath. The structure operates in the tera frequency ranges to accommodate all infrared wavelengths of the sun’s
spectrum. Furthermore, the constructed metamaterial unit cell is used to build a metamaterial array absorber, which increases the rate
of energy harvest from the sun spectrum. The two designs showed absorption rates of approximately 96.75% and 99.85% at 94.85 THz
and 109.08 THz resonant frequencies, respectively. In addition, a top surface of microwave cross-polarization conversion (CPC) is also
generated and simulated. The structure of the proposed microwave unit cell consists of the same metamaterial absorber design. Efficient
cross-conversion is achieved across a wide frequency band (9 GHz to 15 GHz), with polarization conversion effectiveness exceeding
99%. The suggested CPC design has three resonance bands with 50% fractional bandwidth (FBW) and achieves a stable polarization

response at oblique incidence angles up to 35°.

1. INTRODUCTION

Fossil—fuel (conventional) energy sources, such as petroleum
and coal, according to the 2014 Global Energy Statistic Re-
port, account for 87% of all global energy use [1]. This high
percentage seriously harms ecosystems in addition to making
the production of fossil fuels challenging. Finding a substitute
for clean, constant, relishable, and refillable energy sources is
therefore essential. Solar radiation constitutes one of the great-
est efficient sources of clean, renewable energy producing light,
heat, lighting, and other sorts of energy [2—4]. Solar cells, com-
monly known as photovoltaic panels, generate electricity from
solar energy. Solar cells are typically built of silicon, a mate-
rial which comes into contact with photons of sunlight inside
the cell, forcing atoms to lose their electrons from the material
known as semiconductors and form electrical gaps that produce
energy [5,6]. The primary benefit of any photovoltaic panel-
based structure is its ability to operate without the requirement
for battery replacement on occasion. Nevertheless, these kinds
of cells are able to absorb specific frequency bands of solar
light, which give an efficiency of 30%. The electrical band gap
prevents the solar cells from turning all solar light into electric-
ity, is the cause of this low efficiency [7].

A recently discovered method based on the metamaterials
methodology is utilized to improve the design of solar cells.
New synthetic materials known as “metamaterials” are created
with specific qualities not found in nature. Because of their
intelligent properties, metamaterials are structured in periodic
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patterns on scales lesser than the spectral range of the processes
they affect. They can process electromagnetic (EM) waves [8],
preventing, absorbing, and bending EM waves [9-11]. They
also have negative refract properties [12], which allow them
to serve as ultra-lenses [13]. These metamaterial absorbers re-
place the photovoltaic solar cells to overcome its main disad-
vantages [14]. The key idea behind this technique is to scale
and operate the absorbers at extremely high frequencies (THz),
i.e., very short wavelength in the infrared regime. The concept
of collecting solar energy from sun and earth radiation using
metamaterial absorber is based on the fact that when an EM
wave is incident to an absorber, a time varying current will be
induced, and thus, a voltage will be generated at the feeding
point of the absorber [15, 16]. This induced current or gener-
ated voltage will oscillate at the frequency of the incident wave.
Hence, in order to obtain DC power, a suitable rectifier circuit
should be embedded at the feed point of absorber. This type
of energy harvesting systems are called rectennas and consist
of antennas connected to a rectifier that converts the received
signal to DC power and produce electricity. The metamaterial
absorber shows a wider angular reception characteristic than
that of photovoltaic devices. This optimizes the solar energy
collection during day and cancels the need for sun tracking sys-
tems [14].

According to literature reports, metamaterials absorbers have
been the subject of numerous study projects and inquiries by
various scholars, where metamaterial absorbers are expressed
in a wide variety of ways [17-19]. An infinite number of
multi-resonance nanoscale particles are incorporated into the
design of a metamaterials-based absorber presented in [20].
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FIGURE 1. Proposed design of absorber unit cell. (a) 3-D view, (b) 2-D front view, (c) side view.

Significant solar energy absorption is possible thanks to the ab-
sorber. A brand-new type of metamaterial absorption in many
frequency ranges is created, described, and studied in [5]. The
metamaterial-based design is especially offered in the whole
range of the solar radiation to maximize solar energy utilization.
Visible and infrared spectrum are optimally absorbed by the de-
veloped metamaterial-based solar cells. Furthermore, several
unique and unconventional concepts for expanding antenna ar-
rays and metamaterial properties in most kinds of antennae and
material have been offered [21-24]. One of these tactics was
utilized to improve the features of the suggested metamaterial
antenna arrays by executing a parameter sweeps on the most
important and effective factors that determine the meta-antenna
array’s attributes, such as the rate of absorption. Furthermore, a
structure made of super-absorbing material was constructed to
collect sunlight, with rates of absorption approaching 99% [25].

Many fascinating occurrences are naturally sensitive to po-
larization states. They have traditionally been one of the most
important properties of EM waves, thus substantial efforts have
been undertaken to control and manage them [26-29]. Metama-
terials, particularly planar metamaterials, have recently gained
a lot of attention due to their unusual features. It has a verity
of applications including planar optics [30], anomalous refrac-
tion [31], angular momentum of light [32], optical vortex cre-
ation [33], cross polarization conversion (CPC) [34], transmis-
sion and reflection surface types [35-38]. Because many phe-
nomena are polarization delicate, a large portion of metasurface
research focuses on surface that can govern and change the po-
larization of EM radiation. Traditional processes such as crystal
optical reflection and Faraday operation can be used to change
the polarization of electromagnetic radiation, but they require a
lot of space and are only effective for a short bandwidth [39].
As aresult, EM polarization states can be freely controlled and
modified utilizing sub-wavelength metamaterials. Note that
two-dimensional metamaterials, known as metasurfaces, are
used to create high-performance polarization converters [30].
Polarization conversions can be achieved over many frequency
bands of EM spectrum using various component shapes, such
as plasmon nano-rods in the visual system [40], circular divided
rings in the infrared [41], metal-based grating at terahertz [42],
self-complementary rings [43], rectangle loops with opposite
microstrips [44], and double-head-arrow form [45] in the mi-
crowave system [46].

This study proposes and presents a novel absorber structure
based on metamaterial technologies to increase the effective-
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ness of solar cells. A basic structural unit cell made up of two
distinct layers with rectangle gaps of constant size may absorb
a large amount of infrared at different tera hertz. Furthermore,
this unit cell is utilized to create arrays of varied sizes with the
same infrared resonant rate in order to absorb as many pho-
tons that are available in the spectrum of the sun. To vali-
date the metamaterial results, a proposed wide-band and electri-
cally thin CPC metasurface is modified to operate at microwave
frequencies, where a high polarization conversion ratio (PCR)
is achieved and fully independent of incident wave polariza-
tion. Furthermore, the proposed upper surface exhibits a con-
sistent reaction to changes in incident angle. Because of the
sub-wavelength unit cell dimension’s thin dielectric thickness
and overall optimal design, the metasurface interaction is in-
dependent of the incident wave’s incidence angle, making it
a viable contender for a wide range of applications. Further-
more, numerical analysis of polarization states is offered across
the whole spectrum. The simulation is handled by the CST-
microwave studio (CST-MWS) software simulator.

2. DESIGN AND ANALYSIS

2.1. Design of the Proposed Metamaterial Unit Cell in the In-
frared Band

The suggested layout for the unit cell design includes printed
circular forms with rectangle gaps on the upper surface of the
substrate layer, accompanied by a sheet of copper serving as the
base. As depicted in Fig. 1, the suggested unit cell’s architec-
ture is derived from earlier research and analysis that is docu-
mented in the literature [3—9]. The reference form and general
idea were inspired by [39,47]. The optimum parameters for the
unit cell design are indicated in Table 1. The reference’s shape
is modified to make it simpler, more compact, and capable of
dual-band operation. The parameter extensive evaluations are
performed on the proposed unit cell to ensure that it works prop-
erly in the intended range of frequencies. This approach com-
bines two different pieces into a unit cell. One of the two sep-
arate fragments has a negative relative permeability, whereas
the other has a negative relative permittivity. The technique is
based on the premise that resonance-sensitive materials show
high levels of effective magnetism near resonance when being
subjected to an axial forces magnet, with substantially higher
values in the narrow range below the rings’ quasi-static reso-
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TABLE 1. Geometrical parameters of the suggested infrared absorption unit cell and CPC metasurface.

il !

Parameters infrared unit cell | CPC metasurface Description
Value (um) Value (mm)

w 3 5 The substrate material’s width
h 0.24 2.4 thickness of the substrate material
g 0.1 0.25 rectangular gap width

a 1.41 2 the outer radius of the outer slice
b 1.11 1.5 the inner radius of the outer slice
c 0.68 1 the outer radius of the entire slice
e 0.38 0.5 the inner radius of the entire slice
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FIGURE 2. (a) A general schematic depiction of the proposed CPC metasurface, (b) top view of the unit cell, (¢) 3D view.

nant frequency and highly negative results in the narrow region
above [48].

The structure’s lower foundation layer is a copper sheet with
0% transfer, measuring 3 x 3 pm in infrared, then follows a layer
of insulation that serves as the substrate. The FR-4 substrate has
a 0.24 um thickness, a permittivity ratio of 4.4, and a tangent
loss of 0.025. Two copper circular shapes with a spacing of
0.1 pm are printed atop the substrate surface. Copper sheet has
an electric conductivity of 5.8 x 107 S/m, thermal conductivity
of 401 w/K/m, and thickness of 0.0035 pm.

The solar cells’ absorption rate A(wr) can be computed us-
ing [5]:

(w) =1 — R(w) — T'(w) (1)
where (w) = [S11]? and T(w) = |S;|? are the reflectivity
and transmission at a specific frequency range, respectively.
Throughout the current work, there will be not a single trans-
mission to be calculated (T'(w) — 0), because it is obstructed
by the continuous copper sheet. As a consequence, only the re-
flection must be investigated. Therefore, the absorption rate is
changed to be computed as follows:

(w) =1— R(w) 2
The reflectance can be stated as follows:
Reflected power at port 1
R(u) = P 3 3)

~ Incident power on port 1

As the amount of reflection decreases, the absorption rate rises
and approaches unity, which is the major purpose of this re-
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search. This is demonstrated via the use of a metamaterial ab-
sorber.

2.2. Geometric Configuration of the CPC Metasurface Unit Cell

The infrared metamaterial unit cell is modified to CPC meta-
surface to operate at microwave frequencies. Fig. 2 shows an
illustration of the planned CPC metasurface unit cell. The unit
cell consists of two metal sheets separated by a 2.4 mm thick-
ness FR4 material with a dielectric constant ¢, = 4.4 and tan-
gent to loss tan § = 0.025. The top metallic layer is made up of
printed circular forms with rectangular gaps on the substrate’s
top surface, which is supported by a copper ground plate. The
metallic layers are composed of copper material with a conduc-
tivity of 5.8 x 107 S/m and a thickness of 35 microns. Fig. 2(a)
shows the two-dimensional periodic arrays of metallic coupled
split ring resonators (SRRs) arranged on top of the dielectric,
which is supported by a metallic plane. The designed unit cell
is given in Fig. 2(b), and the optimum parameters for the pro-
posed CPC metasurface unit cell are also indicated in Table 1
for comparison. Fig. 2(c) shows a three-dimensional schematic
depiction of the proposed unit cell.

Jones transmission and reflection matrices serve to charac-
terize the theory of polarization conversion. Transmission is
completely nonexistent in a reflector design, thus only incident
and reflected fields are taken into account. The wave polariza-
tion is characterized in terms of its orthogonal parts, and the
degree of polarization conversion is calculated through con-
trasting the co- and cross-components of the incoming and re-
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flected fields. The anisotropy shape of the unit cell interacts
differently with the two perpendicular components, resulting
in cross-conversion. Consider a vertically polarized incoming
wave that propagates along the positive z axis and strikes a
metasurface reflection at its normal incidence. Equation (4)
represents the wave’s electric field vector [47].

—JjPzi 7
e €y

4)

- =
El:’E;

Superscript ¢ represents the incident field, and subscript y
denotes the vector’s component label. ; represents the direc-
tional angle of the field’s phasor. €, represents the unit vector
in the y direction. The electrical field vectors can rotate in the
x-y plane following reflection from the contact; therefore, both
orthogonal components, as shown in Equation (5a), are neces-
sary for a complete description of the reflected wave. Equa-
tion (5b) expresses these component fields in terms of complex
reflection coefficients.
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In the equations, superscript r indicates the mirrored field, and
subscripts x and y indicate field constituent labels. The Jones
reflection matrix, illustrated in Equation (6), shows the over-
all connection between the linearly polarized incident and re-
flected fields.

E;ci

FR e e

Ry;,, is also referred to as the Jones Reflection Matrix, and
it describes the wave reflection phenomena for polarized
linear waves. The co-polarization coefficients of reflec-
tion K., and Ry, can be defined as the ratio of the values
of horizontally reflected with horizontal incidence fields
(Ryz = |Eur|/|Fzi|) and vertically reflected to vertical
incidence (R, = |Ey.|/|Ey|). In a similar vein, Ry,
and R,, are cross-polarization coefficients that link the
cross-field components, ie., (Ryy = |Ez|/|Ey|) and
(Ryw = |Eur| /1 Exil)-

sz
Ry,

Ry

6
Ry, } ©

3. RESULTS AND DISCUSSION

3.1. Results and Discussion of the Proposed Metamaterial Unit
Cell in the Infrared Band

The suggested construction is modelled using the computer
simulation technology microwave studio (CST-MWS) simula-
tor. The proposed structure exhibits two peaks of absorption at
two resonance frequencies. Absorption peaks of 96.75% and
99.85% at 94.85 THz and 109.08 THz frequencies respectively
are shown in Fig. 3, where A(w) is the absorption rate and .S,
is the reflection coefficient.

By examining distributions of the electric field and surface
current at resonance frequencies as presented in Figs. 4 and 5,
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FIGURE 3. Simulated reflection and absorption rate of the designed
absorber unit cell at the infrared radiation.

the figures validate the physical process underlying the opera-
tion of a metamaterial-based solar cell absorber at resonance.
At the resonance frequencies of 94.85 THz and 109.08 THz,
Fig. 4 depicts the electric field distribution throughout the cell.
It is observed that the intensity of the electric field is focused in
the outer and inner circular slices of the circuit, as well as the
chip’s side rectangular gaps at the two frequencies. Fig. 5 de-
picts the surface current distribution at both resonance frequen-
cies. As seen in the figure, the current spreads broadly across
the entire circle form at the resonant frequency of 94.85 THz,
whereas the outer and inner circular shapes have the same cur-
rent distribution at the other resonant frequency of 109.08 THz
but are much denser.

Figure 6 depicts the configuration and construction of a unit
cell array, which is designed to gather and absorb as much solar
infrared radiation as possible. It also displays the simulation
results for this matrix’s absorption and reflection coefficients.
Based on the data supplied, it is obvious that the absorption rate
and high performance of the unit cell remain constant.

3.2. Results and Discussion of the CPC Metasurface

3.2.1. Absorption and Reflection Results

The reflection and absorbance results in microwave range are
shown in Fig. 7. Fig. 8(a) shows the magnitudes of the co- and
cross-polarization coefficients of reflection with normal condi-
tions for both z- and y-polarized incident waveforms. Fig. 8(a)
clearly indicates that the co-polarization coefficients of reflec-
tion Ry, and R, are less than —10dB, whereas the cross-
polarization reflection coefficient R, and R,, are greater
than —1 dB over a wide frequency band (9 GHz to 15 GHz).
Fig. 8(a) also displays three plasmonic resonances at 9.76 GHz,
11.39 GHz, and 13.77 GHz, with co-polarization reflection co-
efficients of —30.46 dB, —35.76 dB, and —35 dB, respectively.
At these resonant frequencies, the cross-polarization coefficient
of reflection is nearly 0 decibels. To determine the efficacy
of polarization conversion, we employ an indicator known as
PCR, which is defined as PCR = |Ry,|?/(|Ruy|? + |Ryy*). It
is a power ratio between the reflected cross-polarization com-
ponent and the total reflected power. For flawless cross con-
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(b)

FIGURE 5. Distribution of the unit cell’s surface current at (a) 94.85 THz frequency, (b) 109.08 THz frequency.
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FIGURE 6. (a) The configuration of a unit cell array. (b) Simulated reflection and absorption rate of unit cell array.
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FIGURE 7. The absorbance and reflection results in microwave range.

version, use PCR = 1 or conversion efficiency = 100%.
Fig. 8(b) shows the PCR of the suggested metasurface for nor-
mal incidence. At all three resonances (9.76 GHz, 11.39 GHz,
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and 13.77 GHz), a nearly ideal polarization conversion ratio of
100% is attained, and the efficiency is more than 90% across a
large frequency range (9 GHz to 15 GHz).

3.2.2. Angular Stability

The performance of the proposed absorber is studied at differ-
ent incident angles. Fig. 9 shows the simulated reflection and
absorbance results in microwave range at different incident an-
gles, when the angle is varied from 0° to 35°. In order for the
CPC metasurface be useful in a wide range of applications, the
metasurface’s reaction must be consistent enough to resist vari-
ations in angle of incident. The angle stability of the metasur-
face is frequently proportional to the substrate thickness and di-
electric constant. Metasurfaces with thin insulating substrates
exhibit higher angular stability. The thiner the metasurface is
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FIGURE 8. (a) The magnitude of cross- and co-polarized reflection coefficients for both x- and y-polarized incident waves, (b) PCR.

TABLE 2. Comparison with other cross-polarization conversion metasurface related works.

Design Substrate W.’lth tl'uckness Op.eratmg PCR Fractional bandwidth Angular stability
(electrical size) bandwidth (GHz) (FBW) (%)
FR4 .
Ref. [29] 005X 9.24-17.64 90% 62.5% Only for normal incidence wave.
F4B-2 .
Ref. [38] 0.06 X 9.1-12.9 99% 34.5% Only for normal incidence wave.
FR4 .
Ref. [39] 0.04N 5-10.8 60% 73% Angularly stable up-to 45°.
F4B Angularly stable up-to 20°
Ref. [46 14.2-36 90% 86.9%
ef. [46] 0.067x ° ° b/w 14-27 GHz only.
Ref. [47] FR4 8-18.5 90% 80% Angularly stable up-to 45°
: 0.0481, ' ° ° guiarly P ‘
P t FR4
;::;; 0,096 9-15 99% 50% Angularly stable up-to 35°.
1.0 = stability in angles is to use a material with a large dielectric
09 (/“:":":::“”""" - constant, which reduces bandwidth. Angular stability, band-
038 f —1r width, and metasurface thickness are often trade-off. A poten-
/ p
207 ! Reflection — tial way for achieving both wide bandwidth and angular sta-
4 = == = = Absorbance — 3 ey . .
g6 f - bility is to carefully design the metal framework on top of the
g0s f ' p insulator so that the unit cell can experience several resonant
§0.4 5o / —--10 frequencies. Figure 10 depicts the co- and cross-polarized co-
203 ¢ J o efficients of reflection at different incidence angles. Figs. 10(a)
02 & f o 'izz and 10(b) show the co- and cross-polarized coefficients of re-
01 y ‘ flection at various angles of incident when the reflected wave
0.0 b= is x-polarized. Fig. 10(b) shows that the cross-polarized coef-
! ¢ s 1 an;; - S ficient of reflection remains essentially constant as the angle of

FIGURE 9. Simulated reflection and absorbance results in microwave
range at different incident angles.

with respect to the incoming wavelength, the more consistent its
response is to variations in the angle of incident; nevertheless,
the band width will be smaller. Another approach to achieve
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incident changes. The minor divergence in the cross-polarized
coefficient of reflection for the z-polarized case at large angles
of incident is due to an electrical field component entering the
SRR loop and disrupting current flow. Figs. 10(c) and 10(d) de-
pict the co- and cross-polarized coefficients of reflection when
the incident waveform is y-polarized at varying incident angles.
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FIGURE 10. (a) Co-polarized, (b) cross-polarized reflection coefficients for x-polarized incident wave, (c) co-polarized, (d) cross-polarized reflection
coefficient for the y-polarized incident wave.
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FIGURE 11. Surface current distributions on the top and back plane at three distinct resonance frequencies, (a) 9.76 GHz, (b) 11.39 GHz, (c)
13.77 GHz.

The suggested design, as illustrated in Fig. 10(d), yields a con- polarized coefficient of reflection for the y-polarized case at
stant cross-polarized coefficient of reflection even when inci- large angles of incidence is due to the field of magnets, which
dent waves are y-polarized. The modest deviation in the cross- enters the SRR loop and induces current in the SRR.
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3.2.3. Analysis Based on Surface Current

The physical process of CPC is studied utilizing the surface
current distribution on the metasurface architecture and the
base plane of the unit cell. Figs. 11(a), (b), (c) illustrate the
current distributions at three resonant frequencies (9.76 GHz,
11.39 GHz, and 13.77 GHz) on the upper layer (pattern plane)
and the back plane (ground), respectively. The current is
densely distributed across the cell’s internal and external
circuits at resonant frequencies 9.76 GHz and 11.39 GHz,
as shown in Figs. 11(a), (b), but less densely at resonance
frequency 13.77 GHz, as provided in Fig. 11(c).

Table 2 presents a performance assessment of the proposed
design against other recent related works. It is observed that
the proposed design has much more angular stability than
other cross-conversion systems. The designs of [47] and [39]
have 45° angular stability, but their polarization conversion
efficiency is substantially lower than the proposed design.
Ref. [38] has good polarization efficiency, but it is severely
hampered by a low fractional bandwidth (FBW). As a result,
the current study delivers outstanding polarization efficiency
and angular stability.

4. CONCLUSION

A metamaterial technique is presented to create a dual-band so-
lar infrared absorber. The suggested design consists of two cir-
cular forms etched with rectangle gaps. The structure of the de-
sign is simulated and analyzed. The efficiency of the proposed
meta-absorber design is investigated, and simulation results re-
veal that it achieves near-perfect absorption at 109.08 THz and
94.85 THz, with absorbing rates of 99.8% and 96.75%, respec-
tively. A microwave CPC metasurface is also created and sim-
ulated. The simulation results show that the structure performs
as a near-perfect cross-converter over a large frequency range
(9GHz to 15GHz) for both the vertical and horizontal inci-
dence polarizations. The change in reaction is steady up to 35°
incidence angle. More than 99% PCR is achieved across the
entire band (FBW 50%). The design development necessary
to achieve these goals has been completed gradually. Further-
more, surface current distribution is used to gain a better un-
derstanding of the EM process that causes cross-polarization
conversion. Lastly, a comparison with other related CPC meta-
surface works is provided.
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