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Metamaterial (MTM) absorbers and their design have been of prime interest in view of
their capability to absorb electromagnetic waves of high frequencies. Different types of
MTM absorbers have been reported in the last two decades. Keeping this in view an
attempt was made to review the progress of MTM absorbers in terms of the theory behind
them, designing and construction. This paper reviewed the basic theory and design
regulations of a perfect MTM absorber at high, narrow and broad band frequencies. Also
we reviewed tunable frequency and coherent absorbers. This exercise was done to focus
on recent developments in metamaterial absorbers and present the tested results in a more
precise way.
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1. Introduction

Materials with negative refraction first demonstrated by Veselago in 1968 have brought a
big breakthrough in the field of material science[l]. Since then after three decades Pendry
developed such material[2]. Materials tailored beyond their natural electromagnetic properties
called metamaterials (MTM) find extensive applications in antennas, sensors, absorbers etc.[3-6].
In any of these applications a unit cell of metamaterial capable of operating at sub wavelength was
designed to have unique electric and or both magnetic responses for an incident em wave [7-9].
This response in a metamaterial results in tailored medium making it highly potential in cloaking
devices, sensors, antennas etc.[10-21]. As MTM’s suffer with unavoidable loss due to atomic,
molecular, chemical or structure realization of low loss devices has been taken up by optimizing
the structure [22-24]. At the same time, it is to be noted that applications related to energy
harvesting, scattering reduction and thermal sensing require absorption [25-27]. It is reported that
tailoring of magnetic and electric resonances lead to usage of above mentioned inherent loss in
achieving MTM’s of uniform absorption[28-34]. Perfect absorber with metamaterial reported for
the first time exhbited narrow bandwidth assigned to resonance condition limiting its usage for
practical applications[28]. In order to design MTM based multiband absorbers, unit cells with
multiple resonances are designed and combined[35, 36]. Absorption in broadband is obtained for
close resonant frequencies[37]. Also MTM absorbers designed with multilayer structures or
vertical standing nano-wires [38-41] achieve broadband absorption.
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2. Theory behind MTM absorbers

MTM absorbers mainly function based on Impedance Matching and Interference Theories.

2.1. Impedance matching theory

According to this theory perfect absorption in a metamaterial can be obtained by
conspiring its electric, magnetic resonances to alter effective permittivity and permeability values
to obtain impedance match with free space [42, 43]. It is also reported that impedance matching in
MTM absorber cannot be achieved without concurrent electric and magnetic resonances, thereby
indicating no perfect absorber can be possible with MTM of single resonance (electric or
magnetic)[44].

2.2. Interference theory

Destructive interference between multiple reflections in a given dielectric substrate forms
the basis for interference theory. An MTM absorber was assembled with metallic patterns and high
conducting metallic plane on either side of a substrate. The layer of metallic patterns acts as partial
reflector and can alter the coefficients of transmission and reflection. The conducting plane acts as
perfect reflector producing a delay of 180° phase between incident and reflecting em
wave[45,46].This combination leads to absorption based on the individual parameters.

3. Narrowband MTM absorbers

The journey of MTM absorber started in 2006, which proposed an arrangement of split
ring resonators (SRR) supported by a resistive sheet [47]. In this design em wave/magnetic field
are parallel/perpendicular to SRR plane /SRR array. SRR array is deposited on a resistive sheet for
impedance matching with free space. The coefficients of transmission and reflection are found to
be less than —20 dB at 2 GHz with perfect absorption. This arrangement is better than a planar
structure whose absorption bandwidth is limited.

In continuation a planar MTM absorber with FR-4 substrate sandwiched between electric
ring resonators and cut wires was proposed for the first time in 2008[28]. This was the first planar
MTM absorber with subwavelength structure whose simulated absorptivity is about 96% at
11.65 GHz and experimental value is 88% at 11.5 GHz. The frequency and strength of absorption
depends on the geometry of resonator and substrate thickness. Various MTM absorbers of
different spectral range are realized with reference to above design[29-39].
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Fig. 1. Image showing planar MTM absorber (a) Unit Cell (b) Plot showing stimulated values of
absorbance, reflectance and transmission versus microwave frequency. Courtesy: [44].
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In 2009, an MTM absorber with dendritic (branched form) unit cells was reported.
Figures 2(a&b)shows a unit dendritic cell along with its absorptivity value of 95% both simulated
and experimental at 10.26 GHz. It is also estimated that perfect absorption in optical system can be
achieved by reducing the dendritic MTM absorber to nanoscale [46].
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Fig. 2.Image showing Dendritic MTM absorber (a) Unit Cell (b) Plot showing experimental and
stimulated values of absorptivity against frequency. Courtesy[44].

In general MTM absorbers has unit cells arranged periodically. It is observed that any
disorder in the arrangement leads to decrease in absorptivity and frequency shift (optical regime).
Still an MTM absorber can exhibit 95% absorption with random unit cells disordered to certain

extent[49].

4. Broadband MTM Absorbers

Expansion of bandwidth in MTM absorbers can be obtained through usage of (a)
multilayered structures [38, 39],(b) multiple resonant cells[50,51], (¢)lumped elements[52] and (d)
high loss dielectrics [53,54].

With reference to (a) a broadband MTM absorber with stacked resonant patches of various
different sizes was proposed. As shown in Figure 4. It consists of MTM absorber with twenty one
metal patch layers whose net thickness is less than the operating wavelength. It is reported to have
full width absorption at half maximum of about 86%. Higher frequency em waves get absorbed at
upper patches, while lower frequency em waves are blocked at lower patches[37] realizing ultra-

broad bandwidth.
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Fig. 3.Image showing Saw-toothed MTMAbsorber along with its absorption spectrum. Courtesy [44].

With reference to (d) high lossy dielectrics exhibit wideband absorption [53, 54].In this
context water is one of the best high lossy dielectric in microwave frequency range [55]. MTM
absorber designed with water layer in a resin holder with copper plane at bottom was
shown(Figure.4). Using this design abosorpitivity greater than 90% between 12GHz-29.6GHz
(ultra-broad band) was reported[56]. To check whether this absorption is predominant due to
inherent high loss, absorption spectra was compared for full water layer without holes and resin
without water. It was observed that absorption of full water layer is about 35%-40%, while it
reduced by 20%—-40% when emptied [Figure 4(d)]. This confirmed the contribution of absorption
(ultra-broadband) to localized resonances in case of water resonator.
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Fig. 4.(a) Water MTM Absorber, (b) Unit Cell (c) Water Layer, (d) Frequency versus Absorptivity
Courtesy: [44].

Heavily doped silicon acts as a lossy dielectric at terahertz frequencies and can be used for
broadband absorption [53]. A silicon based broadband high absorption MTM absorber was
proposed at visible wavelengths[57]. It consists of a sub-wavelength Si layer with holes, SiO2
spacer and a thick gold substrate[Figure.5(a)]. This structure exhibited high absorptivity and large
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bandwidth [ Figure 5(c)]. Similarly another MTM absorber designed with silicon substrate
operating between 0.9THz to 2.5 THz was reported[58].
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Fig. 5.(a) Si based MTM Absorber (b) Unit Cell. (c) Absorptivity spectra. Courtesy: [44].

5. Frequency tunable MTM absorbers

It is a known that the significance of metamaterials lie in the fact that they can be tailored
for arbitrary electromagnetic properties. Once designed, a metamaterial has fixed properties[59-
62]. If they are used as absorbers their operating frequency will be fixed limiting their practical
applications. In this context MTM absorbers in which frequency can be tuned to desired value is of
prime importance. This can be achieved by designing an MTM absorber with a medium having
adjustable material properties. Effective methods include elements like varactordiodes,
ferroelectrics, ferrites, graphene etc.[63-69].In addition to these methods, mechanical bending was
used for a tunable MTM absorber [68-72]. This type of MTM absorber with dielectric resonators
on conductive rubber layer with cent % absorption was reported[73]. Figure.6 displays this type
of MTM absorber in which stretching of MTM absorber with uni-axial stress increases the
distance between dielectric bricks slowly to red-shift the resonance frequency at 410 MHz in X
band. Similar type of MTM absorber was demonstrated with multiple absorption bands by varying
the shape and size of dielectric slab [74].
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Fig. 6. Plots showing Absorption Spectra of Mechanically Stretchable Dielectric MTM Absorber (a)
Experimental (b) Stimulated (c) Image showing stretch in dielectric resonator on a thin conductive rubber
layer. (d) Distribution of magnetic field at resonance frequency.

Courtesy: [44]

Graphene can be used to design tunable MTM absorber as the surface conductivity of
graphene is tunable. Using graphene wires MTM absorber with cross-shaped metallic unit cells
was reported [73-75]. Figure 7(a) show such structure that can be tuned at terahertz frequencies.
By adjusting graphene’s fermi level ( bias voltage and fermi level are proportional) the absorption
peak frequency was tuned up to 15% of uniform peak absorption| Figure 7(c)].
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Fig. 7.Tunable MTM absorber with grapheme (a) Unit Cell (b) MTM absorber. (c) Absorptivity
vs Frequcny for different bias voltages. Courtesy: [44].

6. Coherent MTM absorbers

As mentioned in the previous section in a given MTM absorber, absorptivity is fixed with
design limiting its applications where flexible tunability of absorption is required. This limitation
can be addressed through coherent perfect absorption (CPA)[76,77]. The idea behind CPA is to
achieve perfect absorption through destructive interference between two propagating waves[78].
Cent percent modulation of absorptivity in this system can be achieved by setting the phase
difference between two waves [79]. This dynamic modification of absorptivity make these
absorbers significant in various applications. Since the invent of CPA it was observed and reported
in various applications|76-82].Majority of coherent MTM absorbers use metallic resonators, while
recent reports indicated CPA in metal-free metamaterials. In this context MTM absorber with
dielectric ceramic attained tunable absorptivity ranging between 0.38% to 99.85% through phase
modulation[83]. A similar structure made of water with high coherent absorption at multiple
frequency bands was reported[84]. Apart from perfect MTM absorbers which need powerful
magnetic &electric resonances in artificial resonators, CPA can be achieved in natural materials
having profound thickness in the order of sub wavelength[83]. Conductivity in thin graphene and
MoS; layers was found to be tunable making them highly suitable for coherent absorbers[54, 85].

7. Conclusions

This paper mainly reviewed the theory, design and characterization of some of the MTM
absorbers reported in the last two decades. MTM absorbers and their operation frequency was
discussed. Design of narrowband, broadband, tunable absorbers are reviewed. Mainly perfect
MTM absorbers, planar MTM absorbers, coherent MTM absorbers are reviewed. We tried to
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present a simple review of various MTM absorbers in terms of their design and output absorption.
This review helps the enthusiastic researchers to further develop new design and achieve efficient
absorption in various frequency ranges.
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