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Abstract
Metamaterial absorbers (MMA) attract great interest due to their unique properties. For energy harvesting from solar MMA 
in the optical region having wide bandwidth is one of the top research sectors nowadays. Our main solar source is the sun 
which includes UV, NIR and visible wavelength. Among them, the visible wavelength is most important for harnessing 
energy. Absorber operating in this region has a variety of application fields. In this study, the process of achieving a high 
absorption rate for total solar visible wavelength is being proposed. Various properties of the proposed MMA have also been 
analyzed to comprehend its characteristics. Geometric analysis was performed to optimize the design and output characteris-
tics for optimal value and probable application. Cross and co-polarization, along with PCR (Polarization Conversion Ratio) 
verification, were also evaluated. The proposed MMA operates for full visible wavelength spanning 380 nm to 700 nm. It 
has an absorption rate of 97.8% and peak absorption of 99.9%. An above 90.8% absorption level was achieved throughout 
the operating wavelength. Furthermore, this absorber is totally polarization insensitive and the incident angle is independ-
ent up to 70°. A comprehensive parametric assessment has been conducted to accurately characterize the absorber and 
understand how the results are derived. Finite Integration Technique (FIT) has been employed for calculating absorbance 
and reflectance. The proposed model shows similar absorbance across TEM, TE, and TM waveguide propagation modes. 
Furthermore, the constancy of the polarization angle has been validated. Because of the excellent metamaterial properties, 
the proposed metamaterial absorber can be used for optical range, solar harvesting, solar cell, and solar thermophotovoltaic 
(STPV) applications. It can be used for light-detecting and sensing applications as well.
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1  Introduction

For ages, scientists have tried to control the properties of 
light and sound as they interact with our sensory systems. 
They have tried to get control over electromagnetic waves 
to manipulate them according to their will. Victor Vesel-
ago, the Russian physicist, invented left-handed materials 
[1] in 1967, setting the base for metamaterials. A meta-
material [2] is a new artificially engineered material for 
manipulating electromagnetic waves. They possess some 
extraordinary characteristics, such as negative permittivity 
[3–5], negative permeability [6] and negative refractive 

index [7], that natural material cannot. These distinct prop-
erties enable nanoscale light manipulation [8], leading to 
the development of ground-breaking technologies such as 
super lenses [9, 10], invisibility cloaks [11, 12], and per-
fect absorbers [13–15]. Furthermore, metamaterials can 
manipulate waves at a wide variety of frequencies, includ-
ing radio waves, microwaves [16–18], terahertz waves [19, 
20], and even optical frequencies [21–23]. Since the con-
cept was developed by victor veselgo, researchers have 
tried to break the limitation of prior work. Advancement in 
this field leads them to unlock various exclusive features. 
Metamaterial absorbers absorb specific frequencies, which 
makes it suitable for various applications such as sens-
ing [24–26], imaging [27, 28], detecting [29, 30], energy 
harvesting [31, 32] and so on. MMA now used in satellite 
communication [33–35], antenna system [36–43], and in 
biomedical sector [44, 45], telecommunication [46–48], 
radar applications [49, 50]. The range of applications in 

 *	 Md Raihan 
	 mohammedraihan133@gmail.com

1	 Department of Electrical and Electronic Engineering, 
International Islamic University Chittagong, 
Chittagong 4318, Bangladesh

http://orcid.org/0009-0001-6009-1077
http://crossmark.crossref.org/dialog/?doi=10.1007/s00339-024-07513-8&domain=pdf


	 M. Raihan et al.351  Page 2 of 14

this area grows daily, and the door of many application 
fields is opened by metamaterial. Metamaterials are also 
used in acoustics and vibration control to reduce noise 
[51–53] and soundproofing [54, 55]. They also have sub-
applications such as superlensing [56–58], and electro-
magnetic shielding [59, 60], breast imaging [61–63], head 
imaging [64]. Potential future fields for metamaterials as 
research improves include quantum technology [65, 66], 
wearable electronics [67, 68], robotics [69, 70], deep 
learning based metamaterial for antenna, IOT [71, 72], 
and environmental sensing [73]. Collecting energy from 
solar using metamaterial draws significant attention due 
to the easy fabrication process and absorption efficiency. 
Researchers are trying to break the barrier of some limi-
tations that are still faced in MMA. This [74] research 
shows a structures and manufacturing of an MMA made 
of TiN material with efficient and wide-spectrum light 
absorption. Across the range of 400–800 nm, the absorber 
with a thickness of 240 nm exhibits absorption character-
istics that remain unaffected by polarization, exceeding 
87% and often reaching over 95% absorption, especially 
around 650 nm where it achieves near-complete absorp-
tion with an average of approximately 95% within this 
spectral range. This [21] research proposes a visible spec-
trum metamaterial absorber using tungsten-based frac-
tal architecture, achieving over 90% absorbance within 
400–750 nm. It maintains steady absorption (above 70%) 
over incident angles of 0°–60° under the TE mode. Tung-
sten-based fractal architecture achieves 90% absorbance 
within 400–750 nm, maintaining steady absorption under 
transverse electric mode [75]. The study [76] presents a 
DSR metamaterial absorber (MMA) capable of absorbing 
all visible optical wavelengths with TE and TM modes 
that is independent of polarization. It attains an average 
absorption rate of 97% over the entire visible range, with 
constant absorption qualities demonstrated through the 
application of the interference theory (IT) model and the 
assessment of the polarization conversion ratio (PCR). A 
study [77] proposed a highly effective transparent meta-
material absorber (MMA) with near-perfect absorbance 
(> 90%) over a wide frequency range 301 THz to 844 THz, 
relative bandwidth of 94.8%). The MMA demonstrated 
polarization insensitivity and stable absorbance (> 80%) at 
broad angles within specific geometric parameters.

In this paper we proposed a metamaterial absorber with 
high absorption that is about 97.8% in average throughout 
the whole wavelength. This compact MMA is designed 
using the material Tungsten and silicon dioxide to meet 
the optical absorption properties. It shows wide incident 
angle up to 70° and shows excellent Polarization insensi-
tivity. we’ve analyzed the MMA with different material to 
see the output and potential application. The MMA can 

be used as solar harvesting, light detector, sensing, Solar 
thermophotovoltaics etc.

2 � Material choices

Perfect material choice is an important factor to achieve 
desired output from a design. For absorber working perfectly 
without losing its thermal and optical property, temperature 
stability is a crucial part. Several studies have shown that 
absorbers made of refractory metals are effective at absorb-
ing electromagnetic radiation. Their availability, high costs, 
and low melting points, however, limit their efficiency in cer-
tain applications, such as solar thermophotovoltaics [78–80]. 
Moreover, considering our intended operating wavelength 
within the optical region, it is crucial for the chosen material 
to endure high-frequency temperatures. Due to its favorable 
impedance match in free space and minimal ohmic losses we 
have selected Tungsten (W) as both our metal resonator and 
blocking plate material. The high melting point of this metal, 
at 3422 °C [81] renders it suitable for use in high-tempera-
ture environments. Furthermore, its electrical conductivity 
of 1.89e + 07 (S/m) enhances its suitability for such condi-
tions The primary benefit of utilizing tungsten lies in its abil-
ity to amplify light absorption within the spectrum’s shorter 
wavelengths [82]. Due to its favorable impedance match in 
free space and minimal ohmic losses, Tungsten emerges as a 
suitable candidate for both resonator and ground layer appli-
cations. The precise configuration of the physical structure 
plays an important role in detecting the resonance wave-
length. These resonance characteristics primarily arise from 
the dissipation of electromagnetic wave energy within the 
absorber’s electromagnetic resonance mode and the field dis-
sipation effect induced by the substantial imaginary compo-
nent of the tungsten metal layer. When compared to alterna-
tive refractory metals, tungsten (W) possesses a diminished 
vapor pressure and a low infrared emissivity [83]. It is a 
potential material for optical regime metamaterial absorb-
ers because it absorbs a significant amount of electromag-
netic energy in the visible and near-infrared regions [84]. 
In nanotechnology, silicon dioxide (SiO2) is a highly used 
compound. It’s a key component in various minerals and 
construction materials like glass, brick, and concrete, mak-
ing up about 90% of the Earth’s crust. Silicon is prevalent 
in nanostructures and semiconductor devices, constituting 
over 99%. Its primary role is as an insulator in silicon-based 
devices. Recently, there has been a significant increase in the 
use of silicon dioxide for capturing solar energy. It is widely 
used in optoelectronic components, including light-emitting 
diodes and lasers especially in concentrator applications. 
SiO2 has a high melting point of 1600 °C [85], allowing it 
to tolerate high temperatures without melting or deteriorat-
ing. SiO2’s thermal stability makes it appropriate for use 
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in high-temperature environments, such as solar thermo-
photovoltaic systems and optical window applications. In 
addition, SiO2’s low refractive index facilitates the positive 
coupling of capacitance and inductance, resulting in a broad 
bandwidth and strong absorption [86]. A standout feature of 
Silicon Dioxide and its alloys, as materials for photovoltaic 
cells, is its broad spectrum of design options.

3 � Design and simulation

The choice of substrate material plays a crucial role in 
determining the performance of the metamaterial absorber. 
In this investigation, Silicon Dioxide (SiO2) was selected 
as the substrate due to its effectiveness as a semiconduc-
tor in various optoelectronic devices. The SiO2 substrate 
offers multiple design possibilities to achieve the desired 
outcomes. The design and depth of the SiO2 layer have a 
significant impact on the efficiency of the metamaterial 
absorber. In this study, a square-shaped model is proposed, 
and through a series of trials, it was determined that the 
optimum absorption rate is achieved with a square sub-
strate having dimensions of 1000 × 1000 nm and a thick-
ness of 160 nm. The layout of the Tungsten resonator is a 
crucial element in the design of the metamaterial absorber. 
Metamaterial features emerge when a material interacts 

with wavelengths greater than its own. The resonator in 
this study resembles a flower shape, featuring a ring struc-
ture inside, with specific dimensions illustrated in Fig. 1 
and  Table 1).

The resonator is intentionally designed with visible 
wavelengths larger than the edge wavelength, enabling 
effective absorption in the visible range (380–750 nm). 
The chosen octagonal flower form results in a polariza-
tion-insensitive resonator. The thickness of the Tungsten 
resonator is fixed at 15 nm, a critical factor significantly 
influencing the absorption rate. For simulation, we utilized 
CST MWS, employing a frequency-domain solver based 
on the Finite Integration Technique (FIT) to model the res-
onator. Both the FIT solver and CST MWS operate on the 
foundation of the Integral Formulation of Maxwell’s Equa-
tions. Frequency domain solutions are particularly effec-
tive for smaller structures like unit cells and Frequency 
Selective Surfaces (FSS). The waveguide port’s orientation 
aligns with the x, y, or z axes for accurate evaluation of the 
blocks. Harmonic equations, in either differential or inte-
gral configuration, can be employed to assess the model. In 
the frequency domain, the finite element technique (FEM) 
is applied to discretize the surface into triangular elements. 
Integral equations are also used in phasor representation 
for these diminutive surfaces. These simulation techniques 
ensure a comprehensive analysis of the metamaterial reso-
nator’s behaviour.

Fig. 1   Demonstration of a design steps of the MMA b front and side view of the MMA with dimension

Table 1   Parameter list of the 
structure

Parameter L tg td tr D1 D2 W2 R1 W1

Value
(nm)

1000 160 60 15 340 540 22 360 142.85
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3.1 � Absorption mechanism

The absorption characteristic of a metamaterial absorber 
depends on some parameter such as S11, S21 etc. S11 denotes 
the coefficient of reflection, while S21 is connected to the 
coefficient of transmission T by the equation S21 = Teik0d 
when an incident plane wave strikes a uniform slab with 
a thickness denoted as ‘td,’ and the coordinate origin is 
aligned with the initial face of the slab. Using Eqs. (1) and 
(2) S11 and S21 can be calculated. Here, ‘k0’ represents the 
wave number of the incoming wave within the open space. 
Through the linkage of the S parameters with the refractive 
index (n) and impedance (z),

Given R = (z–1)/(z + 1), it’s worth highlighting that by 
inverting Eqs. (1) and (2) to solve for the refractive index 
‘n’ and impedance ‘z’, we can consequently derive Eqs. (3) 
and (4).

where X = 1∕2S21
(
1 − S2

11
+ S2

21

)
.

Our primary goal was to demonstrate that attaining opti-
mal absorption within a designated frequency range requires 
ascertaining the intrinsic impedance relative to the free space 
impedance (Zo) of the medium from which the incident 
wave approaches the structure. The effective permittivity and 
permeability of the medium are automatically derived from 
the S parameters, employing Nickolson-ross-Weir equations 
[87]. The NRW (Numerical Reflectance and Wave Trans-
mission) method utilizes the magnitudes and phases of the 
reflected and transmitted waves to determine the constitutive 
parameters. Another calculation method involves using an 
absorption equation. The absorption value can be derived by 
leveraging the values of reflection and transmission. These 
precise measurements are obtained through the utilization of 
two ports strategically located at the anterior and posterior 
facets of the absorber configuration. The equation governing 
absorption is as follows:

The goal is to improve absorption. This involves 
managing both reflection R(ω) =|S11| and transmission 

(1)S11 =
R
(
1−ei2nk0d

)

1 − R2ei2nk0d

(2)S21 =

(
1−R2

)
eindk0d

1−R2 ∗ ei2nk0d

(3)z = ±

√
(1 + S11)2 − S212

(1−S11)2 − S212

(4)einkd = X ± i
√
1−X2

(5)A(�) = 1−R(�) − T(w)

T(ω) =|S21|. Variables in question have a tendency to 
exhibit frequency-dependent dynamics owing to the dis-
persive nature of their underlying structure. The transmis-
sion T(ω) is hindered by a Tungsten plate, seen in Fig. 1b. 
As a result, T(ω) becomes less important, emphasizing 
the link between the structure’s absorption and R(ω). The 
analysis of the proposed design follows the absorption 
equation,

3.2 � Result and discussion

In Fig. 2, we can see the absorption and reflectance traits 
spanning from 400 to 700 nm. These traits pertain to three 
different modes TEM, TE, and TM. The resonator is made 
of tungsten, while the dielectric layer is composed of sili-
con dioxide. These traits stem from Eqs. (1) and (2), using 
the s-parameter extracted from simulations. This design 
exhibits remarkable absorption and reflectance charac-
teristics within the optical range across all three modes. 
The average absorption remains nearly identical for TEM, 
TE, and TM modes, highlighting the symmetry and qual-
ity of the design. The unit cell boasts an average absorp-
tion of 97.8% within the optical spectrum. At precisely 
540.65 nm, an almost complete absorption peak (99.99%) 
manifests for all three modes. The designed absorber 
showcases exceptional potential in capturing solar energy 
throughout the day, with an efficiency of up to 9%. This 
performance surpasses semiconductor absorbers that suffer 
from energy losses. From the figure depicted in Fig. 2, it 

(6)A(�) = 1−R(�)

Fig. 2   Demonstration of the proposed absorber’s absorption and 
reflection pointing the resonance point



Octagonal flower‑shaped wideband polarization insensitive metamaterial absorber for solar… Page 5 of 14  351

can be seen that at point 540.65 nm the resonance point 
occurs and thus the maximum peak absorption occurs. At 
this point the electron of the structure vibrates.

3.3 � Co‑polarization and cross‑polarization

As observed earlier, the curve of absorption is derived using 
Eqs. (5) and (6). Nevertheless, when employing an MMA, a 
pertinent query arises: Does the unit cell operate as a polariza-
tion converter, resulting in the PCR value instead of absorp-
tion. Despite the symmetrical nature of the structure, we har-
nessed Eqs. (7) and (8) to illustrate both co-polarization and 
cross-polarization constituents in Fig. 3. The negligible pres-
ence of the cross-polarization component on the linear mag-
nitude scale in Fig. 3 indicates that the design refrains from 
altering waves within the wavelength span under examination.

(7)||S11||
2
=

|
|
|
Ryy

|
|
|

2

+
|
|
|
Ryx

|
|
|
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(8)||S11||
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(9)PCRTE =
(Ryx
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2)

(10)PCRTM =
R2
xy

(
R2
xx
+ R2

xy

)

In this scenario, Ryy and Rxx represent the reflectivity 
related to co-polarization, while Ryx and Rxy are the reflec-
tivity associated with cross-polarization [88, 89]. Addition-
ally, the PCR (polarization conversion ratio) for the unit 
cell can be calculated using Eqs. (9) or (10), as depicted in 
Fig. 3(b). From figure it is evident that even the maximum 
point of the PCR value is below 0.03. The PCR value for 
the proposed design approaches zero for both TE and TM 
modes, effectively eradicating any concerns about polariza-
tion conversion traits.

Incident angle simulation for metamaterial absorbers is 
necessary to study their performance and effectiveness under 
different polarization conditions. The incident angle refers 
to the angle at which the wave approaches the absorber’s 
surface. Incident angle simulation for metamaterial absorb-
ers is essential for assessing their absorption characteristics 
under different incident wave angles and polarization states. 
In the case of incident angle and polarization, metamaterial 
absorbers are often designed to operate efficiently for spe-
cific polarizations and limited incident angles. However, the 
real-world environment may introduce incident waves with 
different polarization states. By simulating various polari-
zation conditions, researchers can evaluate the absorber’s 
performance and determine if it can effective. The absorp-
tion characteristics of the devised absorber were addition-
ally assessed through a visual representation of the angle 
of polarization. This portrayal can be observed in Fig. 4(a) 
and (b).

The stability of the incident angle is also assessed, as 
depicted in Fig.  4(c) and (d). This evaluation encom-
passes both TE and TM modes, investigating polarization 
across angles from 0° to 70°. Suggested design showcases 

Fig. 3   a The unit cell’s behaviour in terms of co-polarization and cross-polarization. b The Polarization Conversion Ratio (PCR) for the 
designed unit cell, assessed in both TE and TM modes
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exceptional absorption qualities that remain consistent 
across both TE and TM modes, spanning a range of incident 
EM wave polarization angles from 0° to 70° with increments 
of 10°. Whether the angle is in all the polarization mode it 
does not affect the absorption property of the metamate-
rial. The average remain 97.8% in all mode and the peak is 
99.99% at 54.65 nm.

3.4 � Geometric sweep

The parameters wield considerable influence over the geo-
metric configuration, with the geometric structure in turn 
exerting a substantial impact on absorption. The crucial 
parameter exploration is elucidated, as demonstrated in 
Fig. 5. Notably, a significant fluctuation manifested during 

alterations in dielectric thickness (td), evident in Fig. 5(a). 
In recent previous research, the thickness varied from 60 
to 150 nm[90–92]. Inspired by these thickness values, we 
selected an optimized dielectric thickness of 60 nm. A sig-
nificant change in absorbance was observed when transi-
tioning from 50 to 70 nm thicknesses, leading to a red shift 
in absorbance. Specifically, resonance readings of 99.3%, 
99.88%, 99.99%, 99.95%, and 99.76% were recorded for 
dielectric layer thicknesses of 50, 55, 60, 65, and 70 nm 
respectively. These resonant wavelengths experienced linear 
shifts in response to changes in dielectric layer thickness, 
settling at 496.8, 515.8, 564, 540.65, 672.85, and 602 nm, 
respectively. Peak absorption gradually increases as the 
dielectric thickness increase but start to reduce for further 
increase. Moreover, the resonant point shifts from left to 

Fig. 4   The Illustration of alterations in the angle of polarization angle for a TE mode and b TM mode, as well as variations in the incident angle 
for c TE mode and d TM mode
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right for dielectric thickness changes that is described visu-
ally in the figure mentioned.

The increase in the thickness of the dielectric insulator 
influences the current flow in the ground layer and the 
inductance of the meta-structure [93]. In simple, when 
the dielectric thickness is increased, the meta-structure 
absorbs longer wavelengths in the electromagnetic spec-
trum. This is evident in the proposed metamaterial absorb-
er’s absorbance characteristic, specifically in the range of 
420–500 nm. As the thickness increases, the absorption 
peak shifts towards longer wavelengths. This shift rep-
resents the blue shift which is caused by coupling that 
occurs between the resonator and bottom plate [94]. Con-
versely, elevating absorption peaks is challenging with 
a small dielectric thickness [95]. Controlling the thick-
ness of the spacer in metamaterial absorbers allows for 

the manipulation of total reflection; achieving anti-phased 
reflections with equal amplitudes at a critical spacer thick-
ness leads to destructive interference, ultimately resulting 
in perfect absorption of the incident waves[96]. There-
fore, the optimized value of dielectric layer was chosen 
60 nm as the impedance matched at this value perfectly. 
The thickness of the resonator (tr) is systematically var-
ied between 5 and 25 nm, with an incremental step of 
5 nm. The outcomes of this variation are elucidated in 
Fig. 5(b). Notably, the resonant absorption experiences 
an upward trajectory with the expanding thickness until it 
reaches 15 nm, beyond which it undergoes a decline. This 
shift is attributed to the influence of resonator thickness 
on achieving an optimal match with the free-space imped-
ance. The structure is created with a thickness of 15 nm to 
get the optimum impedance matching.

Fig. 5   Change of a dielectric thickness b resonator thickness and c change of W2
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The resonant absorption is 98.2%, 99.90%, 99.99%, 
99.37%, and 99.25% for different “tr” values such as 5, 10, 
15, 20, 25 nm. Parameter ‘W2’ changed from, 16 nm to 
24 nm with an increment of 2 nm. Figure 5 (c) represents 
that the absorption for changing the gap width “W2” from 
16 to 24 nm does not affect much.

3.5 � Absorption with different dielectric 
and resonator

Our chosen substrate is silicon dioxide (SiO2). However, it’s 
important to analyze the effects of using different materials 
for both dielectric and metal components. Using a dielec-
tric material that was altered, we conducted an analysis. A 
comprehensive study was conducted to explore how meta-
material absorbers perform with varying substrate and metal 
materials. We evaluated four materials as substrates: alu-
minum nitride, gallium arsenide (GaAs), amorphous silicon 
(a-Si), and silicon nitride (Si3N4).

Figure 6(a) shows a progressive rise in absorption for 
silicon nitride, accompanied by a movement to the left in 
the resonant point. Notably, the maximum peak absorption 
of 99.98% occurs at 674.2 nm. However, this increase in 
peak absorption is offset by a decrease in overall absorp-
tion rate. Gallium Arsenide, on the other hand, has lower 
absorption levels than the others, whereas amorphous silicon 
has around half the absorption throughout the full wave-
length range. Moving on to Fig. 6(b), we investigate the 
absorption characteristics of several metals. This research 
focuses on five metals: aluminum, copper, gold, platinum, 
and tin. Surprisingly, two nearly-perfect absorption peaks 
appear at 400 nm and 570 nm, respectively, with absorption 

rates of 99.998% and 99.9978%. Another prominent peak at 
624.56 nm has a 98% absorption rate.

From the figure and previously done analysis it is evi-
dent that tungsten possesses high efficiency rather than 
other material. The broadband high absorption of tungsten 
is attributed to its high intrinsic loss, along with the presence 
of surface plasmon polaritons and magnetic polaritons [97]. 
The primary benefit of utilizing tungsten lies in its ability 
to amplify light absorption within the spectrum’s shorter 
wavelengths [82]. In addition the substantial real component 
of its dielectric constant, tungsten exhibits a high reflec-
tance of light in the infrared spectrum but a high absorb-
ance of light in the visible spectrum [84]. Hence, due to its 
favorable impedance match in free space and minimal ohmic 

Fig. 6   Analysis of the absorption utilizing various a resonator layer material and b dielectric layer’s material

Fig. 7   Comparison of absorption obtained interference theory and 
simulation



Octagonal flower‑shaped wideband polarization insensitive metamaterial absorber for solar… Page 9 of 14  351

losses and the unique features mentioned tungsten exhibits 
improved absorption.

3.6 � Validation the MMA with interference theory

Using the interference theory, the absorption mecha-
nism can be explaining also this theory can validate the 
absorption efficiency. As indicated in the inset to Fig. 7, 
at the air-spacer interface with the cross-resonator array, 
a portion of the incident electromagnetic wave is par-
tially reflected back to the air with a reflection coefficient 
RA12 = RA12e

j�12 the other part of Em wave propagate inside 
the dielectric layer with coefficient TP12 = RP12e

j�12 . The 
transmitted light continues to propagate until it reaches 
the ground plane. This transmitted wave propagates with 
a complex propagation phase = � = �p + i�M =

√
�dK0d 

where βp is the propagation phase and βM represents 
absorption happens in dielectric. Free space wave number 

is denoted as K0 and d is the propagation distance. The 
transmitted wave reflects back at the bottom metal layer, 
and partial reflection and transmission occur at the adja-
cent region of the resonator and dielectric with a reflection 
coefficient. RA12 = RA12e

j�12 and transmission coefficient 
TP12 = TP12e

j�21 . The total reflection is the outcome of the 
superposition of multiple reflections and can be expressed 
as below [98],

The graph obtained from the calculations is illustrated 
in Fig. 7, where the simulation results are compared with 
those obtained from interference theory. The average 
absorption achieved from simulation is 97.8%, while the 
result extracted by the Interference Theory Model (ITM) 

(11)RT = RA12 −
TP12TP21e

j2�

1 + RA21e
j2�

E-field H-field

λ TE TM TE TM

380
nm

565.40 
nm

700
nm

Scale

Fig. 8   Demonstration of E field and H-field distribution at different wavelength including resonant point
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attains an average of 97.64%, indicating a nearly identical 
match between the two.

3.7 � E‑ field and H‑field

The absorption process can also be explained by the E-field 
(Electric field) and the distribution of the magnetic field H 
at the resonant frequency. The absolute value of the electric 
E-field is shown in Fig. 8 for the electromagnetic field at a 
wavelength of 540.65 nm (resonance). In Fig. 8, the E-field 
is largely located from the external surface of the resona-
tor to half of the center, including the corner space of the 
flower-shaped resonator, and it is greatest at the resonance 
value of 540.65 nm. Figure 8 shows a strong E-field for both 
TE and TM modes with wavelengths above. This is one of 
the most important reasons for the high absorption discussed 
previously.

The magnetic field exhibited in Fig. 8 for wavelengths 
of 380 nm, 565.4 nm, and 700 nm in both modes, like the 
E-field. Similar to the dependable and widespread E-field, 
the design exhibits a highly effective vast H-field. This char-
acteristic propelled the structure towards achieving an excel-
lent polarization-independent MMA across the entire optical 
spectrum.

In the previously presented absorption figure, a dip is 
noticeable in the range of 420–500 nm, attributed to the 
inefficient formation of resonance. To gain a comprehensive 
understanding of the absorption behavior within this wave-
length range, we conducted demonstrations of the E-field 
and H-field distributions for 450 nm (refer to Fig. 9). The 
electric field distribution at this wavelength indicates a low 
resonance, which is the contributing factor to the reduced 
absorption of the proposed Metamaterial Absorber (MMA). 
Only a small localized surface plasmon resonance occurs 
at the upper and lower sides of the structure and the sur-
rounding area of the resonator. The figure illustrates that, 
in this region, a low magnetic field distribution is formed 
throughout the structure. At a wavelength of 450 nm, the 

maximum resonance occurs in the lower dielectric layer, 
with low resonance on the surface of that layer. This obser-
vation suggests that propagation plasmon resonance is hap-
pening in that region. Conversely, low localized plasmon 
resonance occurs at the central resonator surface. Thus, at 
this wavelength, low resonance is responsible for the dip 
observed in the absorption curve. In the case of absorption, 
the E-field and H-field cause currents in the metamaterial, 
which, in turn, create an opposing electromagnetic wave. 
This conflicting wave interacts with the incoming wave, 
leading to detrimental interference and the absorption of 
energy. The metamaterials’ resonant characteristic allows 
them to link with the incident electromagnetic wave, increas-
ing absorption efficiency. Absorption may be improved for 
specific or desired frequencies by changing the structural 
and compositional landmark of the metamaterial. Overall, 
E-field and H-field interactions with metamaterials enable 
electromagnetic energy absorption by using resonant charac-
teristics and creating opposing waves via induced currents. 
This absorption property has a vast range of uses, including 
harvesting the energy, sensing, and electromagnetic wave 
manipulation.

3.8 � Comparative analysis

In this section, a comparison is made between the proposed 
metamaterial absorber (MMA) and comparable structures 
from recent studies encompassing the optical region. This 
MMA’s design distinguishes out in various ways, provid-
ing higher performance when compared to others. It has an 
ultrathin layer made of materials with improved tempera-
ture stability, which is critical for solar spectrum function-
ing. Furthermore, the materials employed in this design are 
less expensive than alternatives such as gold or silicon. The 
MMA performs well at incidence angles of up to 70 degrees, 
making it ideal for energy harvesting and sensing applica-
tions. Another benefit is the use of tungsten as the base 
metal, which eliminates the requirement for quartz or glass 
layers and lowers production costs. This suggested MMA 
is a great option for a variety of optical area applications 
because to its wide bandwidth of about 320 nm, exceptional 
99.999% absorption peak, and the aforementioned charac-
teristics that can be easily seen from Table 2.

4 � Conclusion

In this study, a noteworthy achievement has been made 
with the design of an extremely broadband metamaterial 
absorber (MMA) tailored for visible wavelengths span-
ning from 380 to 700 nm, corresponding to an impres-
sive frequency range of 400THz to 780THz. Utilizing 
tungsten and silicon dioxide material the most common Fig. 9   Distribution of a E-field and b H-field wavelength 450 nm
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method used here is a sandwich-type three-layer arrange-
ment that includes a metal-dielectric-metal layer. The 
resultant MMA has a wide bandwidth, with near-perfect 
absorption surpassing 90.28% over the spectrum. It also 
has a fascinating feature known as angular independence, 
which ensures consistent and strong absorption perfor-
mance independent of incidence angle. As seen in Fig. 6, 
the use of lossy Silicon Dioxide (SiO2) in our simulations 
increases the importance of this work. Furthermore, inten-
sive research involving four different dielectric materials 
has given a variety of still important results, as shown in 
figure.

Even though we were unable to create the MA during 
this study project, we predict that the measured values 
will closely match the projected outcomes. Future practi-
cal implementations have the potential to validate our find-
ings. Notably, the MMA’s angular independence makes it 
well-suited for solar energy harvesting applications, with 
its outstanding absorption of 99.999% and average absorp-
tion of 97.8% potentially increasing the efficiency of solar 
panels. Furthermore, the MA might be used as a half-power 
absorber by including Silicon Amorphous, Gallium Arse-
nide, or Aluminum nitride. Meanwhile, the inclusion of 
Silicon Nitride (Si3N4) extends the wavelength range, poten-
tially opening up uses as a light wavelength detector.
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