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Metamaterials (MM) are artificially designed materials that possess unique properties due
to their geometrical design. They also display some peculiar properties, such as negative
refractive index, Snell’'s law reversal, Doppler effect reverse, and left-handed behavior.
MMs are used in a myriad of applications, including invisibility cloaking, perfect lensing,
perfect absorption, and sensing. In this review article, the property of electromagnetic
absorption by structures known as metamaterial absorbers (MMAS) is discussed. An MMA
is a composite made up of many layers of metallic patterns separated by dielectric. This
novel device helps in achieving near-unity absorption by various mechanisms, which are
investigated in this article. The MMAs are classified based on their absorption
characteristics, such as polarization tunability, broadband operation, and multiband
absorption, in different frequency regimes.

Keywords: metamaterials, left-handed materials, metamaterial based perfect absorbers, design of metamaterial
absorbers, negative refraction

INTRODUCTION

We are living in a world that thrives off communication and exchange of information. However, the
recent evolution of communication seriously provokes electromagnetic (EM) interference and
contaminates the surrounding environment with EM pollution. Subsequently, the quality of
humans is tempered by the typical behavior of devices. As a result, there is an increasing
demand for the development of appropriate materials and procedures to mitigate the effects of
EM waves. This demand has been fulfilled by the introduction of an absorber into the world of
communication [1, 2].

An absorber is a block of material that is used to absorb some of the energy of an incident
particle. Due to their potential applications in high efficiency solar cells, sensors and stealth
technology, researches on absorbers are quickly increasing. Among the many valuable
applications, the most common is military purposes or stealth technology. The goal of
stealth technology is to conceal a jet from radar by covering it with materials that absorb
radar signals. The absorber used in this technology can lower or block radar signals that reflect
off the surface of an airplane. Some classical examples of EM absorbers include Dallenbach,
Salisbury and Jaumann absorbers [3-6]. Nevertheless, the drawbacks of these conventional
absorbers are owed to their thick size and design complexity, making them unsuitable for many
practical applications [7, 8]. Therefore, the research focus moved towards the metamaterial
absorbers (MMA) in order to meet the need for compact and simple absorbers. Metamaterial-
based absorbers (MMAs) have received much attention due to their high absorption, thin layers
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and low density. MMAs can trap or absorb an incident EM
wave in some specific points of the device then eventually
convert the EM into heat.

Metamaterial (MM), defined by Walser in 2001 [9], is a
combination of two terms, “meta” and “material,” which refers
to a material having properties sublime to the conventional
material. MMs can be comprised of three-dimensional or two-
dimensional periodically designed macroscopic composites
that display exotic properties extending from microwave to
optical frequencies. The properties unavailable in
conventional materials include the inverse Doppler effect,
negative refractive index, perfect lensing, left-handed
behavior, electromagnetic wave cloaking, and perfect
absorption [10-13]. Out of all the unnatural properties,
metamaterial-based absorbers (MMAs) offer perfect
absorption, thus making them highly efficient to capture
solar energy and to be used with sensors, bolometers,
wireless power transfer, and perfect light absorber. The first
metamaterial absorber was suggested by Landy et al. [14],
which had merits of thin thickness and compact size in
comparison with the conventional absorbers. Numerous
works on the optimized absorbers have been proposed since
then. The MMA can be designed with multiband, broadband,
polarization, and tunablility characteristics for different
applications such as solar cell, sensors, and thermal
imaging. For over a decade, various metamaterial absorbers
from microwave to optical frequency regimes have been
produced, and a number of novel applications have been
reported [15-20]. However, combining a multiband MMA
with high efficiency is still not easy, and sensitive
absorption conditions can be broken easily. A closer look at
the literature reveals that some issues remain to be explored
along with a systematic approach to design an optimum
metamaterial-based absorber. The issues associated with the
design of MMA are increasing the number of absorption
bands, improving the working conditions, polarization
tunable absorbers, material selection parameter, among
other practical usages.

Many researchers have become fascinated by the
absorbance achieved using metamaterials in recent years.
This absorbance is due to the controllable and tunable
effects arising from the alternation of the coupling between
the patches in the MM structure at a resonance frequency of
the electromagnetic wave. In this review, numerous works on
metamaterial  absorbers, including the  absorption
mechanisms, have been investigated. The manipulation of
polarization characteristics in the MMA allows switchable
absorption in different frequencies. Similarly, by controlling
the distance or gaps between the coupling components,
multiband absorption can be obtained. Again, variation in
the shape of the patches helps to yield near-perfect absorption.
Moreover, near-unity absorption is feasible by varying the
parameters of MMA along with the dielectric thickness, unit
cell period, and material selection.

This review is conceived in different sections, providing a
generalized idea about the metamaterial absorbers operating in
different frequency regimes.

MMA: Microwave to Optical

Genesis of Metamaterials

The existence of metamaterials was first envisioned by Victor
Veselago [21], a Russian physicist, in his seminal research paper
on the existence of materials with negative refractive index. He
described their characteristics decades before their physical
realization. This section describes the theoretical background
of metamaterials, which begins with Maxwell’s laws on
electromagnetism [22]. For an electromagnetic (EM) time-
harmonic wave propagating in a lossy medium with
conductivity “o,” permittivity “¢” and permeability “u,” four
laws are given in differential form by Eqs 1-4:

V.E,=0 (1)
V.H,=0 2)

Vx E; = —jopH, (3)
Vx H; = (0 + jwe)E; (4)

Applying curls on both the sides of Eq. 3, we get the electric
field for the waves in a lossy dielectric:

V2E, - y*E, = 0 (5)

where y = +/jwu (0 + jwe), which is known as the propagation
constant.

Similarly, the magnetic field can be possibly written as:
V’H,-y’H, =0 (6)

Eqs 5, 6 are known as the Helmholtz equations, or wave
equations.

If the wave is a plane monochromatic wave travelling in the
z direction, the electric and magnetic fields propagate in the x
and y directions, respectively. The previous equations can be
simplified further. Then, the electric field could be
expressed as:

E, = E.(2)a, (7)

Substituting Eq. 7 with Eq. 5, the solution of the wave equation
becomes:

E,.(2) = Eoe” + Ege ¥ (8)
Then, the electric field vector can be expressed by:
E(z,t) = Real (E, (2)a,e’™) 9)

As y is a complex number, it can be represented as y = a + jf.
Thus, the above equation becomes:

E(z,t) = Ege * cos(wt — kz)a, (10)

Similarly, the magnetic field in the y direction is given by:
H(z,t) = Hye *““cos(wt — kz)a, (11)
The relation between E; and H, can be obtained from Eq. 4:
H, = E0/11 (12)

where 7 is the characteristic or intrinsic impedance of the
medium.
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FIGURE 1 | Wave propagation in (A) RHM and (B) LHM.
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FIGURE 2 | Classification of materials.

If the medium is lossless, then ¢ = 0, and, thus the E-field and
H-field are in phase with one another, a = 0, k = w /e

1] = \Ju/e (13)

Therefore, the velocity of the wave becomes:

U:ﬁ (14)

The permittivity (¢) and permeability (4) of a medium affect
the propagation of the electromagnetic wave. In media with these
two parameters, the direction of wave propagation with A and B
as the respective source and receiver obeys the right-hand rule,
i.e., the wave vector k and the Poynting vector p are in the same
direction, and called right-handed materials. Interestingly, these
two parameters also tend to be negative. The wave propagation in
the media is opposite to that in the right-handed materials
(RHM), ie., p and k are in opposite directions, as shown in
Figure 1. These are known as left-handed materials (LHM)
[23-29].

Thus, the parameters € and u characterizes the propagation of
the wave in a medium. The materials are divided into four

Metamaterial Absorbers

Microwave Terahertz Optical
Frequency Frequency Frequency
e Antennas e Imaging e Clocking
e Radar Absorbing e Sensing e Solar cells
material e Spectroscopy e Optical absorption
e Microwave e Sensors
sensors

FIGURE 3 | Applications of metamaterial absorber with respect to
different frequencies.

categories based on their permittivity and permeability
characteristics, which are specified in Figure 2.

The first group of material are named double positive (DPS)
material, as both € and y of the material are greater than zero.
This category primarily contains dielectrics. Permittivity is less
than zero and permeability is larger than zero in the second
category, which is why it is termed epsilon negative (ENG)
material. Many plasmas exhibit these properties at certain
frequency regimes. The third group materials possess a
permittivity greater than zero and permeability less than
zero. Gyro tropic magnetic materials display these
characteristics and are called mu negative (MNG) material.
The fourth group contains the double negative (DNG)
material, which can only be produced artificially. This class
of material has both permittivity and permeability less than
zero, or negative. When an EM wave enters such media, the
direction of wave propagation reverses. No naturally available
material has both negative permeability and permittivity.
From the above classification, metamaterials can be defined
as a special class of materials that are artificially designed to
display negative permittivity and negative permeability
[30-34]. However, with the continuous design and
development of more structures with unique properties and
applications, a broader definition is used to classify them as
metamaterials. The metamaterial is a man-made macroscopic
composite designed with a periodic cellular architecture to
produce a complex interaction with electromagnetic waves to
achieve the desired performance, which cannot be obtained
using naturally available material [35-39].

Metamaterial Absorber

MMA is a block of material used to absorb some of the energy of
an incident particle and is usually comprised of three layers.
MMAs are also called a perfect absorber with near-unity
absorption, showing zero reflection and transmission
coefficients for plane waves that are typically incident.
However, multi-layer absorbers are also designed to provide
broadband characteristics. The metallic pattern is the first
layer, which is arranged periodically. The second layer consists
of a substrate or dielectric layer. Finally, the third layer is another
periodic metallic pattern.
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MMA: Microwave to Optical

FIGURE 4 | Split ring resonator.

Active manipulation of EM wave propagation results in
achieving one of the interesting characteristics in
metamaterials, which is absorption. This phenomenon occurs
when electromagnetic radiation or light is absorbed after
encountering such material. The reason behind this
manipulation is the generation of absorption property by
adjusting € and p values. Metamaterial absorbers are being
designed for RF frequency applications, extending from
microwaves to optical frequency, such as sensors,
photodetectors, solar cells, and emitters [40]. MMAs are
classified into three different frequencies and applications
based on that is demonstrated in Figure 3.

ABSORPTION MECHANISM

The absorption characteristics displayed by these structures are
attributed to the negative values of € and y, impedance matching,
reduction in plasma frequency of metals, strong electric and
magnetic resonances, etc. These factors are manipulated by the
proper choice of the absorber’s geometrical configuration. A
detailed discussion of three absorption mechanisms is given in
the following subsections.

Magnetic and Electrical Resonances

The absorption mechanism of perfect absorbers relies on electric
and magnetic resonances. Magnetic resonances can be achieved
using closed loop-like structures, whereas electrical resonances
can be achieved by creating gaps in the structures. Proper
structural design may be used to tune both the electric and
magnetic characteristics. One of the most common types of
resonators is the split ring resonator (SRR) which is the

Incident
7, wave
EMWave ™  Reflected« Effective
wave medium

Metamaterial absorber

FIGURE 5 | Impedance matching in a metamaterial absorber.

widely-adopted absorber designs that utilizes the principle of
magnetic and electrical resonances for achieving absorption
characteristics, as shown in Figure 4. In fact, the first
metamaterial absorber designed by Landy and his colleagues is
based on the same principle. Concentric SRRs are usually adopted
for achieving multiband absorption characteristics [41-46]The
mutual coupling between these absorbers produces additional
absorption bands, and closely spaced concentric SRRs results in
wideband absorption characteristics.

Impedance Matching

The next principle that may be responsible for EM absorption is
the matching of impedance. This is a well-known phenomenon
that occurs when electromagnetic waves travel from one
medium to another, whereby some EM energy gets reflected
and the remaining energy gets transmitted. Reflection is
minimized when the characteristic impedance of the
reflected medium matches that of the incident medium, as
shown in Figure 5. To achieve optimum performance in an
absorber design, impedance matching is a challenging task. As
in most cases, the first medium happens to be air with a
characteristic impedance is around 377 (; therefore, the
impedance of the absorber should be near to this value at
the desired frequency in order to achieve near unity absorption
[47-50].

Reduction in Plasma Frequency
The plasma frequency of a material is the frequency at which the
density of the electron gas oscillates and is given by:

w, = N—ezw (15)
= \me, P

wp,—Plasma frequency

N—Density of the free electron gas
m—Effective mass

e—charge of an electron

where,
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MMA: Microwave to Optical

FIGURE 6 | Metamaterial perfect absorbers (A) ring and (B) patch.

From Eq. 15, it is clear that the plasma frequency w,, totally depends
on the density of the free electron carriers of the metal. In the case of
semiconductors, plasma frequency can be increased or decreased by
doping the medium. Materials with negative permittivity can be formed
by reducing the plasma frequency, which is based on the operating
frequency of the metamaterial absorber. The main reason for the
reduction in plasma frequency is to fabricate MM absorbers that can
operate in various frequency regimes. Therefore, it is highly pertinent to
set the frequency according to the targeted frequency regime [51-53].

DESIGNS OF METAMATERIAL
ABSORBERS

As mentioned, MMAs are three-layered structures containing a
top metallic plane, middle dielectric layer, and a bottom ground

. terahertz visible

radio

waves  microwaves - infrared \I ultraviolet X-ray
>€ > € ——— —

) | | | ] | | I | | >

L | | | ! 1 |

100MHz 1GHz  10GHz 100GHz 1THz 10THz 100THz 1PHz 1PHz

FIGURE 7 | Electromagnetic spectrum.

plane. The widely-adopted designs of these perfect absorbers are
given in Figure 6.

Metamaterial absorbers are predominantly used in the
microwave, terahertz, and optical frequency spectra based on
their requirements in various applications.

The electromagnetic spectrum from 100 MHz to 1PHz is
depicted in Figure 7.

Microwave Frequency

MMAs for microwave frequencies are mostly designed for
X-band applications, including radar and other surveillance
applications where electromagnetic shielding has practical
utility. Thus, much of the research is directed towards
designing absorbers in this frequency range. In 2008, Landy
et al. [14] designed the most prominent and first-ever
narrowband metamaterial absorber using split ring resonator
(SRR) and a cut wire. As illustrated in Figure 8, the design
comprised of three layers: two conducting resonators and a
dielectric substrate.

In Figure 8, the metamaterial designed by [14] achieved a 96%
narrowband absorption spectrum at 11.48 GHz by simulation
and 88% spectrum at 11.5 GHz via experimentation. The first
reported MMA offered narrowband absorption owing to the
magnetic coupling between the split ring and cut wire in the
parallel plane. The magnetic response was achieved by the
antiparallel currents due to the cut wire and centre wire of the
resonators. The absorption mechanism was theoretically
explained by Ohmic and dielectric losses, as elaborated in
Figure 8E.

Subsequent efforts were made to increase the absorption
bandwidth of the MMA. Specifically, researchers heavily
focused on designing multiband, broadband and frequency
tunable metamaterial absorbers [55-58]. Initially, MMAs with
multiband absorption characteristics were developed using
multiple resonant unit cells, then merging the cells through a
co-planar arrangement [59-62].

Park et al. [59] implemented a donut structure multiband
absorber at microwave frequencies and validated its performance
through simulation and experiment. As shown in Figure 9, the
unit cell of this design was made up of a metallic layer with four
different patterns on top and a ground plane on the bottom.
Multiple absorption bands generated by antiparallel surface
currents between the front and rear plates were caused by
magnetic resonance in the top metallic layer. The MMA
design also exhibited polarization insensitivity, whereby the
multiband absorption spectrum was not affected by the change
in polarization angles and incidence angles. This effect was
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FIGURE 8 | (A) Schematic absorber structure, (B) cut wire, (C) unit cell displaying the direction of wave propagation. (D) Absorption spectra with respect to
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panel, and the dielectric (volume) loss is on the right. Adapted with permission from Ref. [14]. Copyright (2008) American Physical Society.

FIGURE 9 | Schematic of the MMA.

because of the symmetrical absorber structure. The metamaterial
perfect absorber achieved absorption of 97%, 97%, 98%, and 98%
at 6.5, 7.4, 9.2, and 11.0 GHz, respectively, using FR-4 as the
dielectric substrate.

Similarly, Zheng et al. [60] proposed a dual-band perfect
absorber by combining Fabry-Perot cavity resonance and
optical-transmission effect. Two separate structures, consisting
of a copper layer and FR-4 dielectric substrate were prepared for
the unit cell design. Changes in the distance of these two
structures resulted in the absorption spectra for this MMA.
Particularly, the absorption bands decreased as the distance
decreased, and the absorption spectra reduced from dual band
to single band.

In the microwave region, Ghosh et al. [61] proposed a
metamaterial absorber made up of an array of linked rings. A
split ring and a full ring were included in each pair of rings. The
absorption characteristic of the absorber was given by its
equivalent RLC circuit model, whereby the maximum
absorption was caused by impedance matching. Dual
narrowband absorption was formed due to the multiple sets of
rings. Parametric analysis was used to illustrate the design
geometry decision by analysing various incidence and
polarisation angles. Finally, the design was fabricated for the
practical applications. Taking the whole structure, absorption
peaks of 96% and 92.5% occurred at 9.66 and 10.26 GHz,
respectively. Moreover, Wang et al. [62] developed a quad-
band MMA, obtaining four absorption bands with the peaks
0£99.47%, 99.94%, 99.05%, and 99.55% at 28.21, 39.59, 52.78, and
58.63 GHz, respectively. The connection between the ring
resonators was attributed for the absorption characteristics.
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By changing the dimensions of an MMA and shape of the
metallic patch, such as a symmetric structure, numerous
absorption bands can be achieved. Apart from the design of
multiband MMAs, researchers have started to work on
broadband MMAs. A broadband response signifies that a
device is able to absorb all electromagnetic frequencies
illuminating from the MMA surface. In order to broaden the
bandwidth, multi-layer stacked structures and multiple metallic
metamaterial structures have been proposed in the literature
[51-59]. Planar and vertical arrangement approaches are other
names for these design ideas. Numerous metallic patterns on the
top layer of the planar arrangement enhance the near frequency
of multiple resonances, allowing for broadband absorption with
excellent absorptivity. Multiple top layers are stacked vertically in
the vertical arrangement, resulting in broadband absorption.
Tunability is another important characteristic of MMAs.
Tunable absorbers are those that can be tuned by varying
some parameters, such as frequency, polarization angles,
incidence angles, dimension of the absorber layer, etc. By
implementing an asymmetric patch structure, near-perfect
absorptivity can also be achieved by tunable MMAs.

In 2012, Lee et al. [63] designed a broadband metamaterial-
based near-perfect I-shaped absorber in microwave frequencies
that gave both narrowband and broadband absorption. The
narrowband peak was due to the multi-layered model with an
absorption greater than 99.5% at 13.5 GHz, while the broadband
absorption, which was dependent on the resonance frequency,
was created by the length of the cut-wire bar. Based on the
simulated and measured absorption spectra. It was discovered
that as the cut-wire length is reduced, the electric resonance
frequency increases. This perfect absorber can be efficiently
applied in military radar devices.

M. C. Tran et al. [116] constructed, simulated, and tested a
broadband metamaterial microwave absorber. Unlike the
standard technique, which relies solely on unit cell boundary
conditions, they used full-sized setups to do full-wave finite
integration simulations. This study incorporates the digital
notion of coding metamaterials into the metamaterial absorber
system. Coding and digital metamaterials are a relatively recent
topic of study that has garnered a lot of interest. In this paper, four
types of coding metamaterial blocks, 2 x 2,3 x 3,4 x 4,and 6 x 6
blocks, were optimized and then employed as building blocks
(meta-block) for the development of various 12 x 12 topologies
with a realistic size scale, starting from a basic unit cell structure.
The broadband absorption response was discovered in the
frequency range 16-33 GHz, and it was shown to be in good
agreement with the analogous medium theory prediction and
experimental observation.

The Internet of Things (IoT) is expected to become completely
ubiquitous in the future. To realise this vision, a new generation of
IoT devices that can operate independently must be developed.
IoT devices must be totally wireless in terms of transmission and
power in order to gain autonomy. Accurate sensing is also an
important aspect of autonomy. Several wireless standards have
been established to help IoT applications run more efficiently.

Electromagnetic waves can now be used as a source of energy,
as well as a carrier for exchanging data, thanks to the development

MMA: Microwave to Optical

of metamaterial perfect absorbers (MPAs). Sensors are an
important component of IoT technology that uses a lot of
power in low-power IoT devices. Nonetheless, the energy
generated by EM energy harvesting may be sufficient to run
most existing low-power sensors used in a variety of industries,
including medical, food, and agricultural.

So, M. Amiri et al. [117] investigated various metamaterial
absorbers applicable to IoT. In this review, authors have
conducted extensive research on the present applications from
MMA which are beneficial such as energy harvesting, optical
switching and sensing. The best thing which they have mentioned
in this review is the feasible directions for implementation of
MMA in industrial applications.

Similarly, Bakir et al. [58] presented an absorber that can
operate in the microwave regime and is useful in sensing
applications, including pressure, temperature, density, and
humidity sensors. A unit cell design composed of a circular
split ring and square ring resonators was created by the
authors. The square and ring resonators were made of copper
metal, and DiClad 5.27 was used as the dielectric material. The
design was verified both experimentally and numerically as
metamaterial absorber and it was used for sensor application,
displaying both narrowband and broadband absorption
characteristics. A copper plate was placed behind the dielectric
substrate to support the resonators for the absorber specification,
and a sensor layer was placed behind the resonators in place of the
copper plates for the sensor specification. The incident wave from
free space impedance matching and the intrinsic impedance of
the MMA are used in the design, which is based on absorption
characteristics.

In many military applications, such as radar cross section
(RCS) reduction, cloaking devices, and sensor detectors, perfect
absorbers are highly desirable. However, most techniques (such
as wedge and pyramidal absorbers, multi-resonant absorbers)
have concerns with low-frequency size, bandwidth, and
absorption ratio. So, Wang et al. [139] solved these problems
by merging Huygens metasurface and the three-layers slab
impedance metasurface. The former meets the innovative
impedance matching theory, while the latter has multi-
resonant qualities and optimised conductivities, resulting in
high-efficiency absorption at lower frequencies (1-3 GHz) and
higher frequencies (3-18 GHz). Authors designed, demonstrated
and fabricated a realistic microwave metasurface absorber and
conducted experiments to show that it can reach ultra-broadband
(118 GHz) performance with an absorption rate more than 75%.
The numerical calculations correspond well with the results,
showing that by refining the designs, it can boost the
absorption efficiency to 92% throughout the whole working
band. Their discoveries have the potential to accelerate the
development of ultra-broadband meta-devices, notably
cloaking technologies based on high-efficiency absorption.

Ding et al. [64] also realized an ultra-broadband polarization-
independent metamaterial absorber in the microwave range. The
authors designed an absorber consisting of multi-layered
quadrangular frustum pyramids, where the unit cell structure
was made up of 20 metallic patches in shape of a pyramid. The
absorption process was owing to the metal layers overlapping.
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s

FIGURE 10 | Simulated unit cell structure.

The design was validated by measuring the absorption spectra
experimental findings to the modelling results.

Ozden et al. [65] developed a new MM-based broadband RF
absorber operating at the X-band frequency, which is critical in
stealth technology. The proposed structure is comprised of two
concentric rings placed on a dielectric spacer, as shown in
Figure 10. The dielectric layer was composed of epoxy glass
cloth laminate (FR4) material, and copper material was chosen
for metallic rings as well as the ground plane. The designed
absorber was simulated and measured in the X-band (8-12 GHz)
range and was simulated for 12- and 16-unit cells separately. The
planar absorber achieved the highest absorption level of 80% at
X-band with bandwidths of 2.73 and 2.55 GHz for 12 unit cells
and 16 unit cells, respectively. As seen in the simulation, an
absorption of 97.95% and 98.40% was achieved by the absorber
structure. The absorption mechanism for broadband operation
was investigated by electric and magnetic field strength plots.

Ling and others proposed a novel frequency tunable
metamaterial absorber [66], which was the first MMA to be
made with natural cork. The novel tuning mechanism was
influenced by the topology of the absorber and the properties
of the substrate. The structure consisted of an SRR pattern, as
shown in Figure 11, which was designed on cork sheets having
good hygroscopicity. The suggested absorber’s absorption ratio is
simulated and measured in varied moisture content (M = 0%,
1.44%, 5.88%, 13.32%, and 18.8%) of the cork substrate in this
study. The resonance frequency varied from 4.92 GHz in the dry
(M = 0%) state to 3.49 GHz in the wet (M = 18.8%) state, with
observed absorptivity more than 90% throughout all moisture
content levels.

This specific absorber may be used to develop wireless
humidity sensors since the frequency of the absorber can be
adjusted by altering the moisture. Similarly, more works related to
microwave frequency are given in Table 1.

Furthermore, our focus moves towards the performance of
metamaterial absorbers as sensors on the basis of their absorption
characteristics. So, the comparison of performance related to the

FIGURE 11 | Schematic of the MMA.

unit cell size, substrate material and application can be seen in
Table 2.

Terahertz Frequency

The terahertz frequency domain, which ranges from 1 to
10 THz, is located between microwave and infrared (IR)
frequencies. THz MMAs have recently piqued researchers’
interest owing to their potential applications in imaging and
spectroscopy, the non-ionizing nature of THz rays, and their
ability to permeate materials such as plastics, paper, and fabric.
Although these absorbers were initially designed for the
microwave frequency range due to simple fabrication, but
they eventually became more popular for realization over a
wide spectrum range. Now, these absorbers can be designed by
varying the geometrical dimensions operating in a spectrum
ranging from THz to visible frequencies. The flexibility of the
structural design is a promising feature that allows researchers
to fill the THz gap. In the last decade, many THz MMAs have
been realized theoretically and experimentally implemented in
thin metallic wires, fishnet [67-69], SRRs [70-72], U-shaped
resonators [73, 74], chiral structures [75] and graphene-based
MMAs [76-83]. They also exhibit large potential in the terahertz
regime. Therefore, this section presents the progress of THz
metamaterial absorbers [84-91].

Yen et al. [43] experimentally developed the first terahertz
frequency absorber in 2004. The structure was created utilizing a
planar layer of double SRR array suitable for terahertz devices.
The absorber’s mechanism was based on a basic resonator
construction. The magnetic response was about 1 THz due to
the interaction between the two split rings. Considering the
magnetic resonant behavior in THz frequency, the dimensions
of SRRs have been scaled down by analytical methods and
numerical simulation.
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TABLE 1 | Metamaterial absorbers in Microwave Range.

Ref. No Absorption type Polarization Insensitivity
[118] Broadband Yes
[119] Broadband Yes
[120] Multiband N/A
[121] Ultra-wideband Yes

MMA: Microwave to Optical

Angle Insensitivity Frequency Range

Yes X (8-12 GHz) Ku (12-18 GHz) bands
Yes 1-8 GHz

N/A 8-12 GHz (X-band)

Yes 8-12 GHz (X-band)

TABLE 2 | Performance Comparison of Metamaterial absorbers based Sensors in Microwave Range.

Ref. No Unit Cell Size (mm) Substrate material
[141] 36 x 36 FR-4
[142] 40 x 20 F4B
[143] 28 x 35 FR-4
[144] 24 x 30 FR-4

FIGURE 12 | Schematic of double SRR.

Subsequently, Tao et al. [92] experimentally demonstrated a
metamaterial design at terahertz frequencies illustrated in
Figure 12. The structure was made up of an array of SRRs,
where the top metallic layer consisted of SRRs and the bottom
metallic layer was designed for driving of currents that circulate
between the two layers. This circulating current was generated
from an incident magnetic field. The absorption peaks were
attributed to the LC resonance and high order dipole
resonance in this study, with the inductance provided by the
two loops on either side of the central capacitor. Experimentally,
an absorption of 0.96 at 1.6 THz was obtained from the absorber
structure.

Researchers have further explored multiband THz MMAs. For
instance, Wang et al. [93] demonstrated a metamaterial absorber
design with dual band absorption property, consisting of a
U-shaped metallic patch. Gold was selected as the material for
the top metallic patch and ground plane. The absorber showed
dual band absorption characteristics with peaks at 1.80 and
2.97 THz, and absorption of more than 98% was due to the

Operating frequency (GHz) Application
2-6 Permittivity sensor
<1 Permittivity sensor
3-5 Micro-fluid sensor
3-6 Temperature sensor

LC resonance overlapping and dipole response of the metallic
framework.

Shan et al. [94] presented a flexible dual band ultrathin
absorber that can be applied in micro-bolometers and stealth
aircraft. The structure of the absorber consisted of split ring
resonators with uneven gaps. The metallic rings and the ground
plane were made of aluminum, and the dielectric layer was
prepared with polyimide. The simulated absorption plot
reveals 99.7 and 99.6% absorptions at 0.41 and 0.75 THz
frequency, respectively, which is attributed to normal dipole
resonances and high order dipole resonance.

Wang et al. [95] implemented an asymmetric metallic cross
terahertz absorber for sensing application. The 3-layered
structure is comprised of a gold metallic cross and ground
plane separated by a dielectric spacer. The design achieved
absorption peaks of 99.07% at 1.23 THz, 99.84% at 2.39 THz,
and 99.01% at 3.19 THz. The authors also found the absorption
mechanism to be totally dependent on the fundamental
resonances, whereby the strong magnetic resonances gave rise
to the triple absorption peaks with near-unity absorption.

Wang et al. [96] further designed a novel quad-band terahertz
absorber based on a U-shaped resonator, yielding near-unity
absorption. The structure gave four modes of resonance bands at
frequencies of 0.33, 0.99, 1.73, and 1.93 THz. In this metamaterial
absorber, the two metal layers were made up of gold. The authors
designed a simpler structure that was easy to fabricate, and the
absorption mechanism was elaborately investigated by the
electric field distribution of four modes of resonance. The
peaks are due to the LC resonance, dipole resonance,
quadrupedal resonance, and localized response or high order
response of the resonator. This perfect metamaterial absorber can
be applied in the fields of material detection, thermal imaging,
and biological sensing.

Mohanty et al. [97] presented a multiband terahertz
metamaterial absorber comprised of a II- and U-shaped
structure. A schematic of the asymmetric metamaterial
absorber displaying the top view is shown in Figure 13. For
the structural design, the authors chose aluminum as the metallic
layer and polyimide as the dielectric substrate. The absorption
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FIGURE 13 | Schematic of a metamaterial-based perfect absorber.

characteristics of the model were owed to the electromagnetic
coupling of the top metallic patch structure. The simulation
results revealed that three prominent absorption peaks with an
average absorption of 97% were achieved by the proposed
metamaterial structure with respective absorptivity of 97.78%,
97.92% and 96.81% at frequencies of 1.45, 1.80, and 2.70 THz.
Moreover, parametric analysis was performed by evaluating
different dielectric thicknesses, periods of the unit cell,
incidence angles, and polarization angles. Furthermore, the
absorption mechanism was explained by the electric filed
strength plots at resonant frequencies, demonstrating that this
MMA can be utilized in terahertz spectroscopy and imaging.

Wen et al. [98] introduced 2 THz devices using metamaterial
based perfect absorbers and modulators that are highly desirable
for various applications, such as stealth technology, thermal
emitters, detector, and phase imaging. High speed modulators
and perfect absorbers are the key components of the
communication system. In this work, the authors
experimentally demonstrated a broadband absorber consisting
of a periodic array of aluminum squares of two different
dimensions. The absorber structure gave rise to an absorption
bandwidth of over 200 GHz with absorption magnitude of 90%.
From the results, it was found that the silicon dioxide dielectric
layer significantly improved the design. Subsequently, the authors
proposed a metamaterial-based THz modulator made up of VO,
cut-wires, which was fabricated by magnetron sputtering and
conventional lithographic technologies.

Broadband THz MMAs have also been designed and reported
in the literature. For example, He et al. [45] created a broadband
terahertz absorber on a metal sheet using an array of graphene-
dielectric multi-layered frustum pyramids. Hyperbolic dispersion

MMA: Microwave to Optical

and anisotropic permittivity are found in this graphene-based
MMA. Surface plasmonic waves impacting on the graphene
layers are absorbed at different levels of the pyramid in this
pyramid construction. The absorption of the waves can be
attributed to the squeezing effect of the slow waves. The
numerical simulation results indicate that high absorption was
achieved with a bandwidth from 8 THz to over 100 THz and that
the floquet periodic mode contributed to the wave absorption.
This graphene-based absorber has applications in THz detectors
and thermal emitters. Similarly, Zhu et al. [99] demonstrated a
metamaterial absorber operating at terahertz frequencies via
simulation and experiment. The design includes an array of
truncated pyramid unit structure made up of five layers of
metal film. Via numerical simulation, both the TE and TM
polarization were examined. The results show that at normal
incidence, more than 80% absorption was achieved in the range of
0.75-1.5THz and ultra-wide band absorption was seen for
different incidence angles. Experimentally, five layers of the
pyramid structure contributed absorptivity of more than 80%
for each layer. Finally, the authors compared simulation and
measured results of a single layer, which were well-matched at
resonance frequency 0.8 THz. The wide-angle absorber showed
to be polarization insensitive and have practical application by
easy integration with semiconductor technology. Li et al. [100]
numerically demonstrated an ultra-broadband MMA, which was
investigated by optimizing the structural parameters. By merging
the resonance peaks of the terahertz planar metamaterial
absorber, a broadband absorption spectrum was produced.
Parametric analysis was conducted by varying the polarization
angles and incidence angles, concluding that the absorption does
not depend on the polarization angles. Hence, the presented
MMA was polarization insensitive. Pan et al. [132] proposed a
broadband MMA made up of two circular gold split rings and a
polyimide dielectric spacer. The absorption mechanism was
studied on the basis of energy distribution of the three
resonant peaks, which were because of strong electric and
magnetic resonances in the absorber. The broadband width
was attributed to the overlapping of the three resonances.
Considering the symmetric design of the absorber, the
structure displayed the same curve for both modes (TE and
TM). Terahertz spectrum imaging, detection, and stealthy
technology are some of the applications of this absorber.

From the presented works, it can be inferred that the
metamaterial absorbers displaying broadband or wideband
absorption are usually made up of multiple layers or stacked
layers and multiple top metallic patches. The addition of multiple
layers using different dielectrics and metals helps to yield
broadband absorption. Similarly, the multiple top metallic
patterns placed near proximity to one another in each unit
cell can superpose with each other to achieve perfect
broadband absorption. Other important THz MMAs are
summarized in Table 3.

Apart from these narrowband and broadband MMA structure,
the most recent metamaterial absorber which has got all the
attention is the MMA for biomedical sensing applications.
Although there are variety of applications involving
metamaterials, the MMA having potential sensing application
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TABLE 3 | mMetamaterial absorbers in terahertz range.

Ref. No Absorption type

[122] Multiband Yes
[123] Multiband N/A
[124] Four-band Yes
[125] Narrow band N/A
[36] Single, Dual, Broad band N/A
[126] Triple-band N/A
[127] Dual-band N/A
[128] Quadband Yes
[74] Six band N/A
[129] Five band N/A
[130] Narrow band Yes
[131] Ultra-broad band Yes
[91] Broadband Yes

in biomedical field has given rise to a lot of research work during
the pandemic.

Saadeldin et al. [133] proposed a unique design of perfect
metamaterial absorber for terahertz sensing applications. At the
resonance frequency, the proposed structure worked by
increasing the confinement of both electric and magnetic fields
at the same time. As a result, at 2.249 THz, an absorptivity of 0.99
is reached with a narrow resonant peak and a Q-factor of 22.05.
At constant analyte thickness, the resonance frequency is
sensitive to the surrounding medium refractive index. As a
result, the presented metamaterial design can be employed as
a refractive index (RI) sensor with a high sensitivity of 300 GHz/
RIU and a figure of merit (FoM) of 2.94 over a refractive index
(RI) range of 1.0-1.39 at a thickness of 1pum. Authors also
mentioned one important biomedical application in their
work. As most of the biological samples refractive index
ranges from 1.3 to 1.39, the MMA structure is simulated with
a given analyte RI of 1.35. The MMA based refractive index
sensor exhibited a sensitivity of 23.7 GHz/pm for the detection of
sensing layer thickness fluctuation. So, the structure can be
utilized for future biological applications as it has a high
sensitivity.

Similarly, Hou et al. [135] demonstrated a terahertz MM based
biosensor with polarization insensitive characteristics for bovine
serum albumin detection. Because of its inherent superiority,
terahertz (THz) metamaterials are frequently employed in
biosensor devices, and the need for novel high sensitivity
biosensors based on THz metamaterials is growing. In this
work, when the sensor is coated with analytes of varied
refractive index and thickness, the peak of the transmission
spectrum moves dramatically, according to simulation. The
sensor’s sensitivity may reach 135 GHz/RIU after being coated
with 10 m thick non-destructive analytes. Experiments reveal that
the lowest detectable concentration of BSA solutions by this
sensor is 0.1 mg/ml, and that when the concentration is
17.6 mg/ml, the transmission spectrum’s peak red shift reaches
137 GHz, with a frequency shift percentage of 16.4 percent. This
research offered a very sensitive biosensor detecting approach for
the pharmaceutical and food industries.

Mohanty et al. [136] proposed a terahertz metamaterial
absorber for sensing applications. Authors have used finite

Polarization Insensitivity

MMA: Microwave to Optical

Angle Insensitivity Frequency Range

Yes 0.4-1.1
N/A 0-2
Yes 0.5-2.5
N/A 0.2-2
N/A 1-3
N/A 0-2.5
N/A 20-30
N/A 1-4.2
N/A 0-4
N/A 0.5-3.5
Yes 4-7
Yes 1-3
Yes 2.6-3.5

element method for analyzing the refractive index (RI) sensor
based on MMA. Due to the ensuing impact of coupling between
the two identical patches, the MMA provided a significant
resonant peak with near 100% absorbance at frequency
4.5 THz. Surface current distribution, absorption mechanism,
and structural parametric analysis were also looked at. The
peak is designated as A, with a line width of 0.02 THz and a
quality factor (Q-factor) of 225, which is sensitive to the refractive
index of the environment (RI) shown in Figure 15. As a result of
its very sensitive sensing capabilities, the innovative design may
be employed as a refractive index sensor, with a sensitivity of
1.6 THz per refractive index unit (RIU) and a figure of merit
(FoM) of 80 in terms of change in RI of the surrounding
environment. As stated earlier in Ref. [133], majority of blood
samples are in the RI range of 1.3-1.39. So, this novel design along
with the similar work in Ref. [137] might be helpful in future
practical biomedical applications.

Hassan et al. [138] investigated biosensing platforms for virus
detection based on metamaterial and plasmonic. New infections
for humans are continually emerging as a result of changes in our
environment and the ongoing loss of habitat for animals. The
SARS-CoV-2 virus has grown so contagious and lethal that it has
posed a new challenge to healthcare’s technological growth.
Humans have been exposed to numerous additional deadly
viral epidemics in the last decade, including Zika virus, Ebola
virus, MERS-coronavirus, and others, and there may be even
more contagious and deadly viruses on the future. Though
traditional methods have been successful in detecting these
infections to some extent, they are time-consuming, expensive,
and need highly skilled human resources. Biosensors based on
plasmonic metamaterials might open the way for low-cost, quick
viral detection. The authors presented the latest developments in
plasmonic and metamaterial-based plasmonic biosensors for the
detection of viruses and viral particles.

Jing et al. [140] demonstrated a stainless-steel terahertz
metamaterial absorber. This absorber is made up of all-metal
metamaterial layers and substrate layers, with the metamaterial
layer’s geometric form being a ring. The research establishes the
theoretical feasibility as well as enhanced sensing capabilities. The
absorber achieves a 99.95% narrow peak absorption at 1.563 THz,
according to simulation data. Geometric characteristics can be
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TABLE 4 | Comparison between the sensing performances of the existing
absorbers.

Ref. No Q-Factor FoM Refractive Resolution (RIU)
Index Range (n)

[145] 7 0.5 1.0-4.0 1

[146] 15 3 1.0-2.0 0.2

[147] 7 1.5 1.0-2.0 0.2

[148] 41 2.3 1.0-2.0 0.2

[149] 58 75 1.0-1.6 0.2

[136] 225 80 1.0-1.36 0.01

[133] 22.1 2.94 1.35-1.39 0.01

used to adjust the absorption. This remarkable absorption
efficiency was made possible by the ring metamaterial layer’s
electric and magnetic resonances. The resonance frequency of the
absorber varies significantly depending on the refractive index,
and the sensor’s sensitivity is 74.18 um/RIU with a Q-factor of
36.35. Furthermore, the absorber used in this work is stainless
steel and does not have a sandwiched structure. The stainless-
steel material is less expensive and easier to produce, allowing it to
be used in a variety of applications. Their findings might be useful
in optoelectronic devices, biosensors, and optical switching.

Hence, a detailed comparison table showing the Q-factor, FoM
and refractive index range of some more metamaterial absorber
based sensors is shown in Table 4.

Optical Frequency
The optical MMAs are a type of perfect absorbers operating in
optical frequency or mid-infrared (mid-IR) frequency,
specifically 300-430 THz. The main constraint for designing
perfect absorbers in the optical region is the size of the unit
cell. The unit cell dimension must be in nanometers, which can be
realized practically using nano-fabrication techniques. Hence,
optical or mid IR metamaterial-based absorbers have
fascinated researchers due to their efficient application in
electromagnetic cloaking and solar cells [45, 101-104].
Avitzour et al. [106] made the first attempt of designing a
metamaterial-based perfect absorber operating in the IR region.
Though the structure was complex, it still offered more than 90%
of absorption with near-zero reflectivity. The authors claimed
that using a double layer contributes to the absorption level of
nearly 99%. In 2010, Hao et al. [107] realized an ultrathin wide-
angle metamaterial absorber for the optical frequency regime.
The simple metallic nanostructures were comprised of gold film
as the metallic layer and using Al,O; as the dielectric spacer,
through which near perfect absorption was achieved. By verifying
the performance of this absorber, the structure was found to be
angle insensitive and also tunable. This tunable and angle
insensitivity characteristic was achieved by adjusting the
dimensions of the nanostructure. In the experimental setup,
quartz substrate was chosen for the fabrication of multi-
layered metamaterial absorber. A maximum absorption of 88%
at wavelength of 1.58 um was obtained experimentally and 97%
by simulation. The difference in the absorption peaks was due to
the fabrication tolerances.

MMA: Microwave to Optical

Bossard et al. [108] presented a broadband polarization-
insensitive optical metamaterial absorber with a super octave
bandwidth. The authors reported that the absorber provided
near-unity absorption. The generic algorithm was applied for
the identification of the geometry of a single metallic screen
supporting multiple overlapping. As illustrated in Figure 14, a
superstrate layer was employed in the design for impedance
matching, which resulted in the maximum absorption of the
light. In this case, palladium (Pd) was employed as the metal to
help broaden the bandwidth and improve the fabrication
reproducibility.

In the wavelength range of 1.77-4.81 pm and in the 45
angular range, the electromagnetic bandgap (EBG)-based
metamaterial absorber obtained an average wide-angle
absorption of 98% as given in Figure 15.

Grant et al. [109] reported multi-spectral materials that
included hybridization of optical plasmonic filters and
metamaterial absorbers operating in the mid-infrared and
terahertz regimes. The authors presented a single component
with optically multiplexed visible, mid-IR, and terahertz
radiations, which maximizes the spectral information density.
The device was formed by hybridizing a plasmonic and
metamaterial structure that was capable of simultaneous
filtering and absorbing, which could filter 15 visible
wavelengths and absorb in the mid-infrared and terahertz
regions. The authors also claimed that their synthetic multi-
spectral component can be integrated with CMOS technology.

Chen et al. [110] presented a MMA operating in the mid-
infrared frequency regime. With a quality factor of 9, this novel
MM absorber obtained a high absorption intensity of up to 77% at
7.87 um. The cut-wire used in the design was found to be
polarization-dependent. The experimental and modelling
findings were nearly identical, indicating the absorber’s
promise in the fields of sensing and optics.

Yang et al. [45] proposed a high absorption metamaterial
absorber operating in both optical and infrared frequency
regimes. The design was based on an indium tin oxide (ITO)
substrate because of its high absorptivity and reflectivity. In the
infrared regime, the absorber became highly reflective, and at
visible wavelengths, it was transparent. The authors claimed that
this absorber has plasmon applications for infrared and can be
used as transparent electrode materials in photo-voltaic
applications. Three types of infrared metamaterial absorbers
were studied in this work, all of which had substantial
absorption at 10.6 um but were transparent in the visible area.
The simulation findings further reveal that the absorber was
polarization-insensitive owing to the symmetric structural design
and had a good absorption efficiency for TE and TM polarization
at 10.6 um. To further validate the design, both experimental and
simulated results were in good accordance.

Desouky et al. [111] theoretically demonstrated a mid-IR
omnidirectional super absorber composed of multi-layered
N-doped silicon, also called a silicon hyperbolic metamaterial
(HMM). It was subsequently combined with a sub-hole Si grating,
which resulted in a single band absorption of up to 0.948. The
authors stated that by altering the grating characteristics, their
suggested structure could be adjustable from 4.5 to 11 um. The
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FIGURE 14 | (A) Schematic of the unit cell broadband absorber, (B) Nanofabricated image of the metamaterial absorber. Reprinted (adapted) with permission from
[108]. Copyright (2014), American Chemical Society.

conductivity metal ensured the CMOS compatibility. Masked UV

A1.O _ B y— lithography, instead of e-beam lithography, and CMOS-
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FIGURE 15 | (A) Simulated and (B) measured absorptivity of the design. CMOS_Compatible metamaterial was combined with a gas

Reprir?ted (adgpted) with permission from [108]. Copyright (2014), American trapping polymer to create the absorber. The results show that

Chemical Sodiety. the sensor has a minimal detection rate of 40 ppm, a rapid

reaction time, and low hysteresis. The smart polymer also
enables multiplexed sensing, which may be utilized for gas
concentration crosschecking and validation.
authors also created two grating structures using N-doped Si or Si Ishii et al. [114] experimentally demonstrated spin current
HMM. The initial grating design was based on varying hole  generation from plasmonic MM absorbers operating in the mid-
heights, with absorption ranging from 0.83 to 0.97 for infrared region. For creating a wavelength-selective spin current,
wavelengths between 5 and 7 pm. the metamaterial absorbers were combined with platinum/
The second concept, which used different hole diameters to  yttrium-iron-garnet spintronic devices. Longitudinal spin
achieve a maximum broadband absorption of 0.97, was based on seebeck effect (LSSE) and photo-spin-voltaic (PSV) effect were
changing hole diameters. Considering these characteristics, the  considered to be the origin of this spin current. The plasmonic
perfect absorber has efficient application in thermal energy  resonance of the metamaterial absorber is responsible for the
harvesting. wavelength selectivity. Hence, the wavelength-selective IR sensor
Metamaterial absorbers made up of several tungsten cross  developed in this work can also be used in spin current
resonators that function in the mid-infrared frequency band were ~ generation.
introduced by Li et al. [104]. The structure exhibited near-unity P. Min et al. [115] presented an optically transparent flexible
absorption with a single absorption peak, which was achieved by =~ MMA. This proposed design exhibited broadband absorption
tuning from 3.5 to 5.5pum and adjusting the geometrical  characteristics by using topology optimization process based on
parameters. Then, different sizes of the multiple cross  generic algorithm (GA). A conformal optical transparent
resonators were added in the one-unit cell. Broadband near-  metamaterial absorber with broadband absorption extending
perfect absorption in the mid-infrared frequency range was  from 5.3 to 15 GHz is developed, constructed, and measured
achieved using this combination of two, three, or four  to prove the method’s effectiveness. The high agreement between
resonators. From the absorption spectra, it was concluded that  experimental and numerical simulation findings further confirms
the metamaterial absorber exhibited omni-directionality and less ~ the validity of their design and theoretical study. Both results

dependency on incident polarization. show that the MMA has outstanding absorption properties,
Ghaderi et al. [112] aimed to design and fabricate wideband ~ making it a popular choice for practical applications.
CMOS compatible metamaterial absorbers operating in the mid- Lee et al. [134] presented a review on metamaterials (MM)

infrared region. The use of aluminum instead of another high ~ and metasurfaces (MS) for sensor applications in optical
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frequency. The authors investigated in detail about refractive
index sensing with optical response and sensing properties of
lights based on metamaterials and metasurfaces. In the realm
of photonics, measuring variations in refractive index has been
a popular and practical application. Refractive index sensor
distinguishes itself by allowing for sensitive and label-free
biochemical assays, enabling it to be used in a variety of
chemical and biological sensing technologies. MM and MS
based RI sensors are superior than traditional RI sensors in
terms of manufacturing tolerance and readout signal stability
because RI variation is monitored by macroscopic optical
responses, primarily reflection or transmission of focused
input beams. With fascinating physical phenomena such as
plasmonically induced transparency and fano resonances,
periodic configurations of MM permit reduced radiative
damping and greater quality factor. With MM or MS, the
functions of a single nanophotonic RI sensor might be
expanded.

CONCLUSION AND FUTURE SCOPE

In this review work, the historical advancement of metamaterial-
based absorber in various frequency bands (microwave to optical)
is discussed in detail. Metamaterials are promising for producing
absorbers and studying different exotic electromagnetic
phenomena. Perfect absorption can be obtained from the
suggested metamaterial absorbers with simple designs
operating at lower or higher frequencies. These designs can be
tweaked to show off additional features relevant to the intended
practical uses. The most challenging aspect of the MMAs for GHz
and lower frequencies is the size of the unit cell. Otherwise,
flexible MMAs can be attained for microwave frequency by
simple fabrication. However, this flexibility to work in
different conditions and complex fabrication remain issues for
absorbers operating in other higher frequencies. The optimized
MMAs in the THz regime have potential application in the field
of imaging and spectroscopy. In addition, higher fabrication
tolerance is needed for the future application of MMAs in
optical frequency. MMAs in the GHz and THz frequencies,
like visible-range absorbers, require simpler designs, easier
manufacturing, and lower production costs.
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MMA: Microwave to Optical

Increasing R&D actions for applications in defense, aerospace
and telecommunication is a main goal driving the advancement
of metamaterials. The demand and usage for metamaterial
absorbers have rapidly in the past few years, considering their
effective utilization in radar, vessels, and special smartphones.
Presently, the metamaterial market is dominated by
manufacturers using metamaterials for antenna and radar
applications, such as Kymeta Corporation, JEM Engineering
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