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ABSTRACT A multi-band, ultrathin, polarization-insensitive, near-perfect metamaterial absorber (PMA)
has been proposed and substantiated numerically for solar thermophotovoltaic (STPV) systems which
also can be used in some other applications. This kind of absorber currently drawing massive interest
throughout the research of optics. Especially in solar harvesting metamaterial absorbers can give a huge
boost in efficiency by intensifying the solar electromagnetic wave. Visible wavelength has been the key
focus of the proposed design so that the structure can utilize solar energy proficiently. Aluminum (Al)
and Gallium Arsenide (GaAs) have been chosen as materials for their higher electron mobility along with
good temperature stability. The PMA is a three-layer metal-dielectric-metal called sandwiched structure. For
proper characterization of the PMA absorber, extensive parametric inspections were carried out with under-
lying physics. The finite integration technique (FIT) in computer simulation technology microwave studio
(CST MWS) is used to perform the numerical analysis and for verification finite element method (FEM)
in COMSOL Multiphysics has been used along with interference theory model (ITM) for calculating
the absorbance. The PMA shows 99.27%, 99.89%, 99.91%, and 99.06% perfect absorption at 454.75nm,
505.53nm, 568.72nm, and 600.85nm resonance wavelength in all three modes of waveguide propagation.
The design also exhibits incident wave stability up to 60° for both transverse electric (TE), and transverse
magnetic (TM) wave modes. Excellent glucose concentration sensing ability was also observed with the
proposed structure. So, the proposed PMA can be implemented in solar energy harvesting devices along
with solar sensors or detectors, light trappers, light modulators, or light wavelength detectors.

INDEX TERMS Metamaterial absorber, polarization-insensitive, STPV, visible wavelength, sensor.

I. INTRODUCTION

Metamaterial innovation is being used to address the issue of
solar energy harvesting by designing more efficient absorbers
in recent times [1]-[5]. Because such metamaterials have a
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variety of remarkable electromagnetic properties, metama-
terial designs and applications have been a focus of intense
study [6], [7]. Veselago theoretically examined the electro-
dynamic effects of a medium with both negative permit-
tivity and permeability and concluded that the propagative
properties of this medium are significantly different [8].
Smith et al. [9] found a feigned metamaterial with negative
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permeability and permittivity which shows double negative
properties. Landy er al. identified different metamaterial
absorbers (MA) which attracting a great deal of inter-
est from researchers, including PMAs in the millimeter to
millimeter range [10], [11], nanometer ranges [12], [13],
multi-band [14], [15], and the ultra-large band [16].
Generally, a three-layered metal-dielectric-metal structure
is supposed to be near PMA in solar wavelength. Metal
layers prevent the propagation of the EM waves, and
a coupling capacitance is constructed between the back-
layer and the resonator in an MA with the help of a
dielectric substance [17], [18]. Plasmonic resonance char-
acteristics of a dielectric substrate [19], [20], perfect
impedance match [21], [22], symmetric structure of the
resonator [23], [24], and a good E-field, H-field and sur-
face charge distribution [25], [26] causes high absorp-
tion of an PMA. Most common MA absorber structures
are three-layered structures [27], [28], but there are also
two-layered [29], four-layered [30], [31], multi-layered
stacks [32]-[35]. Because of the periodic structure of PMAs,
high absorption properties are exhibited over a large wave-
length despite the PMAs being ultrathin [20], [36], [37], and
polarization-insensitive [38], [39].

A. M. Montaser suggested an MA for all bands from
microwave to Terahertz range and this absorber has 99.46%
at 265.8THz and 99.4% at 556.4THz when the dimensions of
the substrate are 2750 x 2750 nm? and 1150 x 1150 nm?
respectively [40]. A metamaterial absorber unit cell struc-
ture with 500 x 500 nm” dimensions was recommended
by Ustunsoy et al. which has a 99.99% absorptivity rate at
558.75THz and 99% absorptivity rate at 216.75THz [41].
For solar harvesting, Mulla et al. offered an MA which has
an absorptivity rate of 98.2% at 445.85THz, and a peak of
absorptivity of 99.4% in between 624THz and 658.3THz
with Aluminum (Al) and Silicon Dioxide (SiO;) three-layer
structure [42]. An MA consists of TiN-SiO,-TiN sandwiched
structure shows an average absorption of 95% for the vis-
ible regime at TE and TM modes where TiN creates sur-
face plasmonic component [43]. Ge,SbyTes (GST) used as
a phase-change material along with gold for a new MA
suggested by C. Tun et al. executed 96.8% and 96.2% absorp-
tivity at 610nm and 870nm wavelength respectively [44].
Yu et al. offered a symmetric resonator (Ti/SiO;) based
MA with 500 x 500 nm? dimension which has absorption
96.67% at 538.9nm, 98.63% at 954.2nm, and 98.20% at
1726.5nm [45]. Zhang et al. discussed an MA (Al/SiO;) with
370 x 370 nm? dimension which has above 95% absorption
at 450nm and 584 nm wavelength at normal incidence [46].
An Au elliptical and circular disk array-based absorber that
has three absorption peaks at 1.15um, 1.55um, and 2.05um
with an absorption rate of 99.2%, 99.7%, and 97.3% accord-
ingly [47]. Hossain et al. also worked on an MA that has
99.74%, 99.23%, and 99.82% absorption rate at 245.03THz,
376.13 THz, and 502.1 THz having a dimension of
690.52 x 690.52 nm? [48]. A 600 x 600 nm*> MA based on
Au nano-cuboids array was proposed by Qin et al. that has
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three absorption peaks 96.8%, 99.6%, and 99.2% at 1115 nm,
1593 nm, and 2039 nm wavelength respectively [49].
Wang et al. proposed a Cu-SiO;,-Cu based PMA which has
60° incident angle stability, shows three absorption peaks
of 87.1%, 99.9%, and 99.6% at 872.54nm, 1008.69nm and
1138.62nm respectively [50].

Considering the earlier literature review, our main
target is to find peak absorbance above 99% at the vis-
ible regime range as it is important for solar harvesting,
solar cells, or solar sensor, and other applications. A sim-
ple octagonal shape ultrathin nanostructured double nega-
tive (DNG) metamaterial absorber has been proposed from
400nm-700nm with four near-perfect absorptions endors-
ing Aluminum (optical) and Gallium Arsenide (loss-free)
as metal and substrate. FIT is used to perform the numer-
ical analysis of the absorbance and reflectance from scat-
tering parameters in CST MWS software and the numerical
analysis is verified with FEM in COMSOL Multiphysics
software. Also, calculated absorption has been extracted
by ITM. This design accomplishes four absorption peaks of
99.27%, 99.89%, 99.91%, 99.06% at 454.75 nm, 505.53 nm,
568.72 nm, and 600.85 nm respectively which all are
situated in the visible regime. In all three propagation
modes such as transverse electromagnetic (TEM), transverse
electric (TE), and transverse magnetic (TM) mode the
designed PMA shows almost similar absorbance and
reflectance. This kind of good absorption peak is mostly due
to a good impedance match with strong plasmonic resonance.
The absorbance peak of our proposed configuration is supe-
rior to many other proposed metamaterials unit cells in [40],
[51], [52], also will be discussed below. Industrially available
materials were introduced in the proposed design so that it
would be easy to produce the proposed PMA industrially. Due
to the simple shape of the resonator, it will be easy to fabricate
such a structure. The development of the proposed structure
would open new scope of possibilities for more effective
STPV solar cells. Also, this design can be easily implemented
as a glucose concentration sensor applied an analyte layer
over the unit cell. Moreover, this design also can be used
in solar energy harvesting, solar sensor, light trapping, light
modulator, or light detector. Technological advancement into
these types of MAs would usher in a new era of industry-
specific implementations.

Il. DESIGN AND SIMULATION SETUP

A. CHOICE OF MATERIALS, UNIT CELL DESIGN, AND
SIMULATION SETUP

The main inconvenience today is to approach the MA
with materials such as good optical characteristics with
high-temperature resistance. Although the broadband
absorber with plasmonic materials is almost perfect, it is
still operational. Metal and dielectric layers that are stable in
high temperature and possess perfect optical properties have
been chosen, because the proposed metamaterial structure
operates in the optical wavelength. Metallic aluminum (Al)
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FIGURE 1. Design of the unit cell exhibited in (a) 3D view, (b) front view with physical dimension mentioned with

parameters, and (c) side view along with axis.

TABLE 1. Parameter’s list of proposed PMA structure.

Parameters a th

td tr od b

Value (nm) 566 75

260 75 487.06 186.39

with optical properties is among the most widely measured
and analyzed optical properties of any material [53].

Gallium Arsenide (GaAs) which is a loss-free dielec-
tric can be widely found in compound semiconductors, can
absorb sunlight with a few microns of thickness [54]. Also,
GaAs cells are in contrast to silicone cells comparatively heat
and radiation-tolerant [55], [56].

Al (optical) and GaAs (loss-free) are suited best for this
particular design. So, an Al-GaAs-Al three-layered sand-
wiched structure is harvested here shows in Fig. 1(a).
However, the design and the thickness of the layers are
very much crucial for controlling the efficiency of the cell.
The proposed model substrate and back layer metal are
square-shaped with the length of “a = 566nm” exhibit
in Fig. 1(b). By using a square-shaped substrate and metal
with different thicknesses, different results can be achieved
with different significances. The best absorption rate is found
at 566 x 566 nm” size and 410 nm thickness. Design-
ing the Aluminum resonator is another crucial part of this
modeling. It is known that when a material deals with a
wavelength greater than its size it shows unusual charac-
teristics and becomes metamaterial [9], [57]. The designed
resonator has an octagonal shape and the length of the edge
is “b=186.39nm”. Hence the resonator is designed in such a
parameter that the visible wavelength is greater than its edge.
Because of the octagonal shape, the resonator became polar-
ization insensitive. The thickness of the resonator, dielectric
substance, and back-layer has been chosen as “tr = 75nm”,
“td = 260nm™, and “tb = 75nm” nm respectively and it
also has a significant effect on the absorption rate can be seen
from Fig. 1(c). Here, table 1 shows the parameter list of the
proposed unit cell.

Here, for the TEM mode, periodic boundary condi-
tions with a perfect electric conductor (PEC) and Perfect
Magnetic Conductor (PMC) are applied in the x-axis and
y-axis respectively. A waveguide port is initiated in the
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negative z-axis to pass the operating wavelength. Open
space on both sides of the z-axis with a Perfectly Matched
Layer (PML) is applied to reduce scattering. A linearly polar-
ized planar wide-spectrum wave incidence on the top surface
of the intended absorber. For TE and TM mode floquet
port has been applied on the z-axis with a master on the
x-axis and slave on the y-axis. The frequency-domain solver
in the Computer Simulation Technology Microwave Studio
(CST MWS) is used to simulate the model which runs the
solver based on FIT. For numerical verification, FEM is used
with COMSOL Multiphysics software. Floquet analysis can
be done using a frequency-domain solver. Frequency domain
solvers are useful for smaller structures like unit cells and
FSS (Frequency Selective Surface). Based on the transient
behavior of the source of excitation and modes, frequency
domain solvers often require less time and memory than other
solvers.

IIl. RESULTS ANALYSIS AND DISCUSSION

A. METHODOLOGY

The scattering parameters of (1) and (2) (S-parameter)
are derived from the procedure of Nicolson—Ross—Weir
(NRW) as described in the reference for the measurement
of absorbance [58]. Impedance match is highly desirable
for measuring absorption. For IR and visible wavelength,
the optical properties of Aluminum and Gallium Arsenide
are available in acquired from (3) and (4) [59]. An Elec-
tromagnetic wave incident is replicated and transferred to a
metamaterial substrate. By limiting R(&) = |S11| and S(@) =
|S21], high absorbance can be obtained,

i /1

Si) =Sy = - (- —z) sin (nkd) (1
2\z

1

cos (nkd) — é (Z + %) sin (nkd)

(@)

S =8 =
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FIGURE 2. Graphical representation of (a) TEM, TE, and TM mode absorbance and reflectance, (b) magnitude (dB) value of co and
cross-polarization components of the proposed structure in TE and TM modes, (c) normalized impedance in real and imaginary parts in linear
value, and (d) magnitude (linear value) polarization conversion ratio (PCR) in TE and TM modes for 400nm-700nm range.

Here,

S11, S22, So1, and Sy are S parameters,
n = Effective Refractive Index,

k = Wave Vector,

d = Thickness of the designed structure.
The impedance of the unit cell,

Sy A4S’ =85 3
(1 =811 =3,

. Hr (@) .o 2

Zw) = [m} 4)

and characteristic impedance Zy = (nolep)V/? = 376.73 ~
377%2. Here,

no = Permeability of Free Space,

g0 = Permittivity of Free Space,

wur = Relative Permeability and

&r = Relative Permittivity.

Condition (Z(w) = Zp) can be obtained by changing the
physical dimensions of the design step by step. However,
If Z(w) = Zo can be gained, the design will become a super
absorber with unity absorption. So, in every MA Z(w) is
slightly lesser than Zg in practical design. The scattering
parameters (S1; and S»1) of an MA are inversely proportional
to absorbance. Absorption can be measured from (5),

A@ =1-RW®) —T (@)
=1— 1811 @] — IS @) Q)
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Here,

R(w) = Sq1, reflection coefficient, and

T(w) = Sy1, transmission coefficient.

However, transmission coefficient T(w) is near zero,
because the thickness of aluminum of design blocks all
EM waves as the ground-layer thickness was higher than the
skin depth (§) = (2p/2nfuRuo)1/ 2. So, final absorption can
be emulated from (6),

A@=1-R@ =1—|S11 @] (©)

B. ABSORPTION CHARACTERISTICS

Fig. 2(a) shows the properties of absorption by using metal
and resonating material as an aluminum (optical) and dielec-
tric substrate as Gallium Arsenide (loss-free), for TE, TM and
TEM modes. The s-parameter from the simulation calculates
these results. The absorption in all three modes is excellent
from 400nm- 700nm with four absorption peaks of 99.27%
(peak-1) at 454.75 nm, 99.89% (peak-2) at 505.53 nm,
99.91% (peak-2) at 568.72 nm, and 99.06% (peak-4) at
600.85 nm. The TE and TM modes are nearly identical in
terms of absorption, with all absorption levels above 99%,
since the design is very much symmetrical. The structure
has almost the same absorption in the TE and TM modes
compared with TEM mode, with near-unity absorption of
all four peaks above 99%. Fig. 2(b) shows that the design -
exhibits an s-parameter up to —20 dB at the same wavelength
where the peak absorptions were obtained. This is one of
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FIGURE 3. Simulated analysis of the proposed PMA for metamaterial characteristics such as (a) real and imaginary
parts of the relative permittivity (¢r), (b) real and imaginary parts of relative permeability (xr), and (c) real and

imaginary parts of refractive index (n).

the reasons why the design got four near unity absorptions.
Since the unit cell is designed with aluminum, resonator, and
ground-layer to create an excellent impedance match with
free space, aluminum surface plasmons do not operate in
the visible region [60]. The inherent loss of the resonator
is another explanation for the high impedance match. With
the thickness of 260 nm, gallium arsenide reduces the gap
from the resonator to the ground layer, creating plasmonic
resonance characteristics. It is known that the real parts of
the normalized impedance should be near unity for a high
impedance match, where the imaginary parts should stay
near zero. This matter can be exhibit in Fig. 2(c). Very good
capacitive and inductive coupling of metal and dielectric
resonator layer is also an important phenomenon for good
absorption in the whole visible region. The electromagnetic
wave is imprisoned by the symmetrically shaped resonator,
which recollects the wave with complex dispersion and is
confined to a dielectric layer. The symmetricity of the design
can be easily understood by Fig. 2(d), as it is seen that the
polarization conversion ratio (PCR) of this proposed structure
is near zero over the full optical range. This also ensures
that the MA is a perfect absorber rather than a polarization
converter.

C. EXTRACTING METAMATERIAL PROPERTIES OF THE
PROPOSED PMA

The EM properties of a PMA such as relative permittiv-
ity, relative permeability, the refractive index (RI) can be
extricated from the NRW equation [58], [61], [62] as depicts
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in Fig. 3. After extracting the reflection-coefficient (Sy;) and
transmission-coefficient (S;) from CST MWS simulation
software as given in (1) and (2), those values can be used for
further calculation of NRW. From (7), S21 can be expressed
as (7) where sop = £1 and M = (1 — |S1113/1 — |S11®)'/2.
Also, the magnitude (dB) of S; remains the same but sg
polarity is changed from —m to +m with the EM wave.
A multi-band PMA always provides fluctuating point as
shown in Fig. 3.

S21 = jsoS1M (N

In free space, perpendicular and parallel polarization in TE
or TM mode shows a relationship with the square of the wave
vector k and susceptibility « of the normal incident. Here
k = 2nf/c, where, c is the speed of light and f is denoted
as frequency. It is known that dielectric losses are correlated
to the imaginary part of the relative permittivity (&) and
polarization degree represents by the real part. In Fig. 3(a),
good relative permittivity (e;) is guided by the high polariza-
tion value. Also, the dielectric spacer constant was opposite
of the polarization value, but this consequence is neglected
due to an excessive change in the field. Energy absorption
is correlated with the positive part of an imaginary value,
which depends on the capacitor charge between the metal
plane and resonator along with the dielectric placer. Again,
excessive change in EM field in high wavelength, majority
materials behave like plasma - oscillator. From Fig. 3(a)-(c),
it can be easily understandable that real parts should stay
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in positive portion and approach to one, where imaginary
parts should approach zero. This phenomenon has also been
reported in many works previously reported [63]-[66]. Also,
the near-zero values of the real parts of the relative perme-
ability (i), exhibit the spatial dispersion in resonance wave-
length. Moreover, the negative dispersion with a non-physical
part has a definable value. By the direct refractive index (DRI)
method another important characteristic of a PMA can be
extracted which is refractive index (n). A negative RI is
expected as per as (10) and (11) discussed below. Conjugated
to the relative permittivity and permeability, real parts of the
RI should have negative in some specific ranges. From Fig. 3,
it can be seen that in this specific design, there was a negative
RI along with negative permittivity and permeability. So,
the design can be characterized as a double negative (DNG)
metamaterial absorber. This section also clarifies that why the
specific design finds four bands in the visible range.

D. COMPARATIVE ANALYSIS WITH DIFFERENT METALS
AND SUBSTRATES LAYERS

Fig. 4 shows some comparative analysis of different metals
and substrates for understanding the absorption properties.
Here, Fig. 4(a) demonstrates metal sweep analysis among
Tungsten, Iron, Copper, and Silver for the proposed design
along with Aluminum. From there, it is seen that Tung-
sten shows wide-band absorption but absorption is not good,
it shows above 90% absorption only once. When Copper is
used as a metal, it shows only one absorption of 95.47%
at 643.97 nm. Similarly, Silver exhibits bad absorptions for
the design and has only one absorption peak of 99.01%
at 680.60 nm. So, it is proved that W and Cu did not match the
desired impedance for the structure. When Silver is replaced
by Iron, the design is exposed by four good absorption peaks
455.22 nm, 483.26 nm, 541.9 nm, and 577.79 nm are 99.61%,
99.12%, 95.12%, and 99.55%. But when we implement Al as
metal, we get better absorption than Silver. aluminum shows
four absorption peaks and all of them are above 99%, where
Silver shows three peaks above 99%. Thus, Aluminum is
perfect for metal selection with good absorption and desired
impedance match in those four peak bands.

The comparative absorbances for several substrates are
demonstrated in Fig. 4(b). The Figure shows absorbance for
GaAs, Zinc Oxide, Silicon dioxide, Silicon nitrite, and FR-4.
When GaAs are applied as substrate, the design exhibits four
finest absorptions at 454.75 nm, 505.53 nm, 568.72 nm, and
600.85 nm are 99.27%, 99.89%, 99.91%, and 99.06% respec-
tively. Here it is seen that all four peaks are above 99% and
there is no distortion in these peaks. When GaAs are replaced
with ZnO, the structure shows five absorptions at 463.34 nm,
474.65 nm, 524.24 nm, 563.15 nm, and 700 nm are 99.57%,
94.14%, 99.8%, 91.21%, and 98.06%, respectively. But it
is seen that among the peaks only two are above 99%.
For SiO; substrate, the design shows only three absorption
peaks above 99%. Similarly, SiN shows only one absorption
above 99% and FR-4 has no absorption above 99%. So, it can
be seen that GaAs exhibit four absorption peaks, and all of
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FIGURE 4. Comparison of absorption with (a) different metal and
(b) dielectric layers.

them are above 99%. Therefore, due to its high absorption
peaks, GaAs are considered the optimum dielectric substrate
material for the proposed design.

E. POLARIZATION AND INCIDENT ANGLE STABILITY
For both TE and TM modes, it is mentioned above that
the design is polarization and incident angle insensitive.
A PMA must exhibit stable absorptivity for a high incidence
angle to cast off as a solar energy harvesting device or
many other important applications. For any four-fold sym-
metric structure of resonator, TE and TM polarization sta-
bility shows insensitive nature. As the proposed structure is
four-fold symmetrical so, in this section we only discussed
about the incident angular stability of the proposed structure.
Fig. 5(a) and Fig 5(b) demonstrates different absorption for
different incident angles from 0° to 60° with an increment
of 10° for both TE and TM modes. At 0° incident angle,
the design shows four absorption peaks above 99% and after
increasing incident angle from 10° to 60°, the absorption
reduces gradually. But from Fig. 5(a) and Fig. 5(b), it is seen
that the absorption peaks show 70% incident angle stability.
The higher the incident angle, the higher the path distance.
That’s why a wider electric field for the perpendicular
incident angle is the explanation for better stability than
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FIGURE 5. Representation of absorption characteristics for (a) different incident angles in TE mode, and (b) different incident angles in TM mode.
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FIGURE 6. Parametric analysis of the proposed unit cell with (a) parameter “od = octagonal diameter”, (b) parameter “td = dielectric thickness”,

(c) parameter “tr = resonator thickness.”

the parallel element. However, this proposed design has an
excellent coupling with a strong wave containment with a
wide and polarized angle that enhances the implementation
requirements to several fields as a robust MA.

F. GEOMETRIC PARAMETER ANALYSIS

The important parametric sweeps of the structure are demon-
strated in Fig. 6. This parametric sweep helps to deter-
mine the highest absorbance peaks of the design. From
Table 1, six parameters have been seen for this particular
design. However, most three significant parameter sweeps
have been demonstrated here. They are, the outer diameter
of the octagonal resonator (od), the thickness of the dielectric
substrate (td), and the thickness of the resonator (tr).

The parameter of structure od = 243.53 nm, td = 260 nm
and tr = 75 nm. For these parameters, the structure achieved
four best absorption peaks of 99.27% at 454.7567 nm,
99.89% at 505.5335 nm, 99.91% at 568.7259 nm, and
99.06 at 600.8599 nm. The absorption at other parameters
is not good as these parameters. The parametric sweep was
taken from 400 nm to 700 nm for the visible optical range.

When a plane wave is proliferating, two waves ruptured,
which are transmitted waves and reflected waves subject
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to incidence angle and interruption of dielectric substance.
However, incidence angle may result from extended wave
components. As the PMA model highly depends on the
dielectric parameters, the first parametric sweep was taken
for outer diameter ‘od’. By changing this parameter, from
223.53 nm to 263.53 nm with an interval of 10 nm, and
the results showed in Fig. 6(a). From there, it is proved that
od = 243.53 nm shows the best absorption because this
parameter is suited best for an octagonal-shaped resonator
on the dielectric layer. When the resonator was fitted to the
substrate and metal, four absorption peaks were observed
that were over 99%. Good inductive and capacitive coupling
with resonator and back layer and perfect impedance match
with the free space is the main reason for this kind of higher
absorbance.

The second parametric sweep was taken for dielectric
thickness ‘td’. The sweep of the parameter ‘td’ showed a
significant change. This sweep was taken by changing the
value of td from 240 nm to 280 nm with an increment
of 10 nm, and the results showed in Fig. 6(b). From that,
it can be seen that reducing dielectric thickness, reduces
the number of peaks and absorption rate. After increasing
the ‘td’, the design exhibits more absorption peaks but these
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peaks are getting distorted which is not desirable. But at
td = 260 nm, the design exhibits four smooth and highest
peaks absorptions which is the desired result. The mutual
inductance increases as the value of ‘td’ are increased, but
the self-inductance, which is generated by the metal and the
resonator layer, decreases is the main cause for this kind of
phenomenon.

The third parametric sweep was taken for resonator thick-
ness by changing the parameter ‘tr’ from 65 nm - 85 nm
with an increment of 10 nm, and Fig. 6(c) demonstrates the
results. The design exhibits almost the same result at all ‘tr’
parameters, except tr = 70 nm and 80 nm have some small
peaks before and after of four major peaks, which are less
significant. But among all of the parameters, the design got
all four major peaks above 99% when tr = 75 nm. That’s why
resonator thickness 75 nm is desirable for the design. The
capacitance and inductance are proportional to the thickness
of the resonator and metal. That’s why absorption peaks have
been shifted from left to right rather than higher or lower
absorption values.

G. ELECTRIC FIELDS, MAGNETIC FIELDS, AND SURFACE
CURRENT DENSITY

Without considering the traditional EM field equation,
the electric field and magnetic fields can be described as (8)
and (9) given below.

Bavg = MeﬁMOHavg (®)
Davg = geﬁ"SOEavg (9)

Here, B, is the average flux-density of the magnetic com-
ponent, 1. is effective permeability, 1 is the permeability
of the free space, H,, is the average field-density of magnetic
component, Dy, is the average flux-density of the electric
component, . 18 effective permittivity, ¢ is the permittivity
of the free space, E,, is average field density of electric
component. Considering those equations, the integral form
of maxwell’s equation can be written as (10) and (11),

d
HJdl =0+ — D.dS 10
/ +2 // (10)
C S
d
Edl =0—2 || Buas (11)
dt
C S

Here, H is magnetic field density and E denote electric
field density respectively, and B is magnetic flux density
and D magnetic electric flux density. With the nonuniform
deviation of the magnetic field, the above equations can be
calculated with the surface of the proposed model along with
an instantaneously changed EM wave propagation. However,
high absorption properties distinctly depend on EM field and
surface current density for both TE and TM modes. Mostly,
homogeneous field distribution, permittivity stays near unity,
but for PMA magnetic flux and field is not the same because
both of them, are inhomogeneous and asymmetric along with
the EM wave. This results in an altered effective permeability.
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In a PMA a dielectric resonance is generated by the mag-
netic dipolar moment- between the resonator and the ground
layer. Therefore, the absorption is primarily limited to GaAs,
and for this effect the wavelength of the strong absorption
increases. All of these matters are discussed separately in
this section with Fig. 7 — 9. For deeper comprehension, six
wavelength points with six levels of absorptivity are demon-
strated here. They are A = 433.31 nm, which has low absorp-
tivity of 24.3%, peak bands, A = 600.85 nm, 454.75 nm,
505.53 nm and 568.72 nm which have the highest absorptivity
above 99%, and A = 624.86 nm which has relatively medium
absorptivity of 50.76%, for both TE and TM mode in normal
incidence angle.

Fig. 7 exhibits E-field for both TE and TM polarization
with six distinct wavelengths. This is one of the main reasons
for the previously discussed higher absorption. In the center
of the structure, the electrical field is primarily dispersed.
High points of the e-field are primarily observed on the
metal resonator/dielectric surface, which indicates the grow-
ing plasmon effect of the surface shown in Fig. 7(a)-7(f).
These plasmons on the surface provided the ideal dipole
for the magnification of the located E-field. The interfaces
between aluminum and GaAs increase the surface plasmon
in the MA which led it to high absorption in some particular
points [17], [67]. The electrical dipolar resonance moment
is stimulated by the e-field which is strongly confined in
the dielectric substance GaAs layer evident in Fig. 7(m),
Fig. 7(n), and Fig. 7(o) for both polarizations.

Fig. 8 demonstrated H-field for six wavelength points
in both TE and TM polarization as like as E-field dis-
cussed above. As stable and disperse e-field, the proposed
design shows a well-disseminated h-field for all four peaks
shows in Fig. 8(a)-8(1). The h-field is highly located on
the resonator and widely confined by the dielectric sub-
stance of the structure. For the four peak absorption levels,
the h-field is very intensive for both TE and TM modes.
Fig. 8(m), 8(n), and 8(o) show the intensity of the h-field in
the dielectric layer. Here, at 568.72nm wavelength, the design
exhibits a strong h-field in the center of the dielectric as it
is the peak absorption point. The h-field changes direction
only when the polarization mode is changed from TE to
TM modes. A Loop from the back-layer to resonator produces
a loop against parallel current density. The current density
that is closely connected with the h-field increases the arti-
ficial magnetic dipolar moment [68]. The arrangement then
excites the h-field and hints at a very powerful magnetic
resonant dipole and produces an excellent absorption in the
entire optical region.

As four-band resonance is resulted with the proposed
PMA depict in the previous discussion after EM wave infil-
trated, domination in propagation is not situated with either
E-field or H-field mostly. Also, the domination of inductance
and capacitance in the nock of the model creates a surface
current density which proves a strong electric field. Also,
in the four bands, the model shows a uniform magnetic field
as it is supposed to be.
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FIGURE 7. Representation of E-field contour map extracted from CST MWS (a)-(f) for TE mode at 433.31nm (low absorption point), 600.85nm
(peak-1), 454.75nm (peak-2), 505.53nm (peak-3), 568.72nm (peak-4), and 624.86nm (mid absorption point) in y-x axis, (g)-( I) for TM mode
at same points in y-x axis, and (m)-(o) cross-sectional view at 433.31nm, 568.72nm (peak-4), and 624.86nm respectively in z-y axis with

linear color bar (vnm~—") for normal incidence angle.
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FIGURE 8. Representation of H-field contour map extracted from CST MWS (a)-(f) for TE mode at 433.31nm (low absorption point), 600.85nm
(peak-1), 454.75nm (peak-2), 505.53nm (peak-3), 568.72nm (peak-4), and 624.86nm (mid absorption point) in y-x axis, (g)-( I) for TM mode
at same points in y-x axis, and (m)-(o) cross-sectional view at 433.31nm, 568.72nm (peak-4), and 624.86nm respectively in z-y axis

with linear color bar (Anm~1) for normal incidence angle.

Helmbholtz’s equation affirms that less consumption of
magnetic field happened when a homogenous field in a
bi-anisotropic resonator emitted. Moreover, mutual coupling
of resonator and ground plane receives the field in the center
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of the PMA, results in a prompted orientation of H-field.
Surface current density is demonstrated in Fig. 9(a)-9(f)
and Fig. 9(g)-9(1) for both TE and TM modes respectively.
The figure shows that the surface charge is widely scattered
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FIGURE 9. Representation of surface charge distribution in vector map extracted from CST MWS (a)-(f) for TE mode at 433.31nm (low absorption
point), 600.85nm (peak-1), 454.75nm (peak-2), 505.53nm (peak-3), 568.72nm (peak-4), and 624.86nm (mid absorption point) in y-x axis, and (g)-( I) for
TM mode at same points in y-x axis with linear color bar (Anm~") for normal incidence angle.
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FIGURE 10. Demonstration of (a) absorbance phenomenon with CST MWS which works with the FIT, COMSOL Multiphysics
simulation software which works with FEM and calculated absorbance using interference theory model, and (b) exhibition of

interference theory model with different incidence angle theta.

over the entire cell unit at A = 600.85 nm, 454.32 nm,
595.23 nm, and 567.95 nm. However, at A = 433.31 nm
and A = 624.86 nm, the structure has less distribution than
at A = 600.85 nm, 454.32 nm, 595.23 nm, and 567.95 nm.
From Fig. 9(a)-(1), it can be easily seen that the current on
the resonator is asymmetric, which is also confirmed by the
reflection coefficient (S1). As a result, the model’s surface
current loop is created by the corresponding magnetic dipolar
moment, which is responsible for the incorporating magnetic
field of the proposed model. Finally, it can be said that the
uniform distribution of the circulating surface charge is the
cause of the strong electromagnetic field produced by
the structure described above in the dielectric layer [69].

H. VERIFICATION OF NUMERICAL ANALYSIS IN A
SIMULATION SOFTWARE AND WITH INTERFERENCE
THEORY MODEL

In this approach, the design has been gone through under two
different simulation software for numerical analysis and with
interference theory model for calculated analysis showed
in Fig. 10. Here, COMSOL Multiphysics which evaluates the
numerical result with finite element method (FEM) has been
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comprehended in TEM mode. These two numerical analyses
execute almost similar results with four near-perfect absorp-
tions above 99%. However, little dissimilarity in absorption
points has been glimpsed due to the divergence in mate-
rials properties in those two simulations. Finally, for more
specific verification, the proposed PMA is measured with
the interference theory model [70]-[75] also in TEM mode.
From interference decoupled theory, Si1tota1 can be calculated
by (12),

Sttroral = |S111€7 11 + ((1S12]|S21 |/ 120217270y
X (1 — |Spp|ef02=02=26=m)y)  (12)

Here, S11 =[S11]e%11, S21 = [Sa211e/21, S12 = |S12]6 12,
Sy = |Szzleje 22 all of them represents the reflection coeffi-
cient from surface 1 show in Fig. 10(b). And, 8 = kd, where,
B = circularize phase, k= wave number and d = dielectric
spacer length. For the symmetrical shape, S1, can be replaced
with S»;, and (12) can be rewrite as (13),

Sttroral = |S111€? 11 + ((1S122@012=28-7))
x (1= ISnlef®2727)) - (13)
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FIGURE 11. (a) Visual representation of the glucose-sensing medium, (b) graphical representation of
absorption with different refractive index (n) of glucose concentration, (c) zoomed view of the selective
absorption peak for sensing or detecting, and (d) glucose concentration versus wavelength graph (left) with
glucose concentration versus refractive index graph (right).

And, the final absorption can be written as (14), which is
plotted in Fig. 10(a).

A@) = 1 — St 110tal|*

The figure verified that the numerically simulated absorp-
tion is close to the calculated absorption value which has been
extracted from the interference theory model.

(14)

I. GLUCOSE CONCENTRATION SENSING PROPER-TIES OF
THE PROPOSED METAMATERIAL ABSORBER

In this part, the response of the proposed MA with different
glucose concentrations will be exhibited from 0 g/100ml to
50 g/100ml. Here, a glucose-sensing medium (GSM) has
been grasped above the dielectric layer as the surrounding
environment is shown in Fig. 11(a). The GSM layer refractive
index (n) sets from the refractometric method depending on
the concentration of glucose in water [76]. From the formula,
n = ny + aC refractive index of glucose concentration can be
determined. Here, ny, is the refractive index of normal water,
a = 0.00143 is a fixed number, and C is the glucose concen-
tration in g/100 ml. From this formula, the RI of the aqueous
glucose solution has been determined. Here, n,, = 1.3333 as
it stands RI of water, ny, ny, n3, n4, ns, represents the RI of
the aqueous solution of glucose in water for 10%, 20%, 30%,
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40%, 50% in g/ 100 ml respectively. Then, simulated with the
numerical method to see the response of the proposed MA.
A successive increment of the RI increases the effective
capacitance of the proposed MA, which results in shifts of the
resonance wavelength [77]-[80]. Fig. 11(b), demonstrated
the absorption phenomenon of the design with GSM for
the full visible region. Fig. 11(c) shows that the resonance
wavelength increased as the value of the Rl increases. At last,
Fig. 11(d) ensures that the resonance wavelength increases
linearly with glucose concentration with water. Thus, with the
swap of the RI value of the surrounding GSM environment,
shifts of the resonance wavelength create sensing or detecting
ability of the proposed MA with an excellent linear alteration.

J. COMPARATIVE STUDY
An in-depth comparative study with previous works on
nanostructured metamaterial absorbers has been illustrated
in Table 2. There has been a consideration for the parameters
of the PMA, for example, the number of peaks, structural
dimension, the wavelength range, the absorption percentage.
A PMA covering the entire optical range is preferable,
as discussed earlier. First, the construction of this proposed
design consisted of an ultra-thin and small-sized material
with a temperature stable far higher than most other materials.
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TABLE 2. Comparison between previous works with the proposed design.

Ustunsoy et Zhang et al. Hossain et al. . Yingying et  Chen et al. Pinghuietal. Proposed
Authors al. [41] Yu et al. [45] [46] 48] Qin et al. [49] al., [50] [79] 81] Design
Materials Used = Al, GaAs Ti, SiO, Al, SiO, Al, GaAs Au, SiO, Cu, SiO, Au, Glass Au, SiO, Al, GaAs
. . o vertical- .
Design Structure Square shape Sy;rtllr:eénc Rec;tﬁ;lg:lar Circular Shape Cub:}:g eray Sglrlrtamslg square-split- Mestﬁélln;lgs Ocstteltago:al
P P p y ring (VSSR) P P
Absorption Peaks 2 3 2 3 3 3 2 3 4
. . 500 x 500 , 370x370 690.52 x 5 800 x 800 x | 500 x500x  1000x1000x 566 x 566 x
Dimension nm? | 500 500mm nm’ 690.52 nm? | 600X 600mm™  “anh s 600 nm’ 530nm’ 410 nm’
Range 0—-600THz ' 200 — 1900nm 400 — 700nm 200 — 700THz 1000 —2500nm | 800-1500nm | 150-550THz 400 — 700nm
99.27% at
96.67% at 99.74% at 96.8% at 87.1% at 99.4% at 96.2% at 454.75 nm
Rate of 99.99% at 538.9 nm, Above 95% 245.03 THz, 1115 nm, 872.54nm, 239.2 THz, 459THz, 99.89% at
Absorption in | 568.75 THz, 98.63% at at 450 nmo 99.23% at 99.6% at 99.9% at 98.3% at 99.9% at 505.53 nm,
Different Peaks 99% at 954.2 nm, and 584 nm 376.13 THz, 1593 nm, 1008.69nm, = 312.7THz, 614THz, 99.91% at
with wavelength | 216.8 THz 98.20% at 99.82% at 9.2% at 99.6% at 99.8% at 95.8% at 568.72 nm,
1726.5 nm 502.1 THz 2039 nm 1138.62nm 476.2THz 630THz 99.06% at
600.85 nm
Polarlz?t‘lon Yes Yes N.Ot Yes Yes Yes Yes yes Yes
Insensitive mentioned
Angular Stability
upto 70% Not 45° Not Not 40° 60° Not 60° 60°
mentioned mentioned =~ mentioned mentioned
Absorbance
Year 2016 2020 2018 2019 2020 2020 2019 2020 2021

Since the suggested MA is to be operating in the sunlight,
it is essential to achieve high-temperature stability. Also,
the design of the resonator is very simple and can be fab-
ricated in a simple way rather than other designs discussed
below. Secondly, in this proposed design relatively more
acquirable materials have been used rather than other mate-
rials like gold, titanium, silicon dioxide, copper, etc. Third,
an important superiority of this design is that the design is
wide angular stable which is a key feature for implementation
in solar energy harvesting applications and solar sensors.
Another important aspect is that the proposed design is not
using quarts or glass as dielectric substances because it uses
aluminum as a ground layer. This functionality would also
reduce the expense of this design very efficiently. Moreover,
this proposed PMA is a remarkable choice for many opti-
cal wavelength applications with four high absorption peaks
above 99%, and the other characteristics described above.

IV. CONCLUSION

For the inspection of absorbance and other characteristics of
an MA with the numerical analysis, a polarization-insensitive
incident angular stable octagonal-shaped PMA design was
proposed here with Al and GaAs. The proposed design was
very simple, ultrathin, and basic, and it has a peak of 99.91%
absorbance at the visible regime with four peaks above 99%.
Thus, by impedance matching metal with loss-free and
lower refractive index dielectric substance, PMA having
high absorptivity can be solicitude with necessary behaviors
like polarization independency and incident angular indepen-
dence in both TE and TM modes. In addition, to understand
and visualize the absorptivity properly, the e-field, h-field,
and surface current distribution are displayed and inspected
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intensively. Moreover, high inductive and capacitive coupling
between resonator and ground layer guarantee outstanding
confinement of the EM wave. As the optical wavelength is
highly demandable, the suggested MA is perfect for STPV
systems, solar sensors, light trapping, light modulator, or light
detector applications. Excellent glucose concentration sens-
ing characteristics were also demonstrated. This proposed
design structure is quite simple and flexible so that it can be
easily possible for industrial implementation with multi-band
operations. Also, the related investigation was conducted
based on absorption peaks, dimension, and rate of absorption,
etc. The enhanced efficiency of these PMAs, as well as their
many possible uses, open up new opportunities in the optical
wavelength continuum.
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