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Abstract—Absorber working in optical wavelength draws sig-
nificant attraction due to its vast field of application. A high-
efficiency metamaterial absorber (MMA) is proposed in this
study to utilize solar radiation perfectly. The MMA achieves
97.5% of total average absorption for the wavelength 375 nm
to 1000 nm. From 375 to 700 nm (visible band) it achieves
97.47% average absorption. This symmetrical meta-structure is
polarization insensitive along with the independence of angular
sensitivity up to 70°. Recent developments are discussed on the
attainment of several desired absorber characteristics, including
flexibility, tunability, polarization and angle independence, and
broadband and multiband operation. Additionally, recommenda-
tions for future lines of inquiry are provided.

Keywords—MMA, CST, absorber, solar harvesting, polariza-
tion, visible region, absorption

I. INTRODUCTION

Research on electromagnetic wave utilization focuses on
meta-materials (MTM’s) an artificially engineered material
designed to surpass natural substance properties. The term
”meta-material” signifies intentional deviation from natural
material characteristics. These synthetics exhibit exceptional
properties, diverging from typical natural material traits. Pre-
cisely engineering the design and structure of meta-materials
MTM’s at a sub-wavelength scale allows the attainment of
negative permeability [?], [1], negative permittivity [2], and
negative refractive index [3] which are distinctive properties
not found in natural materials [4].

These distinctive characteristics make the material appli-
cable across a broad range of disciplines including sensing,
energy harvesting [5], telecommunication [6], satellite appli-
cation [7], imaging system [8], super lenses [9], and wireless
application [10]. Meta-material absorbers are created to soak
up electromagnetic waves that come in, covering a broad [11],

[12] spectrum or particular frequencies [13], [14]. Research
has explored the efficiency of meta-material absorbers in
absorbing electromagnetic waves across the spectrum, from
microwaves to optical wavelengths [15]. In 2008 Landy et al.
[16] proposed the first MMA (meta-material absorber), which
offered the advantages of thin thickness and compact size com-
pared to conventional absorbers. Subsequent research efforts
delved into exploring potential applications and optimizing
the outcomes. Numerous studies have been proposed for
various frequency ranges such as terahertz [17], [18], gigahertz
[19], visible [20], and infrared [21] frequencies. MTM’s find
diverse applications, such as capturing wasted heat, detecting
multiple infrared colors, and achieving cooling below ambient
temperature. Studies in sensing, thermal imaging, and energy
trapping have been proposed in these domains. Notably, ab-
sorbers in the visible spectrum are significant, covering 48%
of solar wavelengths [22]. Solar energy conversion is one
very promising use for meta-material absorbers in the visible
spectrum. For many energy-related applications, especially in
the field of solar energy harvesting, complete absorption of
visible light is essential [23].

Researchers have proposed several architectures for a meta-
material absorber that include one or more layers of metal-
dielectric metal. These designs demonstrate effective absorp-
tion efficacy across a wide range of wavelengths and angles
and are independent of polarization in the visible region.
Luo et al. [24] proposed an absorber that operates in the
visible region (400 nm to 700 nm) that achieved 80% average
absorption for a wide angle up to 60°. An absorber operating
in the range of 400 nm to 700 nm exhibited an absorption
rate of 80%, as reported in a study by P. Zhu et al. [25] This
absorber is composed of stacked layers of Cu/Si3N4/Cu. A
three-layered absorber based on aluminum and silicon dioxide
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demonstrated an absorptivity of 95%, spanning the wavelength
range from 400 nm to 650 nm [26]. In a study suggested by
M. Bagmanci et al. [27]–[29] 91% absorption capacity was
attained in the frequency range 430 THz to 770 THz. Besides
energy harvesting applications, absorbers operating in visible
may find applications in various fields. Mahmud et al [30]
designed an absorber with an average efficiency of 96.77%,
operating in the wavelength range of 389.34 nm to 697.19 nm.
This absorber holds potential applications in optical sensors
and light detectors.

The mentioned works operate within the visible frequency
range; however, this bandwidth covers only 48% of the sun’s
total emission. Additionally, high absorption is required to
demonstrate efficiency, along with polarization insensitivity
and angular independence. To overcome the limitations of
these recent works, we propose a noble MMA capable of
achieving a high absorption of about 97.5% throughout the
entire operational wavelength, with an average absorption of
95.47% in the visible region. The MMA obtained a broad 625
nm bandwidth. Additionally, the proposed absorber maintains
its efficiency with polarization and angular independence up
to 70°. Such a suggested MMA can be utilized in solar
thermophotovoltaic (STPV) systems, enhancing solar cell ef-
ficiency, and thermal energy conversion systems.

II. STRUCTURE DESIGN

A common meta-absorber consists of a three-layer metal-
dielectric-metal. The material in these layers plays an impor-
tant role in absorption characteristics. Tungsten is an ideal
material for solar electromagnetic harvesting due to its cost-
effectiveness and exceptional chemical durability inhibits cor-
rosion resulting from interactions with oxygen, acids, and
alkalis [31], [32].
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Fig. 1: Design evaluation (a) dimension in front view (b)
thickness of layers

This characteristic allows for its use in robust environments.
Additionally, tungsten boasts a significantly higher melting

point of approximately 3,422 °C. The suggested design com-
prises three layers composed of tungsten and silicon dioxide.
The absorption formula is expressed as in EQ. (1),

A(ω) = 1− T (ω)−R(ω) (1)

The recommended metasurface absorber design was devel-
oped through the utilization of advanced 3D electromagnetic
analysis software, specifically CST MWS 2019. To accurately
simulate and model electromagnetic phenomena, this software
implements a robust combination of the Finite Difference
Frequency Domain (FDFD) solver, the Finite Integration Tech-
nique (FIT), and a tetrahedral mesh component. For both the
x and y-axes, unit cell boundary conditions were used. In
both the positive and negative dimensions along the z-axis,
the Floquet port was configured as an excitation source.

TABLE I: The parameter list of the absorber

Parameter Value (nm) Parameter Value (nm)

a 400 r 120
b 5 tb 150
d 49.6 tr 75
L 155.55 ts 55

The absorption coefficient is determined by the combination
of transmission (T (ω)) and reflection (R(ω)), where T (ω)
and R(ω) represent transmission and reflection coefficients,
respectively. In the case of the bottom layer made of tungsten,
a metal material, it impedes the transmission of the incident
wave, resulting in zero transmission. Consequently, perfect
absorption is dependent on achieving zero reflection, given
that absorption is the complementary factor to reflection. Thus
EQ. (1), becomes,

A(ω) = 1−R(ω) (2)

Design evaluation and dimension in the front view with
respective thickness of layers are shown in Fig 1. Various
theories have been examined to comprehend the absorption
mechanism of Metamaterial Absorbers (MMA). One such
theory is the impedance matching theory. According to this
concept, perfect or complete absorption takes place when the
impedance of the MMA structure matches that of free space.
Reflection in terms of impedance can be defined by, R(ω) =
[(Z(ω) − Z0) − (Z(ω) + Z0)]

2 . We can express impedance
in terms of permeability and permittivity Z =

√
((µ/ϵ)) [29].

Thus, the material property and the structural design influence
the absorption behavior.

A. Angular and polarization insensitivity
As the proposed design operates in visible and NIR regions

in which the radiation comes from the sun. to absorb properly
the incoming radiation the absorber should be polarization
and angular insensitive. To make polarization and angular
insensitive structure should be symmetrical in every aspect of
the viewing angle. Fig. 1 depicts the insensitivity of the po-
larization angle(ϕ) and incident angle(θ), where the suggested
one is angle and polarization-independent in different modes
(TE, TM, and TEM).



(a) (b) (c)

Fig. 2: Demonstration of absorption under (a) various propagation modes, (b) different incident angles (c) different polarization
angle
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Fig. 3: Illustration of absorption for (a) changing parameter b (b) changing parameter p (c) changing parameter r2 (d) changing
thickness ts (e) changing thickness tr (f) different dielectric material



Fig. 4: E-field and H-field distribution of the MMA for TE and TM mode

B. Parametric sweep analysis

To achieve optimum output from the proposed design, a
parametric sweep analysis was performed to select the opti-
mized value for the structure. As in Table I various parameters
have been mentioned. Fig. 2(a) and Fig. 2(b) depict the
absorption property for changing the radius of the outer circle
and the width of the circle. Maximum average absorption was
found for the value p=10 nm which is 97.01%. 96.81%, 96.8%,
96.5%, 96.32% average found for the values 5,15,20,25 nm
Efficiency increases with the increase in width from 5 nm to
10 nm, and further increase reduces the efficiency.

Centre line width is denoted as ‘b’ which is also optimized
by simulating the value from 5 nm to 25 nm. An average of
97% was found for this value and the rest of the achieved
average absorption for testing values are 96.80%, 96.64%,
96.44%, and 96.24%. best absorption we achieved for the
lowest value of width as we can see from the absorption
value with an increase in width absorption drops. The radius
of the outer circle also varied from 120 nm to 160 nm with
an increment of 10 nm.

The most important parameters are the thickness of dielec-
tric ’ts’ and resonator ‘tr’. Dielectric thickness changed from
45 nm to 55 nm with an increase of 5 nm. 96.44%, 96.77%,
97.5%, 96.02%, and 95% average efficiency was found for
the thicknesses of 45 nm, 50 nm, 55 nm, 60 nm, and 65 nm
respectively. Thickness ‘ts’ = 55 nm suit best for the design
best as it matched the free space impedance. In terms of
resonator thickness change 96.5%, 96.68%, 97.5%, 96.65%,
and 96.6% average were achieved for the thickness values
65 nm 70 nm 75 nm 80 nm, and 85 nm respectively. In
Fig. 3 demonstration of the influence of structure parameters
on absorption is given. Fig. 3(f) absorption under various
substrate materials also investigates where silicon dioxide

achieved excellent absorption. MMA with a-silicon, silicon,
and silicon nitride can be used as a half absorber [33].

The electric field and magnetic given in Fig 4 where we can
see that the magnetic field is confined mostly on the resonator
whereas the electric field is mostly distributed on the substrate.
The wavelength of the incident wave absorbs properly as the
capacitance is created by the resonator and dielectric layer.

III. COMPARISON

From the previous literature review and prior work, it is
found that a wideband MMA with excellent absorption above
95% is still a concern of research. In addition, polarization
and angular insensitivity are also a matter of concern for
designing such an absorber. In Table II we can see that
the proposed absorber is a great choice compared to other
suggested work. To express the uniqueness and contribution
of our work in Table II we have demonstrated similar works
recently done by researchers. The efficiency of an absorber is
often determined by its ultra-broadband capability, along with
polarization and angular insensitivity. Table 2 reveals that the
proposed absorber boasts remarkable attributes, including an
ultra-broad absorption bandwidth of 625 nm and an outstand-
ing average absorption rate of 97.5%. Furthermore, its angular
and polarization insensitivity further enhance its superiority in
every aspect. Therefore, compared to other works, it is evident
that the proposed absorber stands out as an excellent choice.

IV. CONCLUSIONS

In this study, we introduced a broadband, highly efficient
meta-material absorber. The absorber adopts a sandwich-type
three-layer structure, achieving a remarkable absorption rate
of 97.5% across the entire operational bandwidth. The meta-
material absorber demonstrates angular insensitivity up to 70°
and polarization independence. These characteristics make it



TABLE II: Comparison between previous work

Ref Size Layer Material Operation range Bandwidth Polarization and
Angular insensitivity

Average absorption
(%)

[30] 1000×1000×225 3 W, SiO2 400-700 308 Yes, θ ≤60° 96.7
[34] 1000×1000×165 3 W, Quartz 380-750 375 Yes, θ ≤45° 90
[35] 1555×1555×560 3 A-Si. Ag, ITO 380 Yes, θ ≤45° 90.1
[35] 1000×1000×644 3 Au, SO2 380 Yes, θ ≤80° N/A
[11] 400×400×245 3 W, SiO2 459 Yes, θ ≤60° Above 90
[34] 1000×1000×165 3 W, Quartz 375 Yes, θ ≤45° 90

well-suited for applications such as efficient thermal energy
conversion systems, solar thermo-photovoltaic systems, and
the enhancement of solar photovoltaic cell efficiency.
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