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Abstract: Metamaterials are the major type of artificially engineered materials which exhibit naturally
unobtainable properties according to how their microarchitectures are engineered. Owing to their
unique and controllable effective properties, including electric permittivity and magnetic permeability,
the metamaterials play a vital role in the development of meta-devices. Therefore, the recent
research has mainly focused on shifting towards achieving tunable, switchable, nonlinear, and
sensing functionalities. In this review, we summarize the recent progress in terahertz, microwave
electromagnetic, and photonic metamaterials, and their applications. The review also encompasses
the role of metamaterials in the advancement of microwave sensors, photonic devices, antennas,
energy harvesting, and superconducting quantum interference devices (SQUIDs).
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1. Introduction

In the modern society, we are surrounded by an amazing variety of materials, such as
polymers, ceramics, composites, high strength alloys, superalloys, and so on. Naturally,
existing materials possess some properties. However, one can change or modify the nat-
urally occurring properties by altering the microstructure of the materials. The resultant
materials are also called as the engineered materials. Recently, the engineered materials
have gained much attention by researchers. The engineered materials exhibit better per-
formance, such as large cyclic life, broad temperature ranges, lighter in weight, etc., than
conventional materials. There exist numerous engineered materials such as metal-matrix
composites, polymer-based composites, piezoelectric materials, magnetostrictive materials,
metamaterials, etc. Owing to their large lifetime and high performance, these materials are
significantly used almost in all fields of science and engineering. In this article, we have
focused on metamaterials and their applications.

Metamaterials

In Greek, the word meta means “beyond”. The metamaterials are new class of engi-
neered materials which exhibit unusual electromagnetic properties that do not occur in
natural materials. In general, natural materials like diamond, glass, etc., have positive
refractive index, magnetic permeability, and electrical permittivity. Whereas these new
engineered materials show negative index of refraction, negative electrical permittivity, and
magnetic susceptibility. The metamaterials are also called as left-handed (LH) materials or
backward wave (BW) media or negative index materials (NIM) or double negative (DNG)
media. In addition, metamaterials have some special properties such as perfect lensing [1],
classical electromagnetically induced transparency [2-5], cloaking capability [6], high
frequency magnetism [7], dynamic modulation of Terahertz (THz) radiation [8], reverse
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Doppler effect, and reverse Cerenkov effect [9]. These unique properties of metamaterials
enable them to fabricate functional devices with switching and tuning capabilities [10-14].
Further, based on the permittivity and the permeability, the metamaterials are categorized
as mu-negative material (MNG), epsilon negative material (ENG), double positive material
(DPS), and double negative material (DNG) [15]. The MNG and ENG are also called as sin-
gle negative materials. Whereas the double negative and double positive materials can be
engineered at particular frequency band. In the year 1968, Victor Veselago, who is a Russian
physicist, first theoretically proposed the metamaterials [16]. He theoretically explored the
electrodynamics of the materials with negative values of the magnetic permeability (1) and
relative permittivity (e). Moreover, the propagation of electromagnetic waves is discussed
in those materials. Nevertheless Smith et al. practically demonstrated for first time a
structure which exhibits negative refraction in the microwave region [15]. In addition, ].B.
Pendry et al. [17] fabricated the first metamaterial by two interpenetrating subsystems.
Particularly, by using an array of thin metallic (copper) wires and rings, they fabricated
split ring resonators (SRRs), which provide negative values of permittivity and permeabil-
ity [17-19]. In metamaterials, the split rings play the role of atoms in natural materials and
act as electrically small resonant particles which contribute negative permeability. Herein,
copper wire contributes negative permittivity. Combined array exhibits negative perme-
ability and permittivity. Figure 1 gives the pictorial representation of a metamaterial [20]
(Figure taken from ref. [20]). Later, Ziolkowski [21] reported another metamaterial which
consists of substrate entrenched with capacitively loaded strips (CLSs) and square SRRs. In
this material, capacitively loaded strips gives a strong response to electric fields and gives
negative € and SRRs interacts with magnetic fields and provides negative p. Afterwards,
numerous researchers designed and fabricated different metamaterials by using different
methods like shadow mask/etching, clean room etching, etc., in many frequency bands.
In addition, based on the presence of SRRs, the metamaterials are available in various
forms. That means the metamaterials consisting SRRs are available in one, two, and three
dimensions [22-25]. Further, those metamaterials without SRRs (for example, fishnet
structure) are available in two, quasi-two, and three dimensions [26-29]. Hence, owing to
their unique properties and structures, the metamaterials find their applications in various
devices such as sensors [30-32], superlens [33], antennas [34,35], superconductors [36],
absorbers [37-42], energy harvesting [43,44], etc. In this article, we have concentrated on
recently developed metamaterials and their applications.

Figure 1. Pictorial representation of a metamaterial [20].
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2. Applications of Metamaterials

As we know, the metamaterials are engineered metamaterials which exhibit exceptional
properties that cannot be found naturally. In metamaterials, the resonant nature of the atoms
leads to the enhancement in light matter interaction that affords dramatic changes in the light
properties [45]. Especially, chiral metamaterials give strong response to light, this chiroptical
response surpasses the natural materials. Owing to these special properties, the chiral meta
devices have potential applications in polarization sensitive nano optical devices [46,47].
For instance, 3D nanoarchitecture generally exhibit chiroptical response [48,49], which
are widely used for fast polarization switching [50]. Compared to bulk materials, the
metamaterials or metasurfaces show domination in controlling the amplitude, phase, and
polarization of light. In recent years, researchers have concentrated on achieving strong
chiroptical responses in metasurfaces by breaking the rotational symmetries at unit cell
level [51-55]. In this regard, 2D patterned layer of chiral metamirrors present a decent
light matter interaction [53,54]. In addition, the metal/dielectric/metal sandwich structures
display improved chiroptical responses. Recently, Kang et al. [56] demonstrated an ultrathin
nonlinear chiral meta mirror. The proposed metamirror consists an array of SRRs made
up of amorphous silicon (x-Si). They reported that the metamirror exhibit fast optical
polarization switching (picosecond) of near infrared light at pump energies of picojoule per
resonator. This can be achieved by strong chiroptic response of the atoms in the proposed
mirror. Hence the chiral metamirrors are promising candidates for power efficient and
high-speed polarization state modulators in optical information processing.

Further, it is important to guide the waves for reliable transportation of information
through a physical channel. But, due to attenuation and back-scattering, the transportation
of energy is sensitive to sharp turns and defects in high frequency systems such as signal
processing [57,58]. However, in matter systems topological phenomenon is considered for
unidirectional and attenuation free energy transportation [59]. Moreover, the topological
metamaterials can transport the energy effectively, which is called phononic energy trans-
portation. Till now, the mechanical metamaterials are being used in large scale systems
such as gyroscopic lattices [60,61], arrays of pendulums [62,63], structured plates [64], and
so on. For utilizing the mechanical materials in high frequency energy transportation, the
metamaterial topological systems must be scaled on to the chip level [65,66]. In this view,
Cha et al. [67] proposed topological nanoelectromechanical metamaterials. The proposed
metamaterials consist of 2D array of free-standing SiN nanomembranes which can operate
at high frequencies of 10-20 MHz. They also demonstrated the presence of edge states and
frequency dispersion. Finally, the proposed on-chip topological metamaterials are suitable
for high frequency signal processing applications.

Furthermore, Cho et al. [68] proposed the concept of virtualized metamaterials to
overcome the shortcomings of traditional metamaterials. Through engineered resonant
modes with structured atoms the metamaterials permit to attain constitutive parameters
beyond their natural range. Generally, the tunability of constitutive parameters in real time
applications is a fundamental challenge in traditional metamaterials. This can overcome
by the proposed concept of virtualized metamaterials. In addition, they reported that the
replacement of the physical structure with designed fast signal processing Kernel circuit.
The circuit allows exhibiting defined frequency dispersion through which one can control
mass density and bulk modulus of the metamaterials. In addition, the proposed concept is
helpful in designing topological, non-Hermitian, and non-reciprocal systems by tuning the
frequency, dispersion, and amplitude for fast signal processing applications.

Afterwards, the fluorescent resonant energy transfer (FRET) [69,70] between the donor
and acceptor enhances the efficiency of solar cells [71], organic light emitting diodes [72],
photosynthesis [73], and so on. Nevertheless, in case of direct dipole-dipole interaction,
the resonance energy transfer occurs only at very short distances of 10 nm, beyond this
distance efficiency of the energy transfer decreases significantly. This is one of the major
limitations of transportation of energy in solar cells. Continuous research efforts are going
on to enhance the efficiency of the energy transportation by using hyperbolic metamateri-
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als [74,75], plasmonic nanostructures [76,77], and planar silver films [78]. Especially, the
optical topological transition (OTT) in a metamaterial theoretically considered the ideal
model for the enhancing energy transfer over long range orders [79]. In this regard, recently
Deshmukh et al. [80] demonstrated the long range (about 160 nm) direct energy transfer
between the donor CdSe/ZnS core-shell quantum dots and acceptor Cy3 organic dye
molecules by using OTT in a metamaterial. They reported that the metamaterial consists
the alternating layers of germanium (Ge) deposited silver (Ag) and alumina (Al,O3). The
OTT in the metamaterial alters the density of states between donor and acceptor, which
leads to the long-range energy transfer with 32% transfer efficiency. Further the experimen-
tal values are in good agreement with theoretical values. Finally, they concluded that the
OTT in metamaterials enhances the efficiency of energy transportation and controls the
transfer process. Owing to this, the OTT in metamaterials have potential applications in
numerous fields such as organic solar cells, quantum entanglement, etc.

In addition, the hyperbolic metamaterials are also gained considerable attention. A
hyperbolic metamaterial is a special type of anisotropic metamaterial whose isofrequency
contour (IFC) takes the form of an open hyperboloid because the principal components of its
electric or magnetic tensor have opposite signs [81-84]. The unusual nature of IFC enables
the hyperbolic metamaterials to be used for controlling the electromagnetic waves in new
ways. Through controlling the shape of the hyperbolic dispersion, one can flexibly control
the propagation of light in hyperbolic metamaterial, resulting abnormal scattering [85-88]
splitting [89-91], all angle negative refraction [92-96], etc. These hyperbolic metamaterials
are also called indefinite media [97,98] or polaritonic crystal in which the coupled states
of matter and light give rise to a larger bulk density of electromagnetic states [99,100].
Owing to this, hyperbolic metamaterial possesses strong enhancement of spontaneous
emission [101-105] and Cherenkov emission with low energy electrons [106-109]. These
hyperbolic metamaterials can be used in multifunctional platform for sensing, quantum
engineering, waveguiding, super resolution imaging, and so on [110,111]. At first, the
hyperbolic nature of metamaterial is first observed in microwave region. The natural as
well as engineered material exhibits the hyperbolic dispersion. In infrared and visible
region, some natural materials such as SiC, graphite, Bi,Ses, etc., exhibit the hyperbolic
dispersion due to excitation of phonon polaritons [112-118]. Similarly, the engineered struc-
tures such as multilayer fishnets [119], uniaxial metasurfaces [120,121], and metal-dielectric
structures [122,123] have subwavelength unit cells that display the hyperbolic dispersion.
The dispersion manipulation in hyperbolic metamaterials can be used in many applica-
tions like sub-diffraction imaging [124], sub-wavelength modes [125], thermal emission
engineering [126-128], high sensitivity sensors, hyper lens, etc. Therefore, the hyperbolic
metamaterials with unusual properties will play a significant role in the advancement of
novel optical devices in future. Recently, Schoche et al. [129] reported the behaviour of
tunable hyperbolic metamaterials which are derived from self-assembled carbon nanotubes.
To obtain the hyperbolic metamaterials from carbon nanotubes, they employed the Muller
matrix ellipsometry over the broad spectral range from mid-IR to UV region to specify the
dielectric tensor function on high dense films consisting single wall carbon nanotubes. Op-
tically these films are anisotropic and act as metamaterials with effective medium response.
Further, an oscillator model developed from the proposed metamaterials exhibit broad
range of hyperbolic dispersion compared to film consisting unordered carbon nanotubes.
Hence, the aligned carbon nanotubes form the metamaterial and play a prominent role in
accomplishing tunable hyperbolic nature.

In addition, with the help of face-to-face SRRs and a central bar Hu et al. [130] demon-
strated the design of tunable terahertz metamaterial (TTM) for switching applications.
They reported that, the free spectrum ranges (FSR) of TTM varies bi-directionally, i.e.,
broadened, and shortened with respect to variation of gap between SSR and central bar. In
TE mode, FSR is broadened by 0.14 THz (from 0.65 to 0.79 THz), whereas in TM mode it is
shortened by 0.19 THz (from 0.30 to 0.19 THz). Moreover, TTM shows the dependence of
polarization when it is subjected to external electromagnetic radiation. Moreover, in both
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single band and dual band proposed TTM acts like switch at TE mode, whereas at TM
mode, the resonance of TTM insensitive to the displacement of central bar. Owing to this
the proposed TTM can be utilized as switch in terahertz frequency range.

Li and Cheng [131] proposed a temperature tunable metamaterial absorber (MMA)
by using two stacked square shaped strontium titanate resonator structures (STOs) and
copper substrate. From the analysis of simulation studies, they reported that, at specific
frequencies, i.e., 0.114 THz and 0.181 THz in terahertz region the reflectance of the proposed
MMA is about 2.1% and 0.2% at room temperature. Moreover, it has maximum absorption
peaks 97.9 and 99.8% at the same frequencies. In addition, owing to symmetry of unit
cell structure STO based MMA shows polarization insensitive nature to both transverse
electric and transverse magnetic modes. Further, the distribution studies of power flow
and electromagnetic fields disclosed that, the excitations of fundamental dipole modes
in the MMA are the origin of the high level of absorption. In addition, the absorbance of
the proposed MMA can be altered by varying the external temperature and, by varying
its structural parameters. Owing to the excellent characteristics, the proposed STO-based
MMA may have potential prospects in thermal imaging, temperature sensing, thermal
emission, etc. In addition, scientists designed strontium titanate (STO) based single band
tunable metamaterial absorber [131]. They reported that, with respect to structural param-
eters, absorption peak is increased and resonant frequency is reduced. This means the
absorption peaks are enhanced from 90 to 99.4%, whereas the resonant frequency is shifted
from 6.2 to 5.8 THz. As the temperature is increased from 300 to 380 K the absorption peak
shows 2% decrement. While the resonant frequency shifted from 6.2 to 7.1 THz. So, the
proposed metamaterial can be tuned by temperature. Moreover, the temperature tunable
metamaterial exhibits the excellent absorption property.

Next, using four L-shaped anisotropic metamaterials Lu et al. [132] demonstrated
an ultrathin reflective linear polarization converter. The proposed design can convert the
linearly polarized radiation to cross polarized radiation with the conversion ratio of 98%
from 4.2 to 5.2 THz. In addition, the reflection coefficient of cross polarization is greatly
influenced by the deflection angles relative to y-axis [133]. So, the proposed metamaterial-
based device can be useful for the manipulation of polarization in optical instruments.
In recent years, planar metamaterials are studied extensively owing to their potential
applications in design of lasing spacers, flat optical components, nonlinear devices, etc. In
these metamaterials high Q-factor (quality factor) is essen26GH?26tial for enabling strong
light-matter coupling [134,135]. In this regard, the Fano resonances support the narrow
linewidths with high Q-factor values [136-138]. The Fano resonance in metasurfaces is
originated from increased electric field in the subwavelength capacitive gaps of symmetry
broken resonators. Earlier the Fano resonance is modulated by changing the coupling
distance in the unit cell or changing the asymmetry parameters of the unit cell [139-141].
But, in this technique the Fano resonance works in passive mode. Therefore, the researchers
searched for an alternative design for active control of metasurfaces. They suggested that
active control is possible by controlling the conductivity of the Fano structure. Until
now, very less work has been done on the Fano structures [142-145]. In this connection,
Ma et al. [146] demonstrated an active switching of extremely large Q-factor Fano resonance
by using VO, (vanadium oxide)-implanted THz asymmetric double C-shaped metamaterial
structures. They reported that the double Fano resonances are highly sensitive to the
temperatures and, the Fano resonances can be switched at low thermal pumping of 68 °C.
The exited Fano resonances in the metadevices can be completely vanished by cooling.
However, the tuning of Fano resonances in cooling and heating are different. To understand
the internal mechanism of the temperature tuned Fano resonances, at respective resonant
frequencies they simulated the distributions of surface current and electric field for high
(70 °C) and low (45 °C) temperatures. In addition, at 1.16 THz, the resonant linewidth of
the proposed device is 0.015 THz, and the Q-factor is 98, which is very high compared
to traditional metamaterials. Hence, the proposed temperature tunable Fano resonant
devices are promising candidates for designing advanced high-performance photonic
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devices like ultrasensitive temperature sensors. Later, Li et al. [147] reported an active Fano
metasurfaces with the help of graphene-based terahertz asymmetric split-ring resonant
structure (Gr-TASR) on silicon (Si) substrate. The active control in the proposed design
is possible through controlling the conductivity of the graphene by a combination of CW
(continuous wave) illumination and bias voltage. Further, they experimentally observed
that, the clear modulation of Fano resonance is achieved by optical illumination with
0.7 Wem ™2 power density at very low voltage of about —0.8 V. This may be due to shorting
effect between the capacitive split gaps of Gr-TASR. This is an effective approach for
controlling the metamaterials actively with both electrical and optical fields which can
play a prominent role in designing of variety of futuristic graphene-silicon based terahertz
photonic devices.

Further, Lin et al. [148] demonstrated the design of a tunable terahertz (THz) resonator
by using AFSM (asymmetrical F-shaped metamaterial) which is composed of Au-layer
fabricated on SOI (silicon-on-insulator) substrate. Figure 2 shows the schematic representa-
tion of the proposed F-shaped THz resonator (Figure 1 of Ref. [148]). Without changing
the other parameters, they designed three F-shaped resonators of lengths 60 um, 65 um,
and 70 um. When the proposed resonator is exposed to electromagnetic radiation, it shows
the switch function for single band resonance at TM mode and dual band resonance at
TE mode. Owing to this one can use the proposed device as a THz switch in TE-mode
and as a THz filter in TM-mode. In addition, the tuning resonances are in between 0.2 and
0.4 THz in TE-mode and the resonator having length of 60 um exhibits largest Q-factor
of 40. Moreover, at TM-mode, all the proposed resonators show same Q-factor of 20.
All the outcomes are evinced that the proposed AFSM device is suitable for designing
environmental sensor. They reported that, the proposed device is subjected to surrounding
environmental factors with different refractive indices for further enhancement of the
flexibility and efficiency. Therefore, this new AFSM device provides a way to enhance the
sensitivity of metamaterials in THz region for polarizer, sensor, and switching applications.

P

Figure 2. Schematic representation of the F-shaped THz resonator (Figure 1 of Ref. [148]).

3. Metamaterials in Photonic Devices

Over past few years, researchers have been searching for highly integrated light
source. The photon transparency in metallic photonic crystals which were doped with
nanoparticles have been studied by Mahi R Singh; his study used new optical devices
like switches and optical transistors [149]. There is a high demand for the development
of practical optical photonic devices and its application systems for controlling absorp-
tion/transmission/reflection of electromagnetic waves. It was observed that by adjusting
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the graphene fermi level a tunable metamaterial attains electronically reconfigurable tera-
hertz reflection, absorption, and transmission in an effective manner [150]. In this view,
various designs for free electron radiation emitters have seen light, which includes light
wells [151,152], graphene based plasmonic, and dielectric based undulators [153,154], metal-
lic nano gratings [155], etc. Along with the advancement of narrow linewidth miniaturized
lasers [156] and highly integrated electron accelerators [157,158], the progress in nanoscale
undulators paves the way toward the realization of X-ray light sources and on-chip extreme
ultraviolet (EUV) sources. These advanced sources have promising applications in various
fields such as natural sciences, engineering, and medicine [159,160]. Owing to strong con-
finement, low losses and dynamic tunability, the graphene plasmons are much suitable for
manipulation of light matter interaction [161-165]. In addition, highly confined plasmons
interact effectively with the matter. Nevertheless, small transverse extent of polaritonic
field of such highly confined plasmons limits the interaction. This type of limitation exists
in the light matter interaction in micro/nanoscale photonic wavelengths. Such limitations
can be conquered by introducing metamaterials. Amongst, various kinds of materials
graphene exhibit outstanding optical properties are highly appealing for optoelectronics
and energy conversion applications [166-173]. However, the low optical absorption (2.3%)
and ultrathin nature (3.4 A) of monolayer graphene over a broadband wavelength limits
its ability to provide sufficient optical modulation that restricts the performance in optical
applications [174,175]. However, the graphene based-metamaterials consisting alternating
dielectric layers and graphene can enhance the optical modulation which can be useful
in advanced photonic devices [176-178]. Recently, Pizzi et al. [179] reported the enhance-
ment of electron—plasmon interaction area by graphene metamaterials. They found that
the output intensity is scaleup by a factor of 580 with respect to single graphene layer.
For example, for 5 MeV electrons, a single layer metamaterial having 50 um length and
50 layers, and a beam of current 1.7 A can generate 1.5 x 107 photons. This is due to
the ability of the graphene multilayer structures to support MRPs (multilayer resonant
plasmons) [180-186]. Further, the layered conducting structures can also be generated the
visible Cerenkov radiation [187]. In addition, they reported that through allowing large
amount of electron beams, the graphene multilayers produces the significant improvement
in output intensities. Based on the conductivity of the graphene, there will be optimum
layers in the metamaterial that enhances the intensity of the output. Further, by varying the
resonating modes at different laser frequencies, the proposed metamaterials can generate
multiple X-ray harmonics, which are used in time-resolved X-ray spectroscopy for ultrafast
imaging of chemical reactions and electronic state transitions [188,189]. In addition, Yang
et al. [190] suggested a low-cost and transfer free, solution-phase technique for the fabrica-
tion of multilayer graphene-based metamaterials. This consists of alternating monolayer
graphene oxide/graphene and dielectric layers. They reported that the optical properties
of the prepared graphene-based metamaterials can be tuned dynamically by controllable
laser mediated conversion. Graphene-enabled active metamaterials may provide new
platform for dynamical manipulation of light matter interactions [191]. Figure 3 shows
the schematic representation of dynamic process for in situ phototunable graphene based
metamaterial (Figure 1 of Ref. [190]). In addition, the laser patterning leads to functional
photonic devices like ultrathin flat lenses embedded in the lab-on-chip device. In general,
these ultrathin flat lenses maintain consistency and shows subwavelength focusing reso-
lution at ambient environment without any observable degradation compared with the
original lens. Therefore, these graphene-based metamaterials provide a new insight for
widespread applications in on-chip integrated photonic devices.
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Figure 3. The representation of dynamic process for (a) initial, (b) schematic and (c) final state of in
situ phototunable graphene based metamaterial (Figure 1 of Ref. [190]).

4. Metamaterials in Microwave Sensors

Nowadays, the characterization and quantification of liquids have become crucial in
different fields such as biomedical engineering, agriculture, pharmaceutical, etc. [192-195].
In general, the characteristics of various liquids can be analyzed with the help of their polar
nature and specific electrical properties. Moreover, the performance of the microwave
devices is greatly influenced by the electrical properties of the liquids. Further, the inter-
action of the electromagnetic radiation with the polar liquid materials led to variation of
the direction of the polarization for different molecules. Especially, microwave sensors
employ that kind of interaction to manipulate the dielectric properties of the liquids for
characterization. Due to simple procedure, non-invasiveness and quick response, the
electromagnetic approach-based sensors offer several advantages than the normal ones.
Further, owing to their unique properties the electromagnetic metamaterials gained much
attention in the advancement of the electromagnetic devices over last two decades. Recently,
the designs based on electromagnetic metamaterials have been employed for microfluidic
sensing applications [196,197]. These sensors exhibit high sensitivity and strong interaction
between the analytes and electric field. However, the requirement of large sample volume
is one of the shortcomings of the microfluidic sensors. This can be mitigated by using unit
cell resonation structures in microfluidic sensors [198,199]. Still, achieving the significant
sensitivity in microlevel is a major problem. To overcome this, numerous researchers are
putting their continuous efforts in designing the miniaturized sensors with significant
sensitivity and selectivity for consistent characterization of a liquid. In continuing this,
Xu et al. [200] demonstrated a lightweight, low cost, portable, biocompatible, and flexible
metamaterial (metaflex) based photonic device for the biological and chemical sensing
and high sensitivity strain applications. The device can be operated invisible as well as IR
regions. The proposed device consists U-shaped SRRs of 30 nm thick gold (Au) or silver
(Ag) which are deposited on poly(ethylene-naphthalate) substrate with the help of electron
beam lithography [201]. In addition, the U-shaped SRRs metamaterials display an electric
resonance of 542 nm and magnetic resonance of 756 nm. Both magnetic and electric reso-
nant modes give highly sensitive response to surrounding dielectric media, bending strain,
and surface chemical environment. Owing to coupling of electric and magnetic fields,
the proposed metamaterial-based photonic device shows greater response to nonspecific
bovine serum albumin protein binding with a shift of magnetic resonance of 4.5 nm. It
also shows superior response for self-assembled monolayer of 2-naphthalenethiol with a
shift of magnetic resonance of 65 nm. These outcomes suggest that the proposed device
is a prominent candidate for chemical and biological sensing. Microwave metamaterials
are electromagnetic devices which are synthesized to control microwave fields. These
materials can be used as future healthcare systems that can overcome technical restrictions
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after they are interfaced with human body. John S. Ho et al. [202] studied the working
principles and applications of microwave metamaterials for biomedical sensing. Further,
Kayal et al. [203] demonstrated a compact microwave sensor with the help of mu negative
(MNG) metamaterial for liquid characterization. They reported that the prepared sensor
exhibits high sensitivity along with noticeable compactness. The square spiral metamaterial
(MNG) plays a significant role in accomplishing this sensitivity in small cross-sectional area
as well as notable compactness. In addition, the sensing behaviour of the prepared device
is confirmed through least square technique followed by development of two nonlinear
equations for calibration purpose. These nonlinear equations (Equations (9) and (10) of
Ref. [203]) are useful for finding the permittivity of the unknown samples. Hence, the
compactness and high sensitivity of the prepared sensor make it a prominent candidate for
liquid sensing applications.

In addition, the electromagnetic waves in tera Hertz (THz) region shows sensitive
responses to intra and intermolecular vibration modes and low photon energy (few
meV) [204,205]. Due to this the THz electromagnetic waves display potential applica-
tions in bio-sensing, microscopy, and spectroscopy. In THz region, with the help of tens of
metamaterials and graphene, Xu et al. [206] introduced a platform for bio molecular sens-
ing. Further, by using graphene assisted nano metamaterials, Lee et al. [207] demonstrated
a label free sensing technique for discrimination of single-stranded deoxyribonucleic acids
(ssDNAs) in THz region. The combination of unusual properties of metamaterial and
electrooptical properties of graphene provides biomolecule sensing property even using
THz photons with very low energy. Additionally, they reported that the enhancement of
THz field at resonance frequency causes the rise in absorption cross section of the graphene
sheet which in turn provides ultrahigh sensitivity. The sensing mechanism includes the
direct transfer of graphene onto a nano-slot metamaterial and tightly binding the tar-
geted DNA molecules without modifying the structure. Here, the nano-slot metamaterials
enhance the THz transmittance which is proportional to the absorption cross-section of
DNA adsorbed graphene layer. So, greater number of DNA molecules can be observed
through the strongly focused THz electromagnetic waves. Further, adsorbed molecules
change the intrinsic electrical properties of the graphene which can easily be detected.
This mechanism is allowed to sense of different biomolecules. Specifically, considering
suitable receptor to capture DNA molecules followed by rapid primary screening, finally
applied for sequencing the DNA. Hence, the graphene assisted THz metamaterial sensing
platform is suitable for biological sensing applications also understanding the electro-optic
behaviour of 2D materials.

The sensitivity of the microwave sensor can be enhanced by coupling the transmission
lines with metamaterial based open loop resonators [208]. However, during coupling the
resonator with transmission line there exist shift in resonant frequency which strongly
affects attain high sensitivity. To overcome this, Abdolrazzaghi et al. [209] proposed a novel
metamaterial based planar microwave sensor which can be operated at 2.5 GHz. They
prepared the above proposed sensor by coupling negative refractive indexed metamaterials
with transmission lines which exhibits greatly improved resonant properties [210]. After-
wards, they developed the signal flow analysis to estimate the transmission response of the
prepared sensor. In comparison with the microstrip or conventional sensor the proposed
sensor shows very high sensitivity along with large complex permittivity. They reported
that the proposed sensor displays superior properties, particularly in water host medium
and high permittivity materials. The concentration measurements of the methanol or
ethanol in water medium reveals the outstanding performance of the proposed sensor over
conventional sensor. Hence, the proposed metamaterial based planar microwave sensor is
useful for characterization of high permittivity materials, highly sensitive concentration
measurement of methanol or ethanol in water and also biomolecule detection.
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5. Metamaterials in Antennas

In modern era, the communication system is shifting from wired to wireless. In
this regard, there is a need for antennas for wireless transmission of signals. Hence,
the demand for antennas which are having large operating bandwidth and high gain
has increased. The researchers are searching for new kind antennas which satisfy the
demand of modern communication. In this concern, DRA (dielectric resonator antenna)
attracted much attention owing to its novel features such as high radiation efficiency and
broad bandwidth [211-213]. Initially, Long and his coworkers started the experimental
investigations on DRAs, followed by many researchers, now the DRAs are available in
different shapes like rectangular, gammadion cross, cylindrical, quadruple, spherical,
hemispherical, and so on [214-217]. Amongst, rectangular DRA exhibits good attractive
properties. However, limited bandwidth and manufacturing cost are the major drawbacks
of DRAs. To reduce the fabrication cost, cost effective additive manufacturing (like 3D
printing) can be used in the place of the costly conventional manufacturing. In addition to
cost effectiveness 3D printing allows to develop complex structures with specific features
of antennas for demanding applications. With the help of SRR, biodegradable PLA and
cost-effective 3D printing technique Kumar et al. [218], recently demonstrated the design
and development of star shaped dielectric resonator antenna (SDRA). They reported that
a special type of polymer called PLA is fabricated by additive manufacturing technique
using renewable energy sources. In addition, SDRA shows high bandwidth of 37% that can
be attained by modifying the shape of rectangular DRA. Further, the circular shaped SRR
can serve as a metamaterial which lead to enhancement in gain, the maximum gain attained
by the antenna is of 82.7%. Moreover, within in the operating band the proposed antenna
exhibits the average efficiency of 80.51% and is circularly polarized at 5.8 GHz. Therefore,
the outcomes are evidenced that the proposed antenna fulfils the WLAN bandwidth
requirements (5.15-5.35 GHz and 5.725-5.825 GHz). This is useful in communication,
C-band (aeronautical and meteorological radio navigation and satellite navigation systems.

In addition, the metamaterials are widely used in reduce the size of the antennas to
attain multiband frequency response [219]. Negative order and zeroth order resonances
are useful to design miniaturized antennas which are very useful in wireless vehicular
communication systems [220-223]. Mehdipour et al. [224] demonstrated the design and
applications of monopole antennas that are loaded by complementary split ring resonators
(CSRR) and zeroth order resonator units. The proposed antennas can be operated in three
tunable frequency bands. They reported that, the miniaturization of the proposed antenna
is achieved by loading the zeroth order resonators. In addition, they observed the good
agreement between the simulated and experimental results. Hence, the multi-band tunable
response and miniaturized structure of the proposed antenna evinced that it is a prominent
candidate for vehicular communication system. Further, Elwi [225] introduced a novel
cylindrical antenna with miniaturized structure for multi-input and multi output systems.
The proposed antenna consists a cylindrical shaped Kodak photo paper substrate (with
height A, /4.5 and diameter A, /4.5, where A, is the wavelength of the free space at 2.25 GHz)
on which four omega shaped monopoles (the separation between each monopole is of
Ao/29) are folded. In the frequency range 2 to 3 GHz there exists the maximum coupling
between the monopoles. The reduction in coupling is done by mounting the SRRs between
the monopoles. With the help of Ink-jet deposition process the silver nanoparticles are
printed on the substrate. Finally, it is observed that the proposed array shows a gain of
2.5 dB with wide radiation patterns which is suitable for the applications in the systems
having multi-inputs and multi outputs.

6. Metamaterials in Energy Harvesting

Metamaterials play a vital role in energy harvesting. As we know that acoustic energy
is inexhaustible and present in the ambient environment, together with common voice,
rustle of falling leaves, sound near jet plane, operating sound of large grinding machine
and so on [226,227]. However, if the energy density is low, most of the acoustic energy
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is dissipated into thermal energy during its propagation. In recent years, the researchers
are focused on energy harvesting technology to convert energy into electrical energy to
power up low power electronic devices [228,229]. To scavenge and confine the acoustic
energy distinct energy harvesters have been proposed [230]. The advancement of acoustic
energy harvesters has begun from classic Helmholtz resonators [231], photonic crystal
resonators [232], and quarter-wave resonators [233] to local acoustic metamaterials res-
onators [234] for large energy focusing on short structural dimensions. Wireless energy
harvesting (WEH) from electromagnetic fields is flattering an emerging technology. Re-
cent advances in broadband rectennas for wireless power transfer (WPT) and ambient RF
energy harvesting was studied by C. Song [235]. The review of wireless and battery-free
platforms for collection of bio signals, biosensors and bioelectronics was done by Tucker
Stuart et al. [236]. They summarize present methods to realize such device architectures
and deliberates their building blocks. On-site and external energy harvesting in under-
ground wireless was studied by Raza, U [237]. These energy harvesting methods lead
to design of a competent wireless underground communication system to power under-
ground nodes for extended field operation. Additionally, key energy harvesting tools are
offered that use available energy sources in the fields like vibration, solar, and wind. In this
concern, the Electromagnetic (EM)- and Magnetic Induction (MI)-based approaches are
important for underground wireless communication system. Recently, WPT and energy
harvesting: current status and future prospects was reviewed by J. Huang et al. [238]. A
meta-material based on a cubic high-dielectric resonator (CHDR) for coupled WPT (wire-
less power transfer) system was studied by R. Das et al. [239], they have observed that the
proposed CHDR system providing more than 90% power transfer efficiency at a distance
of 0.1A. Amongst, the photonic crystals are suitable harvesters for high frequency acoustic
environment, because the Bragg scattering controls the scattering characteristics of the
waves in photonic crystals and the wavelength of the harvested sound is of the order of
magnitude (periodic parameters) of the scatterer.

The acoustic metamaterials alter the propagation of the wave depends on the local
resonance bandgap principle. In which at a specific frequency, the propagation of the
incident wave is suppressed due to interaction of the resonant modes of the structural units
with the travelling wave [240]. In addition, the acoustic metamaterials exhibit special wave
propagation characteristics in wave vector space, spectral space, and phase space [241,242].
In acoustic energy harvesters, the acoustic energy is focused onto piezoelectric crystal
and its density is improved significantly to reach the usable magnitude. The piezoelectric
material converts the incident energy into electrical energy by inverse piezoelectric effect.
The generated electrical energy can be used in low power consuming devices and to
power up the wireless sensor network. Different types of acoustic metamaterials have
been developed for harvesting of acoustic energy. With the help of lead zirconate titanate
transducer and double layered acoustic metamaterial Wang et al. [243] demonstrated the
acoustic energy harvester which exhibits the maximum power of 73.1 nW at the incident
wave frequency of 318 Hz and pressure of 2 Pa. In addition, using spring-mass resonators
Oudich et al. [244] developed acoustic metamaterial thin-plate for harvesting of acoustic
energy. The designed harvester shows large out power of 18.1 pW at 519 Hz and 2 Pa.
Recently, Ma et al. [245] designed a two-dimensional local resonant acoustic metamaterial
for energy harvesting applications. They reported that the designed energy harvester
shows voltage enhancement of 950% compared to bare plate energy harvester. In addition,
at resonant conditions and the sound pressure of 20 Pa the proposed harvester shows
maximum voltage of 291 mV, average power of 28 uW and power density of 1.24 mW cm 3.
Further, the outdoor studies revealed that the acoustic material-based harvester shows
18 times better open circuit voltage compared to the bare plate harvester. Hence, the
outstanding properties of the proposed harvester evinced that it could serve as a promising
acoustic energy harvester with improved performance.

In addition, the metamaterials can also absorb and harvest electromagnetic sig-
nals. Nowadays, the investigations on the metamaterial-based absorbers have increased
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for electromagnetic signal harvesting and absorbing applications in microwave region.
Landy et al. [246] in 2008 designed metamaterial-based absorber consisting of two sepa-
rated resonators to harvest electromagnetic waves. In addition, for high frequency regions
of GHz and THz, Dincer et al. [247] introduced a metamaterial-based absorber with the
help of square resonator. In addition, Cheng et al. [248] investigated the polarization
insensitive metamaterial-based absorber for harvesting electromagnetic energy at various
frequency bands. Yagitani et al. [249] proposed and designed an electrical circuit model
and mushroom-like electromagnetic band gap [250] (EBG) structures for obtaining the 2D
image of distribution of RF power. Finally, Alkurt et al. [251] demonstrated a metamaterial-
based absorber for energy harvesting and imaging applications. The proposed harvester is
also called as 2 x 2 patch array antenna and microwave image detector. The unit cell of the
proposed harvester is shown in Figure 4 (Figure 1 of the Ref. [251]). They reported that, in
the proposed absorber, first the absorbed energy is converted into DC signal with the help
of Schottky diodes. Subsequently, the obtained DC signals generate image of the absorbed
power. Afterwards, they fabricated 2 x 2 patch array antenna and energy harvester. The
outcomes of the numerical and experimental measurements are matched with one another.
Hence, all these results evidenced that the proposed metamaterial-based absorber can be
promising candidate for energy harvesting, imaging, crack detection, and so on.

d

Figure 4. Unit cell of the metamaterial-based harvester (Figure 1 of Ref. [251]).

7. Metamaterials in SQUIDs

The investigations on the metamaterials comprising SQUIDs (Superconducting quan-
tum interference devices) are going on intensively from the last decade [252,253]. These are
the artificial materials which exhibit special properties such as negative magnetic perme-
ability [254], dynamic multi-stability and switching [252], broad band tunability [255], etc.
As we know that simple version of SQUIDs contains superconducting ring interrupted by
Josephson junction [256]. The two-dimensional arrays of SQUIDs in different lattice geome-
tries establish nonlinear metasurfaces. This can project theoretically in both quantum [257]
and classical regimes [258,259]. By implementing this various designs and structures have
been investigated in one and two dimensions [260-263]. With the help of microwave
transmission measurements recently reported the degree of spatiotemporal coherence of
SQUID metamaterials [264]. Further, these SQUID metamaterials provide novel testbed
for exploring complex spatiotemporal dynamics. Interestingly, it is proved that SQUID
metamaterials support spatially inhomogeneous states like chimera states. These chimera
states gained much attention for both experimental and theoretical viewpoints [265,266].
In various discrete systems it was identified that different dynamic states such as soli-
tary state chimeras [267], spiral wave chimeras [268], and imperfect chimeras [269]. In
addition, the chimera states in SQUID metasurfaces controls the speed of the propagat-
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ing electromagnetic waves [270]. Lazarides et al. [271] demonstrated the generation of
chimera states by SQUID metasurfaces which are subjected to dc-flux gradient and driven
by ac-flux. Figure 5 shows the schematic representation of SQUID metamaterial (Figure
from Ref. [271]). They reported that the flux gradient of dc-field and amplitude of the
ac-flux controls desynchronized clusters of chimera state along with their location and size.
Further, the chimera states are distinguished from non-chimera states by ac driving flux.
Finally, the proposed SQUID oscillator is an example for system with inertia and driving
which plays a prominent role in the advancement of metamaterials science. In addition,
J. Hizanidis et al. [272] presented 2D SQUID lattice with nearest neighbour interactions
which can form states with Turning-like pattern. In general, single SQUID undergoes
complex bifurcations at low coupling limit, where as in 2D SQUID the Turning like pattern
arises near synchronization to desynchronization transformation region. Further, owing to
extreme multi-stability of single SQUID, 2D chimera states have formed at near resonant
regime. The formed chimera states can be tuned by dc-flux also control their position
and multiplicity. Finally, recent reports revealed that the imaging of the chimera states in
SQUID metamaterials is prominent candidates for verifying the theoretical findings [273].

I Josephson junction ¢ "\ Superconducting film

Figure 5. Schematic representation of SQUID metamaterial (Figure from Ref. [271]).

8. Conclusions

Metamaterials are the advanced engineered materials which offer the naturally unob-
tainable properties. Due to their unique behaviour the metamaterials gained considerable
attention in various fields including sensors, energy harvesting, photonics, and so on.
Graphene based metamaterials efficiently can control absorption/transmission/reflection
of electromagnetic waves. The graphene assisted THz metamaterial sensing platform is
suitable for biological sensing applications. Even though, massive research is going on to
search new kind of tunable metamaterials with improved performance, significant chal-
lenges remain. The star shaped dielectric resonator antenna (SDRA) achieves the WLAN
bandwidth requirements (5.15-5.35 GHz and 5.725-5.825 GHz). This is useful in commu-
nication, like aeronautical and meteorological radio navigation and satellite navigation
systems (c-band). However, in comparison with the normal materials the metamaterials
exhibit superior properties. The electrical energy generated by energy harvesting metama-
terial can be used in low power consuming devices and to power up the wireless sensor
network. Lead zirconate titanate transducer and double layered acoustic energy harvester
exhibits the maximum power of 73.1 nW at the incident wave frequency of 318 Hz and
pressure of 2 Pa. Metamaterial-based absorbers have increased for electromagnetic signal
harvesting and absorbing applications in microwave region. The image of chimera states
of SQUID metamaterials is prominent applicants for verifying the theoretical findings.
Finally, with the rapid advancement of relevant science and technology in recent years,
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metamaterials have been developed in the direction of a standard technology platform to
accomplish basic tunability and advanced application of metamaterial devices.
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