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ABSTRACT Solar spectrum is supposed to be a key source of renewable energy in the form of electro-
magnetic (EM) radiation. For efficiently harnessing this abundant energy, Metamaterial Absorber (MMA)
emerges as a game-changing tool. Along with solar energy harvesting, MMA can be used in biochemical
sensors, optical modulators, magnetic resonance imaging, photoelectric detectors, plasmonic sensors, etc.
In this paper, a sun shape resonator-based MMA is designed with three layers of materials (W-SiO2-W) and
analysed for broadband absorption encompassing the entire visible region (390-760nm). The unit cell that is
presented in this study is polarization-insensitive and ultrathin with an average absorption of 96.43%with an
optimum peak of 99.99% at 523.22nm. The proposed MMA exhibits satisfactory absorption under various
oblique angles. The effect of mechanical loading is also investigated and the MMA is found to hold good
broadband absorbance for some extents of mechanical bending. Finite Integration Technique (FIT) is used
to numerically simulate the proposed MMA unit cell structure and validated with the Finite Element Method
(FEM). The suggested MMA in this paper can be used in many optical applications like efficient nano solar
cells, imaging applications, sensors, light detectors, biochemical applications, etc.

INDEX TERMS Solar spectrum, energy harvesting, metamaterial absorber, impedance match, optical
applications.

I. INTRODUCTION
Metamaterials are short of engineered blended structure
or synthetic substance that has remarkable electromagnetic
effects that common elements lack, and experimentation
on such materials has received considerable interest and
advancement in the past few years [1], [2]. Since Vese-
lago [3] first proposed the concept of vision about metamate-
rial in 1968. Numerous engineering applications make use of
metamaterials, including perfect lens [4], [5], optical cloak-
ing [6], thermal imaging [7], [8], electromagnetic shield-
ing [9], antennas [10], [11], filters [12], holograms [13], [14],
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absorber [15], [16], sensors [17]–[19], modern commu-
nication system [20], [21]. The ‘‘perfect absorber’’ of
electromagnetic waves is an appealing application area
for metamaterials [22], [23]. For microwave, THz, and
also optical applications, different types of MMA have
been enrolled in numerous electromagnetic wave medi-
ums, such as single-band [24], multi-band [25]–[27], narrow-
band [28], broadband [29], [30], polarization-sensitive [31],
polarization-insensitive [32], [33]. In the bandwidth of solar
radiation, awideband comprehensiveMMAcomes belonging
a three-layer structure called a unit cell, which consists of
metal-dielectric-metal layers and the topmost layer that holds
a geometric pattern called a resonator. The transmitting of
electromagnetic (EM) waves is terminated by the bottom
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metal film of the structure. In the centre of the metal and the
resonator plate, the dielectric layer aids the model in produc-
ing a capacitance that helps in coupling [34]–[36]. If the free
space impedance is equal to the meta-surface impedance, the
incident wave will be reflected as little as possible [37] and
the desired absorption is achieved.

A broadband three-layer MMA made with Tungsten and
Nickel had been studied in this article [38] that has an average
absorption above 80% from 478nm to 697nm with incident
angle stability up to 45 degrees. A wideband three-layer
perfect MMA based on Nickel and Silicon dioxide have
an absorption level of more than 90% with incident angle
stability of 60 degrees from 390nm to 697nm regions [39].
A hybrid resonator-based three-layer MMA in the visible
regionmadewith Aluminium and Silicon dioxide has average
absorption of 95% from 450nm to 600nm [40]. Article [41]
dealt with an MMA operating in the visible light region that
covers 490nm to 825nm with absorption above 90% made
with Silver and Aluminium dioxide. An ultra-thin multi-band
MMA with a wide-incident angle up to 45 degrees consists
of Tungsten and Quartz, having an absorption level above
66.66% from 374nm to 750nm [42]. In article [43] a tri-layer
perfect MMA made with Au and SiO2 with an absorption
level of more than 90% from 506nm to 573nm. A Gold
resonator-based dual-band visible light absorber [44] that has
an absorption level above 40% in the bandwidth of 210nm.
Article [45] claims an investigation on the broadband meta-
material absorber which is studied numerically based on
Tungsten and silicon dioxide, in the optical light regime that
has average absorption above 90% from 404nm to 631nm
with incident angle stability up to 30 degrees.

Based on the ideas presented above, a metamaterial-based
perfect absorber for the entire visible regime has been sug-
gested, with different implementations in the associated field.
According to the literature we reviewed, MMA having an
absorption of up to 95% on average in TE and TM mode
with a precise incident angle of more than 50◦ is difficult
to attain. In this article, we proposed a unique symmetrical
balanced MMA structure made of such materials that have a
high degree of temperature independence like W and SiO2
which has shown an average absorption of 96.43% from
390 nm to 760 nm. The effects of mechanical stress on the
proposed structure are investigated in this article. The electric
and magnetic fields of the unit cell for both resonance and
non-resonance modes are analysed with proper explanation.
The proposed model has an absorption level of 90.20% all the
time. This MMA shows almost perfect absorption of 99.99%
at 523.22 nm and over 99% absorption from 479 to 575 nm.
In TEMmode, all of the desired effects are taken into account.
The results of the simulation for the whole area were checked
using the Finite Element Method (FEM).

II. MATERIALS SELECTION DESIGN AND SIMULATION
The proposed structure is made of three different layers of
films. The resonator layer, as well as the ground slab, are
placed at the two opposite faces with a dielectric spacer

sandwiched between them. Tungsten (W) is used as the res-
onator layer and ground slab for the suggested unit cell. The
dielectric layer consists of Silicon dioxide (SiO2) which is
the middle layer. Both the materials are selected from the
CST material database in which the wavelength-dependent
refractive indices for Tungsten and SiO2 are 1.7073 and
1.4611, respectively. High loss metallic material and small
bandgap dielectric material are appealing options for design-
ing absorbers in recent days [46]. Tungsten possesses high
intrinsic loss which causes the transmission through the
ground slab almost null and reduces the reflection throughout
the entire unit cell [47]. Thus intrinsic loss aids in broadband
absorption for tungsten naturally in the visible region by a
very good impedancematchingwith the free space by the sug-
gested structure [48]. Now, the dielectric film is selected to be
SiO2 because of its lossless feature. At the visible spectrum,
SiO2 also has a relatively negative real component of permit-
tivity instead of a large imaginary portion of the dielectric
constant [49]. As a consequence, the real part of permittivity
gets null in the breakdown stage, allowing the propagating
wave for an evanescent wave characteristic to become more
closed. As the birefringence nature of dispersion relation with
the refractive index for SiO2, this anisotropic nature likewise
helps to polarization as well as propagation control through
the substrate. The chosen material satisfies the prerequisites
as a dielectric. SiO2 aids the absorption property by affecting
the coupling capacitance as well as inductance associated
with the resonator and ground plate in a beneficial aspect.
In addition, the thermal stability of the unit cell becomes
excellent because of the chosen material as the melting point
of SiO2 and W is very high with a value of 1600 ◦C and
3410 ◦C, respectively.

Fig. 1, shows the step-by-step design approach of the
suggested absorber. The design is three-layer sun-shaped that
consists of two types of material (W-SiO2-W), which might
make it easier in the fabrication stage. The W is indicated
with red colour and the light pastel purple colour indicates the
SiO2. In order to achieve near-unity absorption, the resonator
and the dimensions play a crucial role [28]. The polarization
insensitivity and close to zero polarization conversion ratio of
an absorber mainly depends on the design symmetry. So, the
design approach for this cell was to make it symmetric.
The total dimension of the structure is (450∗450∗220) nm3.
The design procedures are shown in Fig. 1(a)-(d), and the
dimensionmeasurements of the front and side view are shown
in Fig. 1(e) and (f), respectively. Firstly, the dielectric spacer
and base metal layer were applied in the design with an area
of (380∗380) nm2, where the corresponding depth of the
dielectric spacer and base metal are ‘‘tr = 55nm’’ and ‘‘tg =
150nm’’. The base metal depth is higher than the skin depth
to block S21 from the scattering parameter, where S21 is the
transmission coefficient [50]. And then at step 1, a square
box resonator of inner and outer arm length of ‘‘L2 = 360’’
and ‘‘L2 = 420’’ was placed. At step 2, a cylindrical shape
was inserted into the system with an inner and outer radius of
‘‘R2= 30nm’’ and ‘‘R1= 80nm’’. After that at step-3, eight
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TABLE 1. Parameter list of the proposed unit cell.

FIGURE 1. Design composition and parameter of the proposed model in (a) step -1 with a square shape, (b) step -2 with a
square shape and cylindrical shape, (c) step – 3 with star shape, (d) final model with a sun shape resonator, (e) front view
with parameter, and (f) side view with thickness.

rectangles are inserted into the system with an angular shift
of 45◦ of each other. The base rectangle must have to be set
parallel to x or y-axes. The length and width of each rectangle
are ‘‘2∗R4= 300nm’’ and ‘‘t1= 50nm’’, respectively. At last,
at step-4, a cylindrical shape of an outer and inner radius of
‘‘R3= 100nm’’ and ‘‘0nm’’ is trimmed out from those eight
rectangles. For all the four steps to designing the resonator,
the depth is chosen as ‘‘tr= 15nm’’.

Here, under electromagnetic Finite-Difference-Frequency-
Domain (FDFD) solver Finite Integration Technique (FIT)
is applied to the proposed unit cell for extracting desired S
parameters and associated data depends on it. The unit cell
is observed under three analysing techniques called Trans-
verse Electromagnetic (TEM), Transverse Electric (TE), and
Transverse Magnetic (TM) along with desired boundary
conditions. In TEM mode the y-z plane, x-z plane, and
x-y plane are kept as perfect electric, perfect magnetic,
and open add space chronologically where all three planes
are perpendicular to each other. The other two analysing
techniques (TE, TM) are also applied with valid boundary
conditions such as the floquet port in the z-direction and
master and slave working on the other two directions (X, Y)
respectively.

III. RESULTS ANALYSIS AND DISCUSSION
A. METHODOLOGY
A broadband metamaterial absorber performance depends on
the overall absorption in the desire frequency band. Here,
the Finite Integration Technique (FIT) by Computer Simu-
lation Technology (CST) is used to extract the possible out-
come from the proposed metamaterial broadband absorber.
To extract S parameters from the proposed absorber, the
boundary condition is applied to the unit cell in the x as well
as y-direction and z-direction being kept as open add-space.
By analysing the magnitude of the S parameters as reflec-
tion coefficient S11(ω) and transmission coefficient S21(ω).
Absorption A (ω) can be found through a mathematical rela-
tion (1) with S11 and S21.

A (ω) = 1− |S11(ω)|2 − |S21(ω)|2 (1)

To obtain maximum absorption, reflection coefficient
S11(ω) and transmission coefficient S21(ω) should be kept as
low as possible. Zero transmission can be achieved by using
a metal plate that has a skin depth enough to block the pen-
etration of light waves. In the proposed model, Tungsten(W)
is used as a ground to prevent light penetration i.e., S21 = 0,
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(1) can be rewritten as (2)

A (ω) = 1− |S11(ω)|2 (2)

as A (ω) is improved by (2) for more desire absorption,
reflection coefficient S11 (ω) need to be kept low as much as
possible. S11 will be minimum if the free space impedance
matches with the resonator layer impedance of the absorber
top surface. It is known that free space impedance Zo = 377�
or 120π so input impedance Z (ω) of proposed absorber need
to be equal or nearly equal to Zo. Input impedance Z (ω)
depends on the effective permittivity and permeability of the
metamaterial structure that can be analyzed by applying the
Nicolson-Ross-Weir (NRW) equation [51]. The bottom layer
as well as the tungsten-based resonator array can have a
high near-field coupling. When this coupling is taken into
account, the theoretical findings generated using the inter-
ference model correspond quite well with numerical simu-
lations. It works based on impedance matching to free space
due to destructive reflection interference, in addition to the
ground plane’s zero transmission, The structure of our pro-
posed metamaterial absorbers is comparable to that of a lossy
high impedance surface that is capable of high absorption.
Another fact for flawless absorption is the geometry-based
surface, which is perfectly distributed with electric-field and
magnetic-field charges.

B. CHARACTERISTICS OF ABSORPTION
The absorption characteristics of the suggested structure
are illustrated in Fig. 2(a) ranging from ultraviolet to near-
infrared spectrum encompassing the entire visible region for a
wavelength span of 300nm to 1000nm. Three modes are used
to describe the characteristics named, TE mode, TM mode,
and TEM mode. The absorption characteristics for these
modes are quantified by (1), from the s-parameter which
was obtained during the simulation of the proposed struc-
ture. The maximum absorption occurs at 523.22nm with an
absorption of 99.99% for TEM mode. For TE and TM mode,
the peak absorption occurs at 523.56nm with 99.99% absorp-
tion, and 523.91nm with 99.99% absorption, respectively.
The absorption characteristics are almost similar for the three
modes because of the ultra-symmetrical design throughout
the entire structure. In this study, the main focus will be on
the absorbance characteristic only in the visible region with
a wavelength span of 390nm to 760nm. This wavelength
span covers almost the entire visible spectrum radiated by
the sun. The average absorption for this domain is found to
be very excellent with a value of 96.43% for TEM mode.
The average absorptions for TE and TM mode are almost
the same value that for TEM mode, with a value of 96.4%,
and 96.48%, respectively, for the symmetric structural design.
The absorption levels for the edge wavelengths (390nm, and
760nm) for TEM mode are 90.84%, and 90.21%, respec-
tively. In addition, the suggested structure exhibits an average
absorbance above 99% from 479.1nm to 575.05nm. Thus, the
near-unity absorption band becomes 95.96nm. These features
indicate that the structure proposed in this paper can be used

as a perfect solar energy harvester in the visible range of
the solar spectrum, sensors, stealth technology, and micro-
imaging technology [52].

The reason for achieving perfect absorption characteristics
for the proposed structure lies behind the values of the real
component as well as the imaginary component which is
associated with the normalized impedance. Fig. 2(b) illus-
trates the normalized impedance for the proposed structure
which is the ratio of the total effective impedance of the
suggested architecture to the impedance of the free space.
It is a general concept that the absorption will be high
if the normalized impedance real component reaches near
unity, and the imaginary component becomes null as the
effective impedance of the structure matches with the free
space impedance [53]. This phenomenon is seen at the res-
onance wavelength of 523.22nm in which the real compo-
nent of the normalized impedance takes the value of one
and the imaginary component becomes null. This perfect
absorption in this band occurs due to the perfect impedance
matching between this region which is evident from
Fig. 2(b).

The entire unit cell structure can be divided into two layers
named, front-layer and ground slab or the back-layer. The
tungsten-made resonator and SiO2-made dielectric spacer
consist front layer of the structure. The ground slab consists
of tungsten also. The absorbance associated with the front
and ground slab is depicted in Fig. 2(c). The ground slab
blocks the incident radiation so that the radiation in the form
of electromagnetic waves becomes unable to pass through
the ground layer. The absorption due to the ground slab lies
around 50% with an average absorption of 51.2%. This is
because surface plasmons do not function in the tungsten-
made ground slab. The front layer has an absorption that lies
around 46% approximately. The reason for this is that the
tungsten-made resonator has high intrinsic loss which aids
in high impedance matching for the proposed structure. The
SiO2 dielectric film has a very small gap that affects the res-
onance characteristics which results in aiding the absorption.
The combined absorption of the front layer and ground slab
gives the total average absorption of 96.43% for the selected
visible domain. However, this good average absorption is due
to the excellent symmetry of the proposed design with the
sun-shaped design which helps the structure to capture the
radiated incident waves inside the absorber. The proposed
structure is also simulated with different scaling in 3D along
with the actual scale. The geometrical parameters are scaled
down to 50% and scaled up to 200% in all axis directions.
The absorption characteristics are changed as the scale of
the structure is altered in the simulation which is depicted
in Fig. 2(d). In 50% or half scaling, the structure gives
77.06% absorption with a peak at 390nm. Though the average
absorption is not satisfactory with this scaling, the proposed
structure can be used as sensors in the visible domain due
to its linear decrease in absorption level. In 200% or double
scaling, the structure gives 65.06% absorption and the peak
absorption occurs at 760nm. So, the set of values of the
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FIGURE 2. Demonstration of (a) absorbance in TEM, TE, and TM mode, from 300 to 1000nm, (b) normalized impedance with real and imaginary parts,
(c) absorption phenomenon in back-layer and front-layer, (d) half of the size absorbance, (e) step by step design evaluation.

geometrical parameters in which the proposed structure is
designed gives proper absorbance and this set of values must
be ensured for practically implementing the proposed unit
cell structure for the broad-band absorber.

Fig. 2(e) illustrates the evaluation of the proposed struc-
ture design associated with the design steps showed in
Fig. 2(a)-2(d) in section 2.2. Each design step produces dif-
ferent absorbance characteristics. The design was modified
until the absorbance characteristics are satisfied. In the first
step, only with the square-shaped resonator, the average
absorption is 91.84% with maximum absorption of 96.02%
at 456.70nm. Then, in the second step, in which the circu-
lar ring resonator is also introduced, the average absorption
becomes 96.16% with maximum absorption of 99.92% at
482.26nm. After that, in the third modification, the average
absorption is 95.77%with maximum absorption of 98.79% at
528.05nm. The peak absorption is shifting from left to right
for the first three design modifications, respectively. Finally,
in the last modification of the suggested design illustrated
in Fig. 2(d), the average absorption becomes 96.43% with
maximum absorption of 99.99% at the resonant wavelength
of 523.22nm. So, it is apparent that the final design pos-
sesses the highest average absorption with a near-unity peak
which gives a broad-band absorber for the entire visible
region, and so, it is the proposed structure for the MMA
unit cell.

C. POLARIZATION INDEPENDENCE AND POLARIZATION
CONVERSION RATIO (PCR)
All metamaterial absorbers are not used as polarizer con-
verters. To confirm the situation of co and cross-polarization
Fig. 3(a) was calculated by (3) and (4). Both X and Y polar-
ized transmission waves get confine in the absorber. It means
the transmission coefficients are infinitesimal in magnitude,
hence under scrutiny region the waves can’t transform.

|S(ω)|2 = |SP,P(ω)|2 + |SP,Q(ω)|2 = T2
yy + T2

yx (3)

|S(ω)|2 = |SQ,Q(ω)|2 + |SQ,P(ω)|2 = T2
xx + T2

xy (4)

Here, |SP,P(ω)|2 = |SQ,Q(ω)|2 = T2
yy = T2

xx = X-
polarization reflectivity and |SP,Q(ω)|2 = |SQ,P(ω)|2 =
T2
yx = T2

xy = Y-polarization reflectivity. PCR is the ratio of
X-polarized reflectivity over the total reflectivity. To calculate
the PCR (3) and (4) were used. From Fig. 3(b), It can be
noticed the PCR vale for transverse electric (PCRP) and
transverse magnetic (PCRQ) mode are refusable, which com-
pletely removes the issue of polarization conversion factors.
This is because the Txy is very small in magnitude.

PCRP = T2
yx/(T

2
yy + T2

yx) (5)

PCRQ = T2
xy/(T

2
xx + T2

xy) (6)
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FIGURE 3. (a) Co-polarization and cross-polarization phenomenon, and
(b) PCR value of the proposed model in TE and TM mode in PCR (P) and
PCR (Q) respectively.

D. NUMERICAL VERIFICATION
To verify the results that are simulated in CST, COMSOL
Multiphysics is used with the Finite Element Method (FEM)
to give authentication to the simulated results achieved in
this research. Numerical verification shows in Fig. 4 that the
average absorption holds 96.52% from 390nm to 760nm that
goes a little bit high of 0.09% from the simulated one. Max-
imum absorption is found at 541.1nm having an absorption
of 99.36%. It is seen that the absorption peak shift 17.88nm,
as well as the absorption, goes down by 0.639%. It seems
that the simulated and the verified data give too much similar
results and swelling the authentication of the proposedMMA.
Thus, it is expected that the proposedMMAalso gives desired
results in the experimental verification.

E. INCIDENT ANGLE STABILITY AND POLARIZATION
INSENSITIVITY
The proposed absorber absorption characteristics were also
checked under the consideration of polarization and incident
angle of the wave shown in Fig. 5 with the graphical repre-
sentation of normal and oblique incident angle in Fig. 5(a, b).
Polarization is scrutinized with an angle of 0◦ to 90◦ in
both TE and TM mode. It is shown that from Fig. 5 (c, e)
the proposed absorber’s absorbance characteristics do not
change with the different polarization angle up to 90◦ and
average absorption remains quite similar to the previous one

FIGURE 4. Numerical verification with finite element method in COMSOL
Multiphysics. Insets: Environment of the proposed model in COMSOL
Multiphysics and CST MSW.

and it can be said that the theoretically developed absorber
is independent to polarization i.e., polarization-insensitive.
The suggested unit cell consists of a rotationally symmetric
fourfold resonator. The polarization insensitivity of the unit
cell is due to its vertically and horizontally symmetric fea-
tures [54]–[56] When it comes to under variation of incident
angle absorption characteristics are displayed with a change
of 10◦ incident angle from 0◦ to 70◦ in Fig. 5 (d, f) for TE and
TM mode. Regarding the variation of the angle of incident
average absorption, peak absorption at specific resonance
wavelength is given in Table 2 concerning TE and TMmode.
Since the absorption is computed using specular reflection,
the reflected field intensity reduces by about 10 dB when
the receiving incident angle deviates 10 degrees from the
normalized direction. The resonator in this work has a circular
ring in the middle along with eight slotted sectors around the
circular ring that allow for wide-angle insensitivity, and the
electric fields are entered on the circular ring’s edges and
the magnetic fields are large at the slotted sectors as shown
in Fig. 8 (a-h) and its parameters have been fine-tuned to have
the least degree of angle sensitivity - possible [55], [57], [58].
This geometric pattern aids the proposed structure to be wide-
angle stable in the visible region.

From table no 02, it can be said that with the change
of incident angle from minimum to maximum, absorption
decreases, and peak absorption also decreases along with
resonance wavelength. Because the higher the incident angle,
the longer the path length and the lower the coupling effect
has long been known. This reduced coupling effect decreases
the structure’s electromagnetic dipolar resonance, resulting
in less wave confinement in the dielectric layer [59]. But
still, the proposed absorber gives a competitive look with a
different incident angle. So, the proposed absorber is a per-
fect candidate for polarization-insensitive and incident angle
stability-based MMA.

F. GEOMETRIC PARAMETER SWEEP
In this section, extensive parametric sweep analysis is inves-
tigated for different important design parameters. The front
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TABLE 2. Average absorption and peak absorption at specific resonance in TE and TM mode under various incident angle.

FIGURE 5. Demonstration of (a) normal and oblique polarization angle (b) normal and oblique
incident angle (c) polarization angle for TE mode from 0-90◦, (d) incident angle for TE mode from
0-70◦, (e) polarization angle for TM mode from 0-90◦, and (f) incident angle for TM mode from 0-70◦.

layer resonator thickness ‘‘tr’’ is swept for values of 5 to
25nm with an increment of 5nm, and the associated results
are illustrated in Fig. 6(a). The average absorptions are found
to be varied between 93.2%, and 96.43%. Here, the aver-
age absorption is increased as the increase in thickness till
15nm, then again, decreased with the increase of thickness.

This is because the resonator thickness affects the impedance
matching which is associated with the free space. The better
impedance matching is taken place at 15nm thickness at
which the structure is designed. At other values, a higher
impedance mismatch occurs. Now, the resonance wave-
lengths for different ‘‘tr’’ values are 444.29nm, 491.44nm,
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FIGURE 6. Extensive parametric analysis for parameter (a) thickness of the resonator ‘‘tr’’, (b) thickness of the substrate ‘‘ts’’, (c) thickness of the
back-layer ‘‘tg’’, (d) size of the outer shape in resonator ‘‘t1’’, (e) outer length of the square box shape ‘‘L1’’, (f) inner length of the square box
shape ‘‘L2’’, (g) outer diameter of the cylinder ‘‘r1’’, (h) inner diameter of the cylinder ‘‘r2’’, and (i) outer radius of the cylindrical cut.

523.22nm, 557.06nm, and 582.58nm, respectively, with a
corresponding absorption peak of 98.51%, 99.83%, 99.99%,
99.75%, and 99.32%, respectively. The resonance wave-
length is red-shifted due to the rise of the resonator thickness
that is meant to be happened according to the equivalent
medium theory [60] as well as model associated with the
λ/4 resonance [61]. If the size is come to play with a big-
ger problem, then the proposed structure can be used with
tr=10nm rather than 15nm by reducing resonator size as well
as expense, by sacrificing a little average absorption level by
0.27%.

The dielectric spacer thickness ‘‘ts’’ is swept for the values
of 45 to 65nm with an increment of 5nm and the corre-
sponding results are illustrated in Fig. 6(b). The average
absorptions are varied between 95.58%, and 96.43%, with
the increase of ‘‘ts’’ till 55nm, and then the absorption starts
to fall. This is because the alteration in the dielectric thick-

ness changes the capacitive and inductive effects between
resonator and ground slab. Here, the resonance wavelength is
also red-shifted because the dielectric spacer thickness affects
the ground slab current density and inductance. As the dielec-
tric thickness is increased, the titanium ground slab current
density is reduced increased, - the titanium ground slab cur-
rent density is reduced as well as a decrease in the inductance
which results in the red-shifting phenomenon of resonant
wavelength [62]. As the average absorptions are very close to
each other for ts=50nm and ts=55nm, the proposed structure
can be used with 50nm dielectric spacer thickness rather than
designed 55nm, by reducing 0.01% average absorption as
well as the reduction in dielectric size.

The ground slab thickness ‘‘tg’’ is swept for the values of
60-180nm with a large increment of 30nm which is depicted
with absorption characteristics in Fig. 6(c). The average
absorptions for this variation are varied between 95.55% and
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96.43%. The average absorption is gradually increased with
the increase of the tungsten-made ground slab thickness. It is
due to the change in blocking of the transmission, and reflect
ability with the alteration in the ground layer thickness. As the
ground slab is made thicker, the transmission is blocked more
efficiently as well as the light is reflected and trapped in
the absorber. The resonant wavelength faces a very small
red-shift due to the increase of the ‘‘tg’’ values. The absorber
can use a thicker tungsten ground slab for broader absorbance
but the material cost will increase due to the greater volume
of the ground layer.

Fig. 6(d) illustrates the ‘‘t1’’ parameter sweep from
30-70nm with an increment of 10nm. The ‘‘t1’’ parameter is
the width of the ‘‘sun-ray’’ shaped resonator parts. The aver-
age absorptions are around 96.43% for the first values, and for
the last two values, the average absorptions are 96.19%, and
95.85%, respectively. The variation of the average absorption
takes place because of the alteration in the capacitance as well
as inductance between successive ‘‘ray’’ resonators. There
occurs a red-shift in the resonant wavelengths due to the rise
in the ‘‘t1’’ values. The proposed design can be used with
lower ‘‘t1’’ values as the structure shows broader absorbance.

The effects of change in the side of the outer square ‘‘L1’’
as well as the side of the inner square ‘‘L2’’ are depicted
in Fig. 6(e and f), respectively. The ‘‘L1’’ parameter is swept
from 410-430nm with an increment of 5nm. The average
absorptions are close to 96.43% with slight differences. The
resonant wavelengths are red-shifted due to the variation in
the impedance matching. The ‘‘L2’’ parameter is swept from
350-370nm with an increment of 5nm, in which the average
absorptions are also close to 96.43% with a little difference.
Here it is observed that red-shifting occurs in the resonant
wavelengths with the increase of ‘‘L1’’. On the other hand,
blue-shifting occurs with the increase of the ‘‘L2’’ parameter.
It is due to the change in impedance matching properties with
the alteration of the square sides. This phenomenon can be
utilized in the sensor application for the proposed structure.

The change in the inner radius (R1), outer radius (R2) of
the ‘‘sun’’ shaped cylinder, and the ‘‘R3’’ parameter, affects
absorption characteristics that are depicted in Fig. 6 (g),
Fig. 6(h), and Fig. 6(i), respectively. The ‘‘R1’’ parameter
is swept from 20-40nm with an increment of 5nm. The
‘‘R2’’ parameter is swept from 70-90nm with an increment
of 5nm. The ‘‘R3’’ parameter is swept from 90-110nm with
an increment of 5nm. In all of the cases, the average absorp-
tion lies around 96.43%, which is for the actual proposed
structure, with a little difference. The resonant wavelength
from the ‘‘R1’’ variation faces a little blue-shift phenomenon
with the increase in ‘‘R1’’ values, as seen from Fig. 6(g).
From the ‘‘R2’’ variation, the resonant wavelength faces a
little red-shift phenomenon with the increase in ‘‘R2’’ values,
as seen from Fig. (h). For the ‘‘R3’’ alteration, the peak
wavelength exhibits a slight blue-shift phenomenon, as seen
in Fig. 6 (i). These resonant wavelengths shift of absorber
due to parameter change can be utilized in the optical sensor,
proximity color detectors, color mapping with the ring radius

for artificial intelligent microrobots for biomedical applica-
tions, etc.

G. ABSORPTION COMPARISON WITH DIFFERENT METALS
AND DIELECTRICS
In this section, different types of absorption phenomena are
taken for the proposed design by changing the various dielec-
tric and metal shown in Fig. 7. The resonator and back layer
metal (W) were the same in this case of Fig. 7(a). Without
SiO2(n= 1.5) other four dielectric materials with their corre-
sponding refractive(n) index are GaAs (n= 3.9), Al3N4 (n=
2.17), In2O3-SnO2 (n=1.83), and A-Si (n= 4.4) where n is
the refractive index. Fig. 7(a) shows that with a change in
refractive index the peak absorption also gets changes [63].
In addition, large bandwidth and higher absorption can be
obtained with a low refractive index [15]. For the optical
region (390nm760nm) light absorption, the selected dielec-
tric material (SiO2) was so perfect as it has an average absorp-
tion of 96.43% with a minimum of 90.2% absorption. Both
the GaAs and Amorphous Silicon have a mean absorption
of 47.43% and 49.41%, respectively. That’s why they can
be used for half-power absorption for the mentioned optical
region. In2O3-SnO2 can also be used for optical absorption
purposes but it will not be as efficient as SiO2, as it has an
average absorption of 88%. AlN can be used as an optical
light detector, as it is enhanced linearly for this region.
With the different dielectric sweeps, another attempt was

to observe the absorption characteristics with different metal
sweeps. We replace the resonator and rear-layer metal with
Iron (Fe), Gold (Au), Copper (Cu), Silver (Ag) at the same
time. Fig. 7(b) depicts the absorption characteristics with dif-
ferent metals. It is clear that tungsten (W) was the best choice
for this design to absorb light as it has a perfect impedance
match for this unit cell. Au also shows good absorption from
390nm to 650nm with an average absorption above 93%. Fe,
Ag, and Au show multi-band absorption in this case.

H. ELECTRIC AND MAGNETIC FIELD
The analysis of electric field (EF), as well as magnetic field
(HF), are shown in Fig. 8, to take care of the physical absorp-
tion mechanism with common incidence angle (0◦) of EM
wave. The EM wave gets condensed and greatly enhanced at
some area of the absorber for a given wavelength. The EF and
HF are shown here at 523.56nm (A = 99.99%) and 760nm
(A = 90.35%) wavelength. For TE and TM polarization, the
propagation mode gets altered. The EF and HF for MMA can
be described as

Davg = εeffε0Eavg (7)

Bavg = µeffµ0Havg (8)

where, Davg = mean electric flux density, εeff = effective
permittivity, ε0 = vacuum permittivity, Eavg=mean EF den-
sity, Bavg = Mean magnetic flux-density, µeff = effective
permeability, µ0 = vacuum permeability, Havg = mean HF
density. Integral Maxwell’s equation for Davg and Bavg can
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FIGURE 7. Absorption with different (a) dielectric substances, and
(b) different metal layers.

stand-with as ∫
C
E.dI = 0−

∂

∂t

∫∫
S
B.dS (9)∫

C
H .dI = 0+

∂

∂t

∫∫
S
D.dS (10)

where, E = EF intensity, D = electric flux density, H =
HF density, and B = magnetic flux density. The integral
function is computed together with the surface or when the
MF shows non-uniform fluctuation rapidly changing after
an EM wave passes through it. Usually, permittivity reaches
unity in a uniform field distribution, however, in this case,
H and B are asymmetrical and non - uniform along with the
resulting EMwave propagation. The dielectric characteristics
(ε, µ) of the nanostructure resonator are determined in this
article using the rawmethod of collectingmaterial parameters
from transmission/reflection data [64], [65]. At resonance
wavelength, the EF and HF distributions indicate the relevant
intense concentrations in certain particular areas of the patch.

Fig. 8(a-d) clearly demonstrates that the EF lies largely
between the metal resonator and the dielectric layer inter-
ference, especially at the top and lower margins of each
resonator slide for transverse electric (TE) polarization as
well for Transverse magnetic (TM) the polarization gets
altered. This impact increases the surface plasmon which
leads the better absorption because these surface plasmons

have produced an optimum dipole of resonance for the local-
ized EF [66], [67]. Fig. 8(a,b) shows maximal and minimal
EF strength for TE polarization mode, and Fig. 8(c,d) shows
maximal andminimal EF strength for TMmodes. The intense
EF is represented by the redder colour. The yellow colour
denotes moderately dense areas, whereas the blue colour
denotes less packed areas.

From Fig. 8(e-h), it can be observed that the geometry of
the metasurface is accountable for the effect of resonance.
There are certain techniques to EM quantities that are sup-
pressed by boundary conditions. The incident wave that pene-
trates the unit cell gets back-to-back reflection for ground and
resonator metal. So, the EMwave is confined at the dielectric
spacer mainly [68]. These confined plasmons produce strong
HF, hence powerful magnetic dipole can be achieved. EF vec-
tors flow mostly via the dielectric and airspace, creating two
current conductor loops that can lead to diamagnetic response
and then ignite magnetic polariton’s [69], [70]. Fig. 8(e,f)
shows the x-y plane HF distributions for lowest and high-
est absorption for TE mode and Fig. 8(g,h) shows the HF
distributions for TM mode. The cross-sectional view of the
x-z plane is illustrated in Fig. 8 (i-l). The most intense HF
is represented by the redder colour. The yellow colour and
green colour denote areas that are moderately dense, whereas
the blue colour denotes areas that are less packed. The propa-
gation gets altered with respect to the change of polarization
mode.

I. MECHANICAL STRESS
Some exterior mechanical effects can arise throughout the
course of construction and in the maintenance level of
meta-material absorbers [61]. The process entails applying
mechanical bending deformations of MMA, accompanied by
a numerical modelling analysis of electro-optical features
in 390nm to 760nm. The whole structure was bent together
from −10◦ to 10◦ with a non-uniform mechanical load. The
two types of bending, negative bending (Convex bending) and
positive bending (Concave bending) [73] absorption analysis
for the design showed in Fig. 9. Convex and concave bending
are experienced in the unit cell for tensile stress and compres-
sion, respectively.

1) ABSORPTION RESPONSE UNDER CONVEX BENDING
Fig. 9(a) shows the result for convex bending. It can be
observed from the illustration, the absorption gets fallen with
cumulative convex bending. In addition, the peak absorption
shifted from a higher wavelength to a lower wavelength with
increasing the bending factor. In terms of convex bending
the gap of the resonator gets increased, hence the coupling
capacitance gets decreased. So, the resonant frequency (fR)
gets increased. The fR can be calculated by, fR = 1/(2π

√
LC).

Where L is the inductance and C is the capacitance. As the fR
gets increased, so the resonant wavelength gets decreased as
fR ∝ (1/ λ). That’s why the peak absorption shifted to the
left. Here, for bending angle −10◦, −8◦, −6◦, −4◦ and −2◦

the corresponding average absorption are 96.47%, 96.53%,
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FIGURE 8. Demonstration of maximum point (523.22nm) and minimum point (760nm) (a) - (d) electric field of the proposed model
for TE and TM modes with scale bar in V/nm in x-y axis, (e) – (h) magnetic field of the proposed model for TE and TM modes with
scale bar in A/m in x-y axis, and (i) – (l) magnetic field in z – y axis with same scale bar in TE and TM modes.

FIGURE 9. Mechanical loading on the proposed unit cell with (a) negative/ convex stress from 0-10◦, and (b) positive/concave stress from 0-10◦.

96.51%, 96.48%, and 96.42% for the mentioned spectrum.
Where for no mechanical bending deformation (0◦ bending)
the average absorption was 96.43%. So, the design can be
used easily under mechanical deformation, because the aver-
age absorption is always above 96.4%.

2) ABSORPTION RESPONSE UNDER CONCAVE BENDING
For concave bending, the average absorptions are more con-
sistent illustrated in Fig. 9(b). Here, concave bending is seen
at 2◦, 4◦, 6◦, 8◦, and 10◦, with average absorption levels
of 96.75%, 96.92%, 97.03%, 97.2%, and 97.33%, respec-
tively. Concave bending shifted the peak absorption to the
left with increasing the bending effect, similar to the con-
vex bending. Concave bending shows comparatively higher

bandwidth absorption than convex bending. This design for
the perfect absorption depends on the basis of the nano spilled
arm (NSA) physics mechanism. NSA represents the mutual
balancing of incoming TEM waves with the split arm of the
resonator, as well as the inductance and capacitance of chosen
geometry aids in matching with free space impedance.

J. COMPARATIVE STUDY OF THE PREVIOUS AND THE
PROPOSED DESIGN
A metamaterial absorber with excellent average absorption
and wide-angle polarization of incident waves having a com-
pact size is hard to found. Here in Table 3, depending on
the absorption band, average absorption, dimension of the
unit cell, material choice, and angular stability proposed

126476 VOLUME 9, 2021



M. M. K. Shuvo et al.: Wide-Angle, Enhanced Oblique Incidence, Bend-Able MMA Employed in Visible Region

TABLE 3. Comparative analysis of the proposed unit cell with previous work.

absorber is compared to other similar visible light absorbers.
The proposed broadband absorber with a compact dimension
gives an average absorption of 96.43%with a near-unity peak
absorption of 99.99% and shows wide-angle polarization
insensitivity with the absorption of 70% up to 70◦. Thermal
stability of the unit cell is the key factor for maintaining the
performance of the absorber keeping in mind that Tungsten
and Silicon-di-oxide are used as they both have a strong
heat absorption capacity. Another key advantage of the pro-
posed absorber is the bending effect and gives up to 10◦ of
bending in the concave or convex direction that makes the
difference with other absorbers in a similar context. Perfect
absorption - characteristics, wide-angle polarization insensi-
tivity, material choice, compactness in size, thermal stability,
cost-effectiveness makes the absorber unique from the other
comparable metamaterial absorber in the optical regime.

IV. CONCLUSION
In short, a three-layer broadband ultrathin, polarization-
independent metamaterial absorber having Tungsten (W)
based resonator where Silicon-di-oxide (SiO2) is used as a
substrate sandwiched with resonator and bottom plate (W),
is designed and described theoretically. The numerical inves-
tigation represents that the proposed broadband absorber has
an average absorption of 96.43% over 390nm to 770nm
with minimum absorption in the investigated range above
90.20% and having near unity peak absorption of 99.999%
at 523.22nm. The numerical approach shows that the pro-
posed MMA works in the ultraviolet (UV) region to near-
infrared (NIR) region with average absorption above 80%.
The numerical study found that Polarization Conversion
Ratio (PCR) nearly zero in the desired absorption band thus
the proposed absorber shows absorption characteristics inde-
pendent of the incident wave up to 70◦ and proposed MMA
can minimize the effect of mechanical stress up to 10◦ insen-
sitivity, thermal stability, it can be an auspicious aspirant for
solar energy harvesting, optical sensors, light trapping, and
various photonic applications at high temperatures.
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