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Abstract

The Metamaterial Absorber (MA) has emerged as a game-changing tool for various appli-
cations such as photodetectors, plasmonic sensors, energy harvesting, imaging, solar cells,
optical modulators, and more. The proposed square enclosed square resonators metamate-
rial comprises single layer metal-dielectric-metal structure (Ni-SiO,—Ni) to achieve over
90% absorption bandwidth from 360 to 1750 nm. The average absorption at the operational
wavelength is 94.47%, and a peak absorption of 99% appears at 900 nm. The designed
MA shows polarization insensitivity and oblique incident angle stability up to 60°. Para-
metric design analysis, electric field, magnetic field, surface current distribution, and tem-
perature distributions have been investigated to comprehend the absorption characteristics
of the MA. The Polarization Conversion Ratio result shows the proposed MA as a perfect
absorber rather than a polarization converter. The effect of concave and convex bending
has also been investigated up to 16°, validating the stable absorption behavior. Finally, the
designed MA can be a potential candidate for visible and optical window applications such
as solar energy harvesting, photodetectors, light trapping, etc.
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1 Introduction

Metamaterial is an artificially engineered material not found in nature and has unusual or
beyond-the-ordinary effects on electromagnetic (EM) waves. The applications of metama-
terial are widely adopted in different fields like absorbers (Liu et al. 2021), cloaking (Dash
et al. 2016), antennas (Alam et al. 2021; Hakim 2022), energy harvesters (Byrnes et al.
2014), super lenses (Tang et al. 2021), photodetectors (Ponizovskaya Devine 2021), sen-
sors (Hakim et al. 2022a; Karthikeyan et al. 2022; Bazgir et al. 2022; Razavi and Zarrabi
2022), reflect array (Misran et al. 2012), bio-sensor (Farmani et al. 2018) and modulators
(Carrillo et al. 2016), etc. The initial concept of a perfect metamaterial absorber is pro-
posed by Landy et al. (2008); after that, substantial research interest has increased in this
arena, and many researchers have started to explore details about metamaterial absorb-
ers for numerous applications in different wavelengths like optical, infrared (IR) (Bazgir
2023; Mobasser et al. 2021), visible, microwave, and terahertz (THz) spectra (Poorgholam-
Khanjari and Zarrabi 2021; Zarrabi et al. 2019). Generally, MA absorbers can be classified
into two categories: (i) narrow-band MA and (ii) wide-band MA. Narrow-band MAs have
shown excellent performance in sensing and filtering (Bilal et al. 2022). On the other hand,
wide-band MAs are widely used in stealth technology (Yin et al. 2015), radar cross-section
reduction (RCSR) (Mehrabi et al. 2019), photovoltaics, thermal emitters (Tang et al. 2020),
etc. In recent years, various MAs have been developed and investigated for single, dual,
multi, and wideband applications at different operating frequencies (Ning et al. 2022; Ding
et al. 2012), and broadband metamaterial absorber by multiple stacked layers or multi-reso-
nator metamaterial-based structures (Yin et al. 2015; Ding et al. 2012).

Recently, EM wave absorbers have been significantly utilized in the ultraviolet (UV),
infrared (IR), and visible bands due to their unparalleled interest in their application of
photovoltaics, thermal emitters, and energy harvesting (Mehrabi et al. 2019; Naveed et al.
2021; Bilal et al. 2020). An optical wavelength (300-680 mm) MA is designed with a
larger dimension of 1555 % 1555 x 560 mm?, with low incident angle stability and absorp-
tion (Chen et al. 2023). A numerical study of metamaterial absorber is presented in Hakim
et al. 2022a for visible optical wavelength where the unit cell size of the MA is reduced to
950950 % 240.13 mm?>, and incident angle stability and average absorption are increased
by 60° and 92.2%, respectively. Another sun-shaped resonator-based MA is designed with
three layers of materials covering the only visible region 390-760 nm (Shuvo et al. 2021).
Besides, some researchers have proposed MA for covering the visible-to-infrared optical
regime (Tian et al. 2023; Zhang et al. 2021). For example, a broadband MA operated in
the visible to infrared optical spectrum (405-1505) with incident angle stability of 60°
and polarization-insensitive characteristics; however, the MA shows a high thickness of
415 mm due to the four layers (Zhang et al. 2021). A three-layer MA is presented in Musa
et al. (2022), which shows low incident angle stability of only 45°. Similarly, another three-
layer MA also shows only 45° incident angle stability, and the average absorption is less
than 90%. The bending of the MA is also an important issue during the installation; how-
ever, except (Hakim et al. 2022a), the research work in Chen et al. (2023) (Zhang et al.
2021) (Musa et al. 2022) (Li et al. 2022) does not show the bending investigation. Despite
all this research, there is still a high demand for an MA with a wide operating wavelength
(visible to infrared), high incident angle stability, and low thickness capable of bending
tolerance.

Therefore, a single-layered (Ni-SiO,-Ni) multiple resonator-based MA is designed in this
research for visible to infrared optical spectrum with lower dimensions (200x200 mm?) and
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a thickness of 75 mm only, capable of bending tolerance. The proposed MA shows 94.47%
average absorption from 360—1750 mm and incident angle stability of up to 60°. Additionally,
the symmetrical structure of the developed MA achieved polarization insensitivity for both
Transverse Electric (TE) and Transverse Magnetic (TM) modes.

2 Metamaterial absorber design

The proposed MA structure consists of single layer sandwich configuration (Ni-SiO,-Ni),
illustrated in Fig. 1. The resonator (Ni) and base (Ni) layers have been placed face-to-face,
and a single dielectric substrate (SiO,) is inserted between them. Nickel material is chosen
due to its attractive features like abundant solar absorber material for low-temperature solar-
to-thermal energy conversion systems, the higher electrical conductivity of 1.44x107 S/m,
and availability (Garrison 1984). On the other hand, SiO, is used as a dielectric insulator
because of its high optical transparency and relative permittivity, chemical stability, relatively
thinness, and high-level breakdown voltage (Kumar et al. 2022). The loss tangent (tand) and
dielectric constant (g,) of SiO, are 0.0004 and 3.8, respectively. The top resonators structure
and its symmetricity play a key role in achieving close-to-unity absorption and polarisation-
insensitive characteristics (Xiong et al. 2022). The overall dimension of the designed MA is
200%200%75 nm?, and all design parameters are listed in Table 1.

The proposed MA is designed and simulated using commercially available CST Microwave
Studio software (CST Studio Suite xxxx). The unit cell boundary conditions are employed
along the x-axis and y-axis, respectively and open add space boundary conditions are in the
z-axis (along with the wave propagation direction). The excitation is provided by using flo-
quet port along the z-axis. The absorption value (A) is obtained through Eq. (1), where S, is
the reflection coefficient, and S, is the transmission coefficient of MA (Mehrabi et al. 2019;
Hakim et al. 2022b).

A =118, = [Su]? (1

The value of S;; and the S,, of the absorber can be derived using Eqgs. (2) and (3) (Chen
et al. 2004).

ROl(l _ ei2nk0d)

S =
11 2 Li2nkyd
1- Rme 0

2

(1- R(Z)l)einkod)

Sy =
2T T R2 ek ®)

where Ry, =z-1/z+1, z is impedance, and n is the refractive index obtained by inverting
Egs. (2) and (3), yielding (Chen et al. 2004).
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Fig.1 MA array perspective view, the unit cell design a front view, b side view, and ¢ array perspective
view
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The "m" is an integer number that correlates to the real refractive index value. In
the above Egs. (5), "k," and "d" denote the absorber’s wave number and thickness,
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Table 1 Parameters value of the

designed MA Parameters Value (nm) Parameters Value (nm)
P 200 D1 10
Pl 113.14 D2 7.075
P2 60 D3 30
Wi 10 w2 50
W3 15

respectively. To achieve maximum absorption, (S,;) and (S;;) should be kept as low as
possible. The bottom nickel sheet behaves as an ideal reflector and completely blocks
transmission, resulting in S,; =0. Therefore, the incoming wave becomes trapped in
the dielectric substrate. The absorption can also be expressed in terms of S-parameters
using the Eq. (6) (Naveed et al. 2021).

A = 1=y, ©)

Equation (5) shows that if the absorption value needs to increase, the value of S,
must be as low as possible. The value of S;; will be low if the free space impedance
matches with the MA effective impedance z(w) =Re(z) +Im (z), Which can be under-
stood by equating the Eqgs. (4) and (6). In Eq. (7), the near unity value of the real part
and near-zero value of the imaginary part will provide near unity absorption.

4Re(z)
[1 +Re(2)]? + [Im(z)]2

AG) = ™)

The input impedance depends on the metamaterial structure’s effective permittivity
and permeability, calculated by Nicolson Ross Weir’s (NRW) equation (Rothwell et al.
2016). The effective impedance of MA, also related to the relative permittivity (e,) and
the relative permeability(p,) of the medium, are calculated using Eqgs. (8) and (9) (Chen
et al. 2004; Smith et al. 2002). Where Z is the effective impedance,

-
rTz ®

pu,=nZ )

The absorption, reflectance, and transmittance of the proposed MA is illustrated in
Fig. 2a. The simulated absorption of the designed MA is found to be more than 90%
in the wavelength range of 360 nm to 1760 nm. The average absorption is 94.47%
from 360 to 1760 nm with a peak absorption is 99.42% at 900.8 nm wavelength. The
high absorption mechanism of the proposed MA is explained using design evolutions.
The design evolution of multiple resonators and corresponding absorption is shown in
Fig. 2b. Initially, the inner square patch resonator achieves absorption at higher wave-
length regions and low absorption at visible regions. After that, the middle ring is incor-
porated to create the electromagnetic coupling between the inner and middle resona-
tor, which increases significant absorption at the middle operational wavelength of MA,
illustrated in Fig. 2c. Besides, the absorption value increases at the entire operational
wavelength. The absorption is further improved at visible wavelength by incorporating
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Fig.2 a Absorption, reflectance, and transmittance curve of proposed MA, b absorption improvement of
MA for multiple resonators, and ¢ e-filed coupling by different resonator configurations at 300 nm wave-
length

the outer resonator due to the more coupling effect by three resonators. The electric and
magnetic fields of the different resonator configurations are presented in Fig. 2¢

The structural parameters also play a crucial role in achieving high absorption. In Fig. 3,
the absorption level is analyzed by varying the geometrical parameter values of the MA. In
Fig. 3a, the absorption value is investigated for different values of W1 with 2 nm intervals
while the additional parameters remained constant. No significant influence is observed for
changes in the value of W1. This is because of the absorption of electromagnetic waves in
a metamaterial is primarily determined by the properties of the metamaterial itself, such as
its composition, structure, and dimensions, rather than the thickness of the ground plane.
Figure 3b represents the absorption of different dielectric thicknesses (W2). The value
of W2 is changed from 50 to 70 nm with a 10 nm interval, and it is noticed that with
the increases of W2, the rate of absorption increased. If the dielectric layer is thick, the
absorption of electromagnetic waves in the metamaterial may be enhanced. This is because
the waves must pass through the dielectric layer multiple times, allowing for multiple
interactions between the waves and the metamaterial structure. This results in increased
absorption of the electromagnetic waves in the metamaterial. But the higher value of W2
increased size, weight, fabrication complexity, and reduced bandwidth. For better effi-
ciency, W2 is adjusted to 50 nm.
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Fig.3 Absorption analysis for different values of: a Ground thickness(W!), b Dielectric thickness (W2),
¢ Top layer thickness (W3), d Outside square wide (D1I), e Middle square wide (D2), and f Centre solid

square wide (D3)
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In Fig. 3c, the patch thickness of the MA is studied for W3, and a continual trend is
noticed for various W3 values with almost no significant contribution to the variation of
MA absorption. The outer square width (D) is altered from 7 to 19 mm while all other
parameters remained constant. Figure 3d shows the effect of changing the width (D) on
the absorption curve. As DI increases, the absorption curve slightly decreases, and at
10 mm, the MA shows better absorption than others. On the other side, the middle square
side (D2) is also changed in the same manner from 7 to 19 mm, and the curve slightly
decreased in the lower wavelength but slightly increased in the upper wavelength, as illus-
trated in Fig. 3e. Finally, the center solid square width (D3) is changed from 25 to 45 mm,
while all other parameters remaine constant. The absorption curve slightly decreases from
300 to 1200 nm wavelength and slightly increases in the upper wavelength region. For bet-
ter average absorption, D3 is adjusted to 15 nm. The absorption effect by different layers is
presented in Fig. 4. The only dielectric shows near zero absorption because it transmits all
incident EM waves. The combination of resonator layers and dielectric layers improves the
absorption at the desired wavelength. Finally, the completed metal-based layers block the
transmission of EM waves and increase the absorption level.

3 Results and discussions

3.1 Metamaterial property

The absorption behavior depends on the impedance matching of the designed MA. The
relative impedance (Z) matching of the designed MA is calculated by using Eq. (9) (Cen
et al. 2020) and Fig. 5a illustrates the relative impedance of both TM and TE modes. The
close-to-unity value of the real part and close to the null value of the imaginary part indi-
cates that the proper effective impedance of the designed MA matches with the free space
impedance, which approaches a greater level of absorption.

100
.
-~
( ~ PN
\ . .
80 N
. H
~
- - -
= 60- TTeeall
= Seea
2 S--a.
2 e Complete design =
§ 404 eeeeees Only Dielectric :
= « = = Patch and Dielectric
<
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S S

T T T T T T T 1
300 600 900 1200 1500 1800 2100 2400 2700
Wavelength (nm)

Fig.4 The designed MA’s absorption for different layers
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Fig.5 a Relative impedance curves (TM and TE mode), b Absorption a, reflectance(R), and
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Z=\J(1 =87 =83, /(1= 5, = S}, = Viulez = Vi e,

where, y = u,p, is the permeability of the MA, and € = €,¢,, is the permittivity. €, and y,
denotes the vacuum space permittivity and permeability, respectively. On the other hand,
the free space impedance is denoted by Z, where Zy=+/p,/¢,.

)

3.2 Polarization-conversion ratio (PCR)

The value of PCR is calculated to make sure that the designed MA is not a polarisation con-

verter. Figure 6a shows the cross-polarisation reflection r,, and the co-polarisation reflection

is nearly zero in linear magnitude. Co—and cross-polarisation has defined as the Eq. (10)

r
Yy
and (11), respectively (Chen et al. 2015),
ry = |En/E| (10)
xy — xr i
0+ 4.0x10° —PCR,
] — -PCR,
_20<\_//—__- 3.5x10
T(y.
» —~  3.0x10°
= T(xx) 5
= 40+ 3
2 T(xy) £ 25710
: 1 Tey) <
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Fig.6 a Co and cross-polarisation, b PCR value (x to y and y to x) incident wave

@ Springer



1115 Page 10 0f 21 M. B.Billa et al.

Ty = |Eyr/Ei|2 (11)

Thus, the polarisation-conversion ratio (PCR) is calculated by Egs. (12) and (13) (Xiao
et al. 2015).

_ 2 72 2 :
PCR, = Txy/(Tyy + Txy) for Y to, X polarised wave (12)

2 2 2 .
PCR, = Tyx/(TXX + Tyx) for X to, Y polarised wave (13)

Where T2XX:T2yy is X- polarisation reflectivity and T2ysz2Xy is Y-polarization reflec-
tivity. Figure 6 shows the simulated result of PCR versus wavelength and polarisation ver-
sus wavelength. It ensures that this designed MA has not converted the wave. In Fig. 6b,
The PCR value is shown, and it can be noticed that near zero value. So, it certifies that the
designed MA is an absorber, not a polarisation converter.

Figures 7 represents the material property of the relative permittivity (y,), and relative
permeability (g,), in both TE and TM modes, respectively. The p, and €. depend on the
S-parameters. Therefore, Egs. (7) and (8) give the normalized effective impedance of the
surface. The real value of effective impedance is approaching unity over a large visible
and optical regime which verifies the impedance match among the MA structure and free
space. Hence, the designed MA demonstrates an average absorption level of 94.47% from
360 to 1750 nm.

3.3 Polarization insensitivity and oblique incident angle stability

The polarisation insensitivity of the designed MA is also evaluated to establish the absorp-
tion capability. Figure 8 indicates the oblique angle (0) and the polarisation angle (¢) on
the EM wave. Here EM wave propagated towards the negative z-axis. The blue sphere
shows the 360° phi (¢) angle area of the EM wave, and the green half-sphere indicates
the 180° oblique incident-angle area of EM wave theta (0) angle area of EM wave compo-
nents such as electric and magnetic field vectors. The absorption property of the various
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Fig.7 Metamaterial properties of the MA at both TE and TM mode of a relative permittivity b relative
permeability
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Fig. 8 Pointing of (¢) and (0)
incident angle of EM wave on (P=90
designed MA

polarisation incident angle (¢) and oblique incident angles (0) for TE and TM modes are
demonstrated. The polarisation insensitivity TE and TM mode and absorption behaviors of
the proposed MA are investigated by shifting the oblique angle incidences from 0° to 90°
in Figs. 9(a, and b), respectively. The designed MA achieves a unique absorption properties
for polarisation incident angle () up to 90° due to the axial and rotating symmetricity. The
absorption behavior of different oblique incident angle (0) stability for the designed MA is
illustrated in Figs. 10(a and b) for TE and TM modes, respectively.

In TE mode, the electric field (E) and the magnetic field (H) propagate through the
x-axis, and Z-aXi_S), respectively. On the other hand, in TM mode, the electric field (E), and
magnetic field (H) with the direction of x- the axis and y-axis, respectively. The absorption
properties of 0° to 60° Oblique incident angle are listed in Table 2.

Table 2 and Fig. 10 shows that in TE mode, as the oblique incident angles increase from 0°
to 457, the average absorption and peak absorption are increased. On the other hand, from 45°
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96 96

94 4 944

S N s
© —20°
£ 92 =30 £ 91
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= £
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E E
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86 . 86

Top layer
84 Middle layer \ 84
82 T Sround ey . . . 82 T T T T T T T .
300 600 900 1200 1500 1800 2100 2400 2700 300 600 900 1200 1500 1800 2100 2400 2700
Wavelength(nm) Wavelength(nm)
(a) (b)

Fig.9 Polarisation insensitivity of a TE mode and b TM mode
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Fig. 10 Oblique incident angle stability a TE mode, b TM mode
Table2 Absorption -
1 TE ™
characteristic of different oblique 312121(131;:1 mode mode
incident angle theta (0) angle Average Peak Average Peak
absorption absorption  absorption absorption
(%) (%) (%) (%)
0° 92.86 99.41 92.86 99.41
15° 93 99.54 92.46 99.25
30° 93.49 99.77 91.15 98.51
45° 93.32 99.64 87.53 96.07
60° 89 96.62 77.82 88.47

to 60°, the average and peak absorption values keep decreasing simultaneously. The maximum
average and peak absorption are observed in 30° oblique incident angles. Likewise, in TM
mode, as the oblique incident angles increase from 0° to 60, the average absorption and peak
absorption have decreased. The highest average and peak absorption are noticed in 0° oblique
incident angles.

3.4 Electric field, magnetic field, surface current, and temperature distributions

On the way to clarify the physical structure of the designed MA, the electric field (E), mag-
netic field (H), and surface current distribution (SCD) have been analyzed. Moreover, the
EF, MF, and surface current are examined as different operating wavelengths. Moreover, the
EF, MF, and SCD are calculated by using Maxwell equations. Hence, the fluctuating electric
charge causes a rise in the electric field in front of it and a reduction in the electric field on the
flip side of it, and these modifications create a strong magnetic field. The fluctuation of the
magnetic field depends on the electric field concerning time and vice versa. The electric field
and magnetic field are calculated by Egs. (14) and (15), respectively (Saadat-Safa et al. 2019).

Davg= EeffEOEavg (14)
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Bavg: Meff”OHavg (15)

where D, is electric flux density, g is free space permittivity, €.q is effective permittivity,
E,y s electric field density, B,,, is magnetic flux-density,  is free space permeability,

ave 18 magnetic field density. The flax densities related to the H
and E field can be calculated through Maxwell integral Egs. (16) and (17).

is effective permeability, H
Hdl=0+2 || D.ds
T ot ' (16)
c s

d
C N

where E and H denote electric field intensity and magnetic field density,respectively. On
the other hand, B indicates magnetic flux density and D denotes electric flux density. The
integral equations are calculated with the surface or when the magnetic field illustrates
non-uniform fluctuations rapidly shift after passing through electromagnetic wave propaga-
tion. Normally, the permittivity grasps unity in a constant field distribution, but, in this cir-
cumstance, H and B are asymmetric as well as non-uniform and hence the resulting elec-
tromagnetic wave propagates. At the resonance wavelength, the EF and HF distributions
specifie the relevant enormous concentration in certain specific areas of the upper surface.
On the other hand, the surface current density is defined as the flow of charge through
any cross-section of the conductor. This current density creates a magnetic field. With a
stronger current density, the intensity of the magnetic field also increases. From the defini-
tion of the current density can be represented as Eq. (18).

d’1
IJ=— 18
A (18)
The current density can be calculated by Eq. (19) (Parazzini et al. 2011).
J=0XE (19)

where J is current density, ¢ is conductivity, and E is the electric field.

In Figs. 11(a, and b), the electric field (EF), and magnetic field (HF), is analyzed
at 300 nm, 1550 nm, and 2800 nm wavelengths in both TE and TM modes, respec-
tively. Figure 11a, it demonstrates that the electric field is mainly sited among the top
of metallic patches and dielectric layer parts, particularly at the top and bottom mar-
gins of every resonator slide for (TE) polarisation and also for (TM). The red color
represents the intense electric field. Yellow indicates quite dense regions, whereas blue
represents minor packed regions. Figure 11b it can clearly understand that the shape of
the metasurface is responsible for the resonance consequence. There are some meth-
ods for EM extension that are constrained with the help of boundary conditions on the
magnetic field intensity. The incident ray that enters the designed unit cell is reflected
in the ground and the resonant metal. Thus, EM waves are mainly confined to dielectric
spacers. These blockaded plasmons create strong HF. The red color represents the most
intense HF. The yellow and green represent soberly dense zones. However, the blue
represents less packed zones. In Fig. 12a, surface current distribution is observed. The
most current distribution is represented by red; yellow and green denote less. Figure 12b
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Fig. 11 a The electric field of proposed MA at TE and TM mode, b the magnetic field of proposed MA TE
and, TM mode
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Fig. 12 a the surface current distribution of proposed MA at TE and TM mode, and b temperature distribu-
tions

shows the temperature distribution on the metallic surface of the MA in the Kalvin
scale. From Fig. 11 a, b and Fig. 12 a, it is observed that the metallic cube resonator in
the center experiences the most EM excitation and temperature change. This coherent
relation can be explained by the Stefan-Boltzmann law (Wellons 2007). The tempera-
ture of the absorber is directly proportional to the intensity of the electromagnetic field
density, according to the Stefan-Boltzmann law, which states that the total energy radi-
ated by a blackbody is proportional to the fourth power of its absolute temperature.

Therefore, when an optical metamaterial absorber is exposed to light, it absorbs some
of the electromagnetic energy and converts it into heat. This heat causes the temperature
of the absorber to increase, which affects its optical properties. As the electromagnetic
field density increases, the amount of absorbed energy increases, causing the tempera-
ture of the absorber to increase. This temperature change can also affect the dielectric
constant of the material. The temperature dependence of the dielectric constant can be
described using a mathematical model such as the Debye equation (Martin et al. 1971).
The Debye equation is an empirical relationship that describes the dielectric constant
of a material as a function of temperature and frequency. It takes the form of Eq. (20)
(Sheng et al. 2013).

(e, —&p)

Ty=¢, + —3 0
e =g+ 1 + (iwz(T))

(20)

In Eq. (20), &(T) is the dielectric constant of the material as a function of tempera-
ture T, €, is the dielectric constant at high frequencies, where the polarization response
of the material is negligible, € is the static dielectric constant, which describes the long-
term polarization response of the material, o is the angular frequency of the electromag-
netic field ©(T) is the relaxation time, which describes the time it takes for the polarization
response of the material to decay to a negligible level, i is the imaginary unit and B is an
empirical parameter that describes the shape of the frequency dependence of the dielectric
constant. Now using Eq. (20), the electric field Egs. (14) can be rewritten as (21). Simi-
larly, the magnetic field Eq. (15) can be rewritten as Eq. (22). These equations show that
the electric and magnetic flux densities are proportional to the electric and magnetic field
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intensities, respectively, and are also dependent on the temperature-dependent dielectric
constant and magnetic permeability of the material.

Davg= 5(T)60Eavg (21)

Bavgz ﬂ(T)”()Havg (22)

The temperature dependence of &(T) and u(T) can be modelled using empirical equa-
tions or experimental data and may be influenced by various factors such as the material
composition, structure, and frequency of the electromagnetic field.

3.5 Bending Effect of MA

The proposed MA sheet may have some exterior effects that can appear throughout the
installation and maintenance levels (Hakim et al. 2022b). The complete structure is bent
together from —16° to 16° with 4° intervals. Convex bending (negative bending) and con-
cave bending (positive bending) are demonstrated and analyzed. These two bendings are
adept with the designed unit cell for flexible stress and firmness. Figures 13 (a, and b)
show the result of convex and concave bending, respectively. It can be seen that the rate
of absorption decreases with the bending angle increased. With the increased bend angle,
the space of the top layer patch gets reduced. As a result, the resonant frequency (fg) has
increased. The resonant frequency is determined by fy =1/ (271\/5). Where C and L
indicate capacitance and inductance, respectively. For different bending angles, the average
and peak absorption are listed in Table 3.

4 Comparative study of the existing design

Table 4 shows a detailed comparison of state-of-the-art research and the present designed
MA. The comparison is based on used materials, dimensions, operating wavelength, aver-
age absorption, maximum absorption, bandwidth, MA configuration and oblique incident
angle independence, etc. The MA presented in Hakim et al. 2022a; Chen et al. 2023) are

100 100
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g.13 Bending effects under a convex stress and, b concave stress
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Table 3 Absorption properties

: . Bending angle Convex bending Concave bending
of various negative (convex)
and positive (concave) bending Average Peak Average Peak
angles absorption  absorption absorption  absorption
(%) (%) (%) (%)
0° 94.42 99.41 94.42 99.41
88.62 97.09 90.61 98.32
8" 88.85 97.63 89.97 98.11
12° 88.91 97.94 89.46 97.95
16° 89.08 98.23 89.05 97.79

presented for visible optical wavelengths absorption using dual resonators. Consequently,
the MA in Zhang et al. (2021); Musa et al. 2022; Li et al. 2022) are designed for both vis-
ible and infrared regions, where multilayer approach is utilized for the wide absorption
bandwidth. On the other hand, the proposed single layer square enclosed square resonators
(SESR) structure forms strong EM coupling to achieve broad and high absorption band-
width from visible to infrared wavelength, which is a significant contribution with respect
to reported works. In addition, the proposed SESR structure shows higher oblique inci-
dent angle stability than (Chen et al. 2023; Musa et al. 2022; Li et al. 2022) and higher
average absorption than (Hakim et al. 2022a; Chen et al. 2023) (Li et al. 2022). The aver-
age absorption of the designed SESR metamaterial achieves 94.47% (360-1750 nm), and
the peak absorption is 99.77% at 900 nm. The designed SESR is smaller than the others
listed MA in Table 4, which increases the absorption efficiency over a particular size of the
MA plane. Moreover, the absorption characteristics of various banding conditions are also
analyzed. Finally, the improved average absorption in wide operational bandwidth, wide
oblique incident angle stability, polarization insensitivity, and bendable properties, make
the proposed MA a potential candidate for visible and infrared regime applications.

5 Conclusions

In brief, a Ni-SiO,-based MA is designed and investigated with polarisation-insensitive
and oblique incident angle stability for visible and optical window applications. The pro-
posed MA is investigated by studying the electric field, magnetic field, and surface cur-
rent density at the resonance absorption wavelength. The MA has achieved an average of
94.47% from 360 to 1780 nm and a peak of 99.47% at 900 nm. The MA shows oblique
incident angle stability up to 60° for both TE and TM modes. The wide bandwidth with
high absorption and bendable properties makes the proposed MA suitable for solar energy
harvesting, photodetector, light trapping, etc.
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