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Abstract

Metamaterials are materials produced artificially and have proper-

ties that do not exist in naturally occurring compounds. The funda-

mental components of these materials are arranged in preset patterns

at sizes lower than the wavelength of the phenomenon they interact

with. Therefore, they can creatively manipulate sound, electromag-

netic, and other types of waves. It has some distinctive qualities, in-

cluding a negative refractive index, the Doppler effect, cloaking, sens-

ing, imaging, perfect absorber, etc. Blackbody MMs, referred to as

perfect-absorption (PA) MMs or MM-based perfect absorbers (MM-

PAs), have rapidly evolved in plasmonic sensors, bolometers, wireless

power transfer, and perfect light absorbers. These are notable for their

capacity to increase the efficiency of absorbing solar energy. Despite

dielectric and ohmic losses and the resonance between the inductive

and capacitive components, energy can be trapped in the circuit and

subsequently released. The dielectric’s absorption significantly out-

weighs the conductor’s Ohmic loss. Consequently, a significant por-

tion of the dielectric loss has been produced by magnetic resonance,

which results in antiparallel currents.

MM absorbers were initially proposed by Landy et al. and had the

advantage of being smaller and thinner in dimension than the con-

ventional absorbers. Landy et al. have proposed multiband, broad-

band, polarization-insensitive, and controllable band-optimized MM



absorbers for various applications, including thermal imaging, solar

cells, sensing, etc. MM absorber was experimentally and theoretically

confirmed in the GHz range. Due to some complexity, fabrication is-

sues, more significant size, and thermal stability for design methods

used for limited biosensor applications operating at THz frequency.

MM absorber operating in THz is applicable, especially for biosens-

ing applications, where it has several advantages like material differ-

entiation, non-ionizing radiation, penetration and imaging, security

screening, gas sensing, cultural heritage conservation, communication

and data transfer, quality control and manufacturing, and scientific

research.

Graphene material has received much attention in many scientific

and engineering sectors, including metamaterials because it is adapt-

able and distinctive. Its specific qualities make it an appealing op-

tion for incorporation into metamaterial absorbers. Some of these

are: i)Broadband absorption: Broadband absorption is possible

thanks to the wide frequency tuning range of graphene’s conduc-

tivity. Graphene-based metamaterial absorbers are suited for ap-

plications that demand broad spectral coverage because this is es-

sential for attaining effective absorption over a range of frequencies.

ii) Tunability: By changing external factors like chemical doping,

electrical bias, or optical light, one can modify the conductivity of

graphene. The metamaterial absorber’s absorption qualities may be

accurately controlled because of this tunability, making it adaptable

to various operating circumstances. iii) Thin and lightweight: A

single layer of carbon atoms organized in a hexagonal lattice makes

up the two-dimensional substance known as graphene. It is appro-



priate for situations where weight and space restrictions are critical

because of how thin and light it is. iv) Integration with other

materials: Graphene can be combined with other substances, such

as metals or dielectrics, to form hybrid structures with improved elec-

tromagnetic properties. v) High Carrier Mobility: The ability of

charge carriers (such as electrons or holes) to flow through a material

is known as carrier mobility, and graphene possesses an extraordinar-

ily high carrier mobility. This characteristic may aid in effectively

transferring charges inside the absorber structure. vi) Compati-

bility with Flexible and Transparent Substrates: Graphene

is appropriate for applications that need conformal and transparent

absorbers because it can be deposited onto flexible and transparent

substrates. Graphene is costlier and can be used especially for single-

layer graphene and fabrication complexity for graphene controllable

and environmental stability maintained constantly by surrounding ar-

eas.

Chapter 2 reviews existing works that have already been reported on

metamaterial absorbers operating at THz frequencies. Several meta-

material structures have been designed to date, but it has some de-

sign limitations, such as complexity, resonance overlapping, better

Q-factor, high FoM, sound sensitivity, and better bandwidth. Hence,

designing a broadband metamaterial with graphene works as a meta-

material absorber.

The third chapter presents a broadband terahertz (THz) metamate-

rial absorber. In this, the unit cell structure of this absorber con-

sists of three layers. The top layer of the structure contains a circu-

lar graphene ring. At the center frequency of 2.0 THz, this circular



graphene ring has a fractional bandwidth of 67% and absorptivity of

more than 90%. The proposed absorber is polarization insensitive be-

cause of its fourfold symmetrical structure. The graphene parameter

is optimized to get maximum bandwidth. This metamaterial offers

TE and TM polarization insensitivity up to a 600 incident angle of

electromagnetic wave.

The fourth chapter includes two different metamaterial structures for

various application bands. In design1, the metamaterial structure

comprises three layers, with the top and bottom being Gold and sepa-

rated by a dielectric material in between. The structure provides 100%

at a lower frequency of 0.846 THz and 98.6% at a higher frequency

of 2.12 THz. The Complementary Split Ring Resonators (CSRR)

parameter is optimized for dual resonance frequency. The proposed

CSRR shows a tuning range from 2.12 - 2.16THz. The proposed struc-

ture provides a quality factor of 19.2 at a lower-band frequency and

19.56 at an upper-band frequency. In design 2, a triband metamaterial

was also implemented using a graphene-based metamaterial absorber

for sensing applications. The implemented metamaterial structure of-

fers the maximum absorption efficiency of 100%, 96%, and 70% at

three different operating bands. The simulated performance shows

that the presented design offered better outcomes than the earlier

one.

The fifth chapter implements a multimode terahertz absorber using an

ultrathin silicon ring with varying multimodal resonance. The rectan-

gular silicon ring provides three resonances to create electromagnetic

dipoles. The altering of these resonances is explicitly controlled with

the help of a circular graphene ring. The graphene ring is used in



the center for tenability and perfect absorption. An equivalent circuit

model is also presented and verified for the proposed structure. The

design is intended to measure the glucose percentage in water. In

addition, this can be used as a biosensor for detecting malaria par-

asite percentage in water. A few critical parameters, like sensitivity

and quality factors, are considered to evaluate the performance of the

said design. The sensitivity with analyte thickness is found to be

0.445 THz TU−1, 0.4255 THz TU−1, and 0.4305 THz TU−1. The

corresponding quality factor is noted for the lower, middle, and upper

bands as 235, 653, and 264, respectively. Further, the sensitivity and

quality factors were measured by changing the refractive index. The

new estimated values are 0.480 THz RIU−1, 0.403 THz RIU−1, and

0.562 THz RIU−1, and corresponding quality factors are 203, 555,

and 261 for lower, middle, and upper bands, respectively. The design

is also expected to flourish as a polarization-insensitive absorber.

In chapter 6, it generates Multi-band resonance for biosensing appli-

cations.A silicon hexagonal ring to provide a pentaband of resonance

and their properties is introduced using a hexagonal graphene ring in

the center. The absorber performance parameter is verified using an

equivalent circuit model. The proposed design has a resonance at 4.78

THz, 5.1 THz, 5.4 THz, 5.76 THz, and 5.88 THz and improves the

absorptivity level by more than 0.97 for all five bands.Another impor-

tant feature of the proposed absorber is polarization insensitive.

Keywords: Metamaterial absorber, FoM, Sensitivity, Q-factor, Band-

width, Ultrathin, Graphene, SRR, CSRR, Tuning.
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  Metamaterials, which are engineered substances, find extensive utility across 

various fields, including optical filters, medical equipment, aerospace technology, 

sensor technology, and infrastructure monitoring. This field combines knowledge 

from disciplines including engineering, electromagnetic theory, solid-state physics, 

optics, microwave engineering, optoelectronics, and materials science. Metama- 

terials can be traced back to the work of Dr. Jagadish Chandra Bose of India 

pioneered early structures with chiral properties that laid the groundwork for 

metamaterial research.

  Metamaterials possess properties such as the ability to exhibit a refractive 

index. It means that electromagnetic signals can propagate in a manner through 

these materials. A significant milestone in this field was achieved by Victor Vese- 

lago in 1967 when he demonstrated that materials with indices allow for the 

transmission of light. These materials behave when electromagnetic waves inter- 

act with elements more petite than their wavelength. These elements are known 

as metamaterials. It must be extensively lesser than the wavelength to accu- 

rately exhibit properties similar to those of a homogenous material quantified by 

an effective refractive index. Electromagnetic metamaterials can be categorized 

into four types based on their properties. The first type is characterized by wave 

propagation with positive electric and magnetic fields. The second type is called 

negative, with an electric and positive magnetic field. The third type is negative, 

with both the electric and magnetic fields being negative resulting in a region with 

a refractive index. Lastly, there is another type called negative: the magnetic and 

electric fields are negative. This classification emphasizes how metamaterials can 

exhibit behaviour when interacting with waves.

  A negative-index material, or negative-index metamaterial (NIM), exhibits a 

negative refractive index within a specific frequency range for electromagnetic 

waves. The electric field (permittivity) and the magnetic field (permeability) ex- 

hibit negative values in these materials. Negative index metamaterials are also
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Figure 1.1: Types of metamaterial

referred to as ”left-handed media,” ”backward-wave media,” and media with a

”negative refractive index”. The concept of a negative refractive index is some-

times termed a ”double negative metamaterial.”

Let us consider a scenario where a material possesses absolute permittivity

and permeability. The relationship between the refractive index (n), permeabil-

ity (µr), and permittivity (ϵr) is given by the equation = ±√
ϵrµr. Transparent

materials (glass, water, etc.) belong to non-metamaterials and they have positive

(ϵr) and (µr). Some artificial materials have (ϵr) (µr) < 0. When the product

is (ϵr) (µr) positive, then n is real. Under such conditions, taking the negative

root of the square for n is required. If both (ϵr) and (µr) are positive, then it

is called forward direction, and if both are negative, then it is called backward

direction. As the refractive index becomes imaginary, the electromagnetic wave

cannot propagate in the opposite sign of (ϵr) (µr). Examples of such materi-

als, opaque to electromagnetic radiation, include plasmonic materials like metals

(gold, silver).

Today, In the current era, we inhabit an information-driven world where the

exchange of information between individuals is essential. Technological advance-
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ments cater to human needs by offering practical applications. Metamaterials

play a significant role in achieving these practical applications by leveraging vari-

ous technologies. The concept of metamaterials (MM) traces back to observations

by Dr. J.C. Bose in 2001, later formalized by Walser [1–4]. Walser’s definition

aligns with the one provided by the Defense Advanced Research Projects Agency

(DARPA) in the USA, defining metamaterial as artificial materials with prop-

erties not found in nature, often exhibiting negative characteristics. The term

”meta” originates from Greek, meaning ”beyond” or ”after,” while ”material” is

rooted in Latin, signifying substance. In the past, engineered materials known as

MMs showcased unconventional electromagnetic traits, such as negative refractive

index [5], reverse Doppler effects [6], superlens capabilities [7], and electromag-

netic wave cloaking [8]. These MMs have made remarkable strides in research.

As nanotechnology evolved, MMs exhibited intriguing effects across a wide spec-

trum of electromagnetic waves and found application in microwave and photonic

devices through sophisticated methodologies [9–12].

Metamaterials function as efficient absorbers [13], enhancing the efficiency of

solar energy capture [14] and being applied in various domains like plasmonic

sensing [15], bolometry [16], wireless power transfer [17], and the development

of perfect light absorbers. MM absorbers demonstrate substantial loss [18–20],

achieving resonance between the inductive and capacitive components of the cir-

cuit. This allows for energy storage and dissipation through Ohmic and dielectric

losses. Notably, dielectric absorption significantly surpasses Ohmic loss in con-

ductors. Consequently, magnetic resonance inducing antiparallel currents results

in considerable dielectric loss [21].

Landy et al. introduced the concept of MM absorbers, which has revolu-

tionized the field, offering a distinct advantage due to their compact and slender

design compared to traditional counterparts [22–24]. Subsequent research has

showcased the versatility of MM absorbers across applications, including thermal

4



imaging [24, 25], solar cells [26], and sensors [15]. Optimization pursuits have

spanned a wide spectrum, from achieving multiband functionality [27–32] to ac-

commodating broader frequency bands [18,33], polarization insensitivity [31–35],

and controlled frequency responses.

However, pursuing ideal absorption conditions remains a delicate challenge,

particularly when integrating multiband MMPAs with high efficiency. This chal-

lenge is underscored by the need to manage varying bandwidths tailored for spe-

cific applications, focusing on absorption peaks that become pivotal as frequencies

transition from microwave to infrared ranges.

Metamaterials are harnessed as powerful tools for crafting optical compo-

nents. MM’s allure lies in its adaptability–its customizable size and shape allow

for tailored designs catering to specific applications while also enabling the in-

corporation of optical attributes rarely found in traditional materials, such as

heightened high-frequency magnetic responses.

Materials with negative refractive index, with negative values for both permit-

tivity and permeability, have long captivated academic curiosity. Although this

concept was explored in the 1960s, practical realization emerged in the early 21st

century. With rapid developments and computational advancements, metamate-

rials have become swifter, more reliable, and cost-effective tools for engineering

devices endowed with extraordinary electromagnetic characteristics. Terahertz

frequencies possess wavelengths shorter than microwaves, enabling the construc-

tion of more compact metamaterial structures. This compactness is essential for

achieving desired electromagnetic properties at subwavelength scales. The range

between microwaves and infrared light, termed terahertz frequencies, offers unex-

plored potential for imaging, sensing, and communication applications. Utilizing

terahertz frequencies in metamaterials grants researchers access to this underex-

plored domain. Terahertz frequencies exert distinct effects on materials compared

to microwaves, revealing unusual and unique responses in materials that are typ-
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ically transparent or inert at microwave frequencies. Metamaterials operating at

terahertz frequencies provide a novel and intriguing means to experiment and

control electromagnetic traits of materials. These metamaterials offer finer con-

trol over electromagnetic fields compared to their microwave counterparts. The

shorter wavelengths of terahertz waves enable the manipulation of subwavelength

properties, resulting in enhanced resolution and precision for imaging and sens-

ing applications. It is important to note that the choice of frequency depends

on the specific application and desired electromagnetic characteristics. While

microwave frequencies remain prevalent in many metamaterial applications, ter-

ahertz frequencies offer distinct advantages, particularly in antenna design and

radar systems.

Terahertz waves, spanning from 0.1 to 10 THz, find applications across various

industries, including medical imaging, broadband communications, radar, astron-

omy and nondestructive testing [36]. Compared to higher frequencies such as the

visible or infrared areas, terahertz frequencies notably show less loss. Metals

often act as ideal conductors, while low-loss dielectric materials lead to mini-

mal attenuation of metamaterial resonance. This expands the optical constant

values achievable with metamaterials, broadening design possibilities for optical

systems and making terahertz frequencies a preferred choice for many applica-

tions. Metamaterials are widely employed in diverse research fields, particularly

in antennas, where they serve as perfect absorbers. MM absorption is modu-

lated based on EM wave resonance frequency. Manipulating MM polarization

alters absorption levels through embedded diode lids [37]. Adjustable dual-band

perfect absorbers have been developed by manipulating coupling component dis-

tances, leveraging exceptional optical transmission and Fabry-Pérot cavity res-

onance [38]. Metamaterial-designed micromachined actuators exhibit effective

absorption at dual-band terahertz frequencies. The prospect of controllable ab-

sorbers holds promise for widespread applications in tunable filters, detectors,
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1.1 Theoretical Backgrounds

and optical switches, capitalizing on their advantages [15,16].

1.1 Theoretical Backgrounds

The classification of electromagnetic wave absorbers can generally be divided

into two primary categories: resonant and broadband. Broadband absorbers

can be further classified into two subcategories: low-density absorbers and geo-

metric transition absorbers. Two-dimensional arrays of periodic featuring cones,

lossy foam pyramids, or wedges are employed in creating geometric transition ab-

sorbers. These structures find applications in environments like anechoic rooms,

where their purpose is to reduce wall reflections. On the other hand, low-density

absorbers employ materials with poor or low-quality characteristics to achieve

absorption.

It is important to note that these categorization schemes were formulated

before integrating metamaterials into the realm of perfect absorbers (PA). Cur-

rently, non-resonant approaches are commonly employed to achieve broadband

absorption. However, it is worth mentioning that resonant absorbers have the

potential to achieve complete absorption within a narrow bandwidth, offering

distinct advantages in specific applications.

1.2 Basic Design of Metamaterial perfect ab-

sorber

The concept of electromagnetic wave absorption began with the Frequency

Selective Surface (FSS), initially introduced by American Engineer W. Salisbury

in 1952, also known as the Salisbury Screen [39]. The Salisbury screen principle

functions akin to an anti-reflection coating. It comprises of three types: i) a slim

reflecting panel, ii) a less-loss dielectric base having a width equal to one-fourth

of the incoming electromagnetic wave’s wavelength, then iii) a seamless metallic
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1.2 Basic Design of Metamaterial perfect absorber

superficial. Due to precise 180◦ phase difference resulting from the reflection of

waves off the narrow reflective shade and the seamless metal superficial caused by

the quarter-wave-length chunkiness of the substrate, destructive interference oc-

curs, leading to no reflection. This is the principle behind anti-reflection coatings.

However, the Salisbury screen possesses two significant limitations: chunkiness

and band of absorption. Due to limited absorption bandwidth, the dielectric

layer’s quarter-wavelength thickness only achieves complete destructive interfer-

ence, making it unsuitable for practical applications.

Metamaterial Perfect Absorbers (MMPAs) typically consists of triple films: i)

a film with sporadically ordered patterns of metallic, ii) a dielectric film, and iii) a

seamless metalfilm. This structure is reminiscent of the Salisbury screen but with

improvements. The metallic pattern layer replaces the original reflective layer,

and the dielectric layer’s thickness can be ample slighter than the wavelength,

exclusively in the GHz range. Achieving total absorption entails no transmission

or reflection. The third layer impedes incident waves, causing them to reflect.

The dielectric layer’s core function is to offer a space for incoming electro-

magnetic waves to be absorbed. While preoccupation can happen in the metallic

area, the dielectric layer plays a more critical role due to its higher absorption

efficiency and lower losses. Generally, the dielectric layer offers ample space for

incident EM waves, and a high refractive index material can reduce its thickness.

The relationship for the incoming EM wavepath can be represented as nd, where

n and d indicate the refractive index and the travel extent. In contrast to the

requirements for anti-reflection coatings and Salisbury screens, a thick material

is not always necessary as long as specific conditions are met. Dielectric sub-

stances typically have a small imaginary part of the dielectric constant, which

suffices for absorbing EM waves. In MMPAs, the imaginary part of the dielectric

constant plays a vital part in absorption, with the dielectric layer’s character-

istics influencing the design outcome. In some scenarios, the MMPA functions
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1.2 Basic Design of Metamaterial perfect absorber

like a Fabry-Perot Cavity or a Salisbury screen, producing dual-band absorption

when space is provided in the resonance cavity. All incident EM waves initially

strike the top layer and should be transmitted. This layer shares similarities with

the Salisbury screen, but the structure involves metallic patterns rather than

simple screens. The pattern is designed for specific frequency regimes to ensure

transmission, distinct from the destructive interference principle of the Salisbury

screen.

Incorporating the Drude mode, one can estimate both the actual and unreal

components of the dielectric constant, denoted as ε1 and ε2, which is given as

ε1(ω) = εinf −
ω2
pτ

2

1 + ω2
pτ

2
(1.1)

and

ε1(ω) = ωτ
ω2
pτ

2

1 + ω2
pτ

2
(1.2)

When considering the parameters τ , ω, ω∞, and ωp, which respectively represent

the relaxation time, angular frequency of the incoming EM wave, the Drudepa-

rameter and the plasma frequency, the approximation of Equation 1.2 is achieved

when ωτ ≈ 1.”

ε1(ω) = εinf −
ω2
p

1 + ω2
p

(1.3)

The Drude parameter is often denoted as (∞), with ε1 in this region satisfying

the condition where ωτ << 1. It can be expressed as a function of either ω−2

or λ2. When plotted as ε1 versus λ2 or ε1 versus ω−2, it forms a continuous line,

and ε∞ serves as the intercept at ω−2 = 0 or λ2 = 0. Notably, ε∞ typically differs

from unity, as it represents the real part of the dielectric constant measured at

ω = ∞,” reflecting the polarization of core electrons. Metals generally exhibit

a plasma frequency, often exceeding 5eV, leading to a negative absolute value

of ε1 in the infrared (IR) and visible spectral regions. To create metamaterials
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1.2 Basic Design of Metamaterial perfect absorber

(MMs) that function effectively in the GHz, THz, IR, and even visible regimes, it’s

crucial to reduce the ”effective” plasma frequency. This reduction helps achieve

the desired characteristics required for these specific frequency ranges, as plasma

perturbations associated with the original plasma frequency can achieve these

properties. This is because the plasma frequency is determined by the equation:

ωp =

√
4πne2

m∗ (1.4)

Here e denotes fundamental charge of an electron, the charge density is n and

m∗ is the mass that is effectively measured, metallic units ”diluted,” making

it necessary. The term ”diluted” implies a reduction in charge density within

metamaterials (MMs), which in turn facilitates the plasmonic resonance to occur

within the desired frequency range. Metamaterial design content array of pat-

terned unit cells. The ”effective” charge thickness can be suitably modified by

selectively removing a portion of the metallic layer, thereby enabling the plas-

monic resonance within the desired occurrence range.

In active mode, both the second and first layers are engaged. The Salisbury

screen conveys the reproduced wave from a continuous metallic superficial, re-

flecting the incident EM wave back into the originating space. These two EM

waves occasionally undergo destructive interference, leading to zero reflection.

In contrast, while the first layer in the Salisbury screen assumes a passive part,

the primary coating of MMPA gives an additional dynamic and active part. In

the first layer, no reflection occurs because it should match the impendence of

the first layer to free space impendence or atmosphere. There should be no

difference between free space impendence and the first layer for impendence pur-

poses. Complete impendence matching for incident waves assumes that the two

mediums, the atmosphere and the first layer, are visually identical. Generally,

materials are rigid to match free space impendence. Only MM’s dimensions are
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1.2 Basic Design of Metamaterial perfect absorber

carefully adjusted, and properties can follow them. This type of impendence

matches particular resonance or plasmonic couplings only. Therefore, despite be-

ing macroscopically inhomogeneous, MMs must be preserved as similar materials.

Consequently, the utilization of the effective-medium approximation (EMA) be-

comes compulsory.

Another interesting aspect to consider is the potential misunderstanding of

the imaginary part of the dielectric function in certain situations. Most people

think a strong absorption must follow from the imaginary part’s huge magnitude.

This one statement is a rough approximation, while the other is more conser-

vative. There are two distinct approaches to defining the optical constants of a

medium, one involving the complex refractive index n ≡ n + ik, and the com-

plex dielectric function ε̃ ≡ ε1 + iε2, wherever n denotes refractive index and

k denotes extinction coefficient). The preoccupation, proper attenuation, and

imaginary part to dielectric function of the incident EM wave were not deter-

mined directly rather to extinction coefficient factor is e
kr
δ , wherever δ denotes

skin depth. The relation among the complex refractive index and complex di-

electric function, ε̃ = ñ2 = (n + ik)2, holds. Consequently, the two subsequent

associations can be easily derived.

ε1 = Re[ε̃] = Re[(n+ ik)2] = n2 − k2 (1.5)

and

ε2 = Im [ε] = Im
[
(n+ ik)2

]
= 2nk (1.6)

According to Equations 1.2 and 1.2, −ε1 << 1 and ε2 >> 1 when ω << ωp.

It implies that n << 1, k << 1, and, extra prominently, n << k even for opti-

cal choice of occurrence. The incident EM waves exhibit significant attenuation,

evident from the pronounced the absolute value for extinction coefficient factor

within the optical frequency choice. However, strong attenuation does not always
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1.3 Split Ring Resonator

equate to robust absorption; rather, it signifies a reduction in the skin depth cor-

responding to an increase in the extinction coefficient. Consequently, the incident

EM wave’s penetration into the metal is limited, with most absorption occurring

near the extremely thin surface layer of metals. This means that in metals, when

the metallic layer’s thickness surpasses the skin depth significantly, absorption

becomes negligible, and transmission is absent. In such scenarios, the majority

of incoming EM waves within the region of Drude experience reflection, as max-

imum metals operate around plasma frequencies well beyond the range of visible

light, they predominantly reflect visible light, explaining their characteristic shiny

and smooth surfaces. The considerable value of the imaginary component of the

dielectric function primarily leads to strong reflection rather than solid absorp-

tion. This underscores the importance of the patterned metallic layer. Although

the imaginary component is usually smaller than the real part, its pronounced

magnitude proves pivotal for perfect absorption, mainly when the primary ab-

sorption mechanism is dielectric. Sometimes, the central absorption mechanism

can be Ohmic. In this scenario, while the substantial imaginary component is

crucial for reducing the Q-factor, it is not necessarily vital for achieving perfect

absorption. Reducing the Q-factor expands the absorption peak’s bandwidth,

which is crucial for achieving the broadband response of Metamaterial Perfect

Absorbers (MMPAs).

1.3 Split Ring Resonator

A Metamaterial typical structure which is artificially generated is called the

split-ring resonator (SRR). The primary objective is to induce the desired mag-

netic susceptibility, effectively creating a magnetic response within various meta-

materials, extending up to 200 terahertz. These materials display a strong mag-

netic interaction with an applied electromagnetic field, a characteristic that is
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1.3 Split Ring Resonator

Figure 1.2: Split Ring Resonator

typically absent in traditional materials. For instance, when arranged in a peri-

odic array, split ring resonators can emulate effects reminiscent of negative per-

meability. A solitary SRR unit consists of two enclosed loops with splits at

opposing ends, separated by a small gap. These loops are usually crafted from

non-magnetic metals such as copper, and the gaps between them can be either

square or concentric. When a magnetic flux permeates through these metal rings,

it engenders circulating currents that, contingent on the SRR’s resonant proper-

ties, either reinforce or counteract the incident magnetic field. This engenders

a dipolar field pattern. The narrow inter-ring gaps yield notably high capaci-

tance values, leading to a reduction in the resonant frequency. Consequently, the

structure’s dimensions are relatively diminutive in comparison to the resonant

wavelength, resulting in minimal radiative losses and exceptionally high-quality

factors [40–42].

SRRs are structured with two concentric metallic rings etched into a dielec-

tric substrate, each featuring slits on opposite sides. SRRs are notable for their
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1.3 Split Ring Resonator

capacity to minimize electrical effects when exposed to oscillating electromag-

netic fields. Their significance lies in their ability to facilitate the creation of

materials exhibiting a left-handed and negative refractive index. This negative

effective permeability is primarily achieved through the presence and characteris-

tics of SRRs. When subjected to a time-varying magnetic field, an array of these

electrically small SRRs effectively operates as a medium with negative effective

permeability, albeit within a limited range centered around the SRR resonance

frequency. Furthermore, SRRs have been successfully incorporated into planar

transmission lines to craft metamaterial transmission systems. [43–45]. A mi-

crostructure termed as split ring resonator was described in the 1999 publication

by Pendry et al. titled as ”Magnetism from Conductors and Enhanced Nonlinear

Phenomena” [46]. The suggestion put forth that utilizing a split ring resonator de-

sign crafted from non-magnetic materials could enhance magnetic characteristics

not commonly found in natural materials.. In the straightforward microstruc-

ture design, it is demonstrated that the effective permeability may be expressed

as follows, In an arrangement of conductive cylinders subjected to an externally

applied magnetic field H0 oriented parallel to the cylinders.

µeff = 1− πr2

a2

(
1 + i

2σ

ωrµ0

)−1

(1.7)

Here, σ represents the surface resistance of the cylinder per unit area, while a

denotes the spacing between the cylinders. Additionally, ω stands for the angular

frequency µ0 and r are permeability and radius. Additionally, we observe that

gaps create a capacitance in a double-cylinder design identical to the one in the

illustration above. The microstructure of the capacitor and inductor generates a

resonance that enhances the magnetic action. The novel effective permeability

exhibits a response [47] that is well-known in plasmonic materials.

µeff = 1−
πr2

a2

1 + 2σi
ωrµ0

− 3dc20
π2ω2r3

(1.8)
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1.4 Complementary Split Ring Resonator

Where d for spacing concentric conducting sheets. A replacement for the double

concentric cylinders in the final design consists of a pair of flat concentric c-shaped

sheets on both sides of a unit cell. These unit cells are then stacked one on top

of the other with a separation of length l.Below is an illustration of the effective

permeability’s end outcome.

µeff = 1−
πr2

a2

1 + 2lσ1i
ωrµ0

− 3lc20
π2ω2r3 ln( 2c

d )

(1.9)

1.4 Complementary Split Ring Resonator

Complementary Split Ring Resonators (CSRRs), a specialized form of meta-

material structure connected to the more famous Split Ring Resonator (SRR).

CSRRs can display distinctive behavior in response to electromagnetic waves and

are created to complement the electromagnetic characteristics of SRRs. The word

”complementary” in CSRR refers to the electromagnetic response that CSRRs

are made to exhibit, which is either the opposite of or complementary to that of

SRRs. In other words, CSRRs are made to exhibit a positive magnetic response

at the same frequencies, but SRRs typically exhibit a negative magnetic response

(negative permeability). CSRRs are built using a different geometry than SRRs.

CSRRs feature a complementary construction that comprises a solid ring or struc-

ture in place of the gap in the SRR, whereas SRRs are made up of one or more

concentric rings with a gap or split. Due to this alteration, CSRRs can display

complementary electromagnetic characteristics. Similar to SRRs, CSRRs are en-

gineered to behave resonantly at particular frequencies. The resonant frequency

depends on the shape and dimensions of the CSRR. CSRRs show a significant

electromagnetic response when subjected to electromagnetic waves at or near

the resonant frequency. There are numerous applications for CSRRs and related

complementary structures in electromagnetic and microwave fields. Their com-
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1.5 Motivation

plementary behavior can produce metamaterials with particular characteristics,

such as creating negative refraction, subwavelength imaging, and cloaking effects

at particular frequencies. CSRRs and SRRs are frequently employed as fun-

damental components in Frequency Selective Surfaces (FSS). FSSs are surfaces

that permit some frequencies of electromagnetic wave transmission or reflection

while blocking others. Due to their complementary behavior, CSRR-based FSSs

may have unique characteristics. CSRRs can be employed as sensors to identify

changes in the electromagnetic environment similarly to SRRs, particularly at

frequencies where they show resonant behavior.

1.5 Motivation

The goal of engineering materials with unusual and non-conventional proper-

ties not present in naturally occurring substances is the driving force behind the

development and research of metamaterials. Because of its ability to alter , sound

waves, electromagnetic waves and other forms of waves in ways that were pre-

viously considered to be impossible, metamaterials have concerned the courtesy

of scholars and scientists from a variety of professions. The following are some

significant causes for exploring metamaterials. Researchers can now design and

make materials with characteristics that do not occur in nature through metama-

terials. For instance, carefully built metamaterial structures can create materials

with negative refraction, superlensing, and cloaking effects. Metamaterials give us

a way to control and reuse electromagnetic radiation. Applications for this can be

found in optics, telecommunications, radar technology, and imaging techniques.

Metamaterials offer novel chances to create sophisticated lenses, imaging de-

vices, and sensors that function beyond the bounds of traditional materials. In

order to potentially enable the development of stealth technology, the concept

of a cloak in which metamaterials may bend light around objects has piqued at-
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tention in various domains, including military and defense. Metamaterials can

absorb and control energy from various sources, such as thermal emissions and

solar radiation. Improved energy harvesting technologies may benefit from this.

The exploration of fundamental physical processes using metamaterials pushes

the limits of our knowledge of wave-matter interactions and electromagnetic be-

havior. Metamaterials are helpful in various fields, including materials research,

healthcare, aerospace, and telecommunications. Nanophotonics and nanoelec-

tronics have advanced because of metamaterials’ ability to investigate and ma-

nipulate waves at sizes smaller than the wavelength itself. Metamaterials can

improve the performance of antennas, sensors, and detectors by increasing their

sensitivity, directionality, and selectivity. The difficulty of developing and under-

standing the behavior of these synthetic materials has prompted scientific inquiry.

This Ph.D. research work aims to design a metamaterial absorber with im-

proved bandwidth and also to design a dual-band metamaterial absorber at THz

for improving Q-factor and FoM and multi-band absorption generated using MM

and triple band peaks are generated using MM absorber at THz for sensing ap-

plication.

1.6 Problem Statements

With the strength of the motivations stated in section 1.5, the authors came

up with some absolute problems associated with designing and developing Meta-

material absorbers at THz applications as part of this doctoral research. The

dominant problems that have been attempted to solve are stated as follows:

(i) Problem statement 1: To design and develop a THz metamaterial ab-

sorber with enhanced efficiency above 65%.

(ii) Problem statement 2: To design and develop a THz metamaterial ab-

sorber with an improved Q-factor and FoM.
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(iii) Problem statement 3: To design and develop THz Multi-band metama-

terial for sensing applications.

(iv) Problem statement 4: To design and develop THz triple-band metama-

terial for biosensing applications.

1.7 Thesis Organization

The thesis consists a total of six chapters and the contents of each chapter is

as follows:

The first chapter discussed the difference between natural material and

metamaterial, and it mentioned the history of MM, its properties and application,

and how it can act as an absorber. Split ring Resonator, Complimentary method

and motivation, problem statement, thesis organization.

The second chapter discusses metamaterial absorbers using different tech-

niques and studies previous techniques about SRR and CSRR technique, dual-

band absorbers, multi-band technique, sensing method, some structures used

with wideband material, narrow band, ultra-wideband so based on these papers

summarized and to achieve objects so finally concluded report in the existing

literature survey.

The third chapter discussed bandwidth efficiency using graphene material

for better tuning, conductivity, stability, and flexibility. The unit cell structure

contains a circular graphene ring on the top layer, the middle layer is SiO2, and

the bottom layer is gold. This circular graphene ring metamaterial provides a

bandwidth of 67% and is polarization insensitive for TE and TM waves, both

EM waves with an incident angle of up to 600.

The fourth chapter discussed a dual-band and Multi-band resonance for

good absorption peaks, better Q-factor, and FoM values gained compared to pre-

vious literature. A dual-band operation was achieved by designing metamaterial
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based on Rectangular Complementary Split Ring Resonators (CSRR). The uti-

lization of gold metal in the CSRR design results in effective absorption. The

structure, with two distinct band frequencies at 0.845 THz and 2.12 THz, was

created using CST Microwave Studio. For Multi-band resonance designed with

three different layers, one layer uses Au material for the bottom, the middle with

silicon dioxide, and the top uses CSRR(Complimentary Split Ring Resonator).

The outer side ring is used with Au material, and the inner side is used with

Graphene material.

The fifth chapter discussed a triple-band absorber for tunable THz for bio-

sensing, and it achieves good sensitivity and better Q-factor and FoM values,

so we designed a rectangular ring structure used for resonance and on rotation

it will provide triple resonance. Further, a circular graphene ring is used for

tunning absorption peaks and providing good sensitivity. The performance of

the proposed structure is verified for analyte thickness, refractive index, malaria

disease, and glucose level in the water.

The sixth chapter describes how a hexagonal arrangement with a graphene

ring produced five band peaks that can be utilised to construct biosensor applica-

tions using an ultra-thin multiband absorber. A ground plane consisting of gold

is located at the base of the construction and serves as an effective reflector. The

substrate is made of SiO2, a dielectric material with good temperature stabil-

ity and strong dielectric strength. A hexagonal ring that produces multi-band

resonance and a graphene ring in the centre allow for better tuning.
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2.1 Introduction

2.1 Introduction

Metamaterials are synthetic substances that do not occur naturally in the

environment, designed in a periodic structure with sizes smaller than the inci-

dent electromagnetic waves. The behavior of incident waves is influenced by two

factors: the material’s permittivity (ε) and permeability (µ). Generally, these

materials exhibit unique characteristics, with both ε and µ being negative in ar-

tificial materials, whereas natural materials have positive values. Metamaterials

possess numerous extraordinary properties, including the inverse Doppler effect,

negative refractive index, superlensing, electromagnetic wave cloaking, and appli-

cations in microwave and photonic devices. One remarkable effect is the perfect

absorber metamaterial, also called as MM-Perfect absorber, originally concep-

tualized by Landy and colleagues, is a category of metamaterial with diverse

applications spanning fields like thermal imaging, solar cell technology, sensors,

and optimization, including multi-band and broadband applications.

Metamaterial perception was initially introduced by exploring magnetism, as

discussed in reference [47]. This discussion highlighted the challenge of realizing

the influential permeability phenomenon of non-conducting magnetic materials

using naturally occurring materials.

2.2 History of Metamaterials

The field of metamaterials experienced a groundbreaking development in 1968

when V.G. Veselago introduced the theoretical potential to craft materials char-

acterized by negative permittivity and negative permeability [48]. This concept

laid the foundation for the development of metamaterials.

In 1999, John Pendry further advanced the field by introducing the idea of left-

handed metamaterials, which deviated from the established principles governing

right-handed metamaterials [49]. He presented a concept for a Thin-wire (TW)
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2.2 History of Metamaterials

Figure 2.1: Metamaterial structure [49].

structure that could be arranged periodically and exhibit a negative value of

effective permittivity [49]. Experimental demonstrations in the microwave regime

demonstrated that the structure possessed a plasma frequency lower than that

of the incoming wave. This discovery opened up new possibilities for controlling

electromagnetic waves using metamaterials. This structure can effectively exhibit

low plasma frequency results in negative permittivity at microwave frequencies,

and it achieves negative permeability by utilizing Split Ring Resonators (SRR)

[50] Fig. 2.1. Smiths groundbreaking work led to the suggesting left-handed

metamaterials capable of demonstrating negative values for both permittivity and

permeability in microwave experiments, showcasing their unique and uncommon

properties [51].

In a pioneering experiment, Shelby et al. demonstrated negative refraction

by utilizing metamaterials consisting of repetitive unit cells composed of split

ring resonators (SRR) and copper strips [52, 53]. This marked the first time

observation of negative refraction with metamaterials.

Later, Wu et al. introduced three structures: symmetrical ring, Omega, and

S structures for SRRs [54]. These developments expanded the possibilities for
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2.2 History of Metamaterials

Figure 2.2: Classification of Metamaterial [49].

manipulating electromagnetic waves using metamaterials.

Numerous researchers have worked on the history of metamaterials across

various fields, highlighting their many advantages and supporting a wide range

of applications.

The properties of electromagnetic materials depend on two key parameters:

permittivity ε and permeability µ. These parameters can be classified into four

groups based on their values and characteristics Fig. 2.2.

i. Double Positive Material (DPS): In this category, permittivity ε and per-

meability µ have positive values greater than zero. This type of material is

commonly found in the dielectric region.

ii. ENG (Epsilon Negative Material): This group’s permittivity is negative

(less than zero), while the permeability remains positive (greater than zero),

making it an epsilon-negative material. Materials in this group exhibit a

plasma frequency.

iii. DNG (Double Negative Material): In this category, permittivity and per-
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meability have negative values (less than zero), leading to the term ”double

negative material”. Such materials are artificially designed and not natu-

rally occurring.

iv. MNG (Mu Negative Material): In this group, only the permeability is neg-

ative (less than zero), while the permittivity remains positive (greater than

zero). Gyrotropic materials are common in this region.

2.3 Metamaterial Perfect Absorber

Metamaterials, engineered with artificial materials, possess remarkable prop-

erties like negative refractive index [55], inverse Doppler effect [56], superlens-

ing [57], and electromagnetic wave cloaking [58]. They have shown significant

achievements in photonic research [59–62] and have found diverse applications in

nanotechnology, covering a wide range of electromagnetic waves. Advanced tech-

nology has enabled their development in microwave and photonic devices [63],

tailoring their effective parameters for specific applications [64].

A particularly fascinating phenomenon of metamaterials is their ability to

act as perfect absorbers, known as Metamaterial Perfect Absorption (MMPA).

An artificial substance created to absorb electromagnetic radiation at particu-

lar frequencies is called a metamaterial absorber. There are limits to the extent

that conventional absorbers, like those composed of carbon or ferrite, can ab-

sorb particular wavelengths. On the other hand, metamaterial absorbers are

made of deliberately structured composites which exhibit special qualities that

are unavailable from natural materials. This characteristic enhances the efficiency

of solar energy absorption [65] and finds applications in plasmonic sensors [66],

bolometers [67], wireless power transfer [68], and perfect light absorption [69–71].

The absorption is achieved through resonance formed by inductive and capacitive

circuits, dissipating losses through ohmic and dielectric losses.
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The primary reason metamaterials are used in stealth technology is that their

special electromagnetic properties allow for the engineering of methods to manip-

ulate electromagnetic waves that are not achievable with normally occurring ma-

terials. Because of these characteristics, metamaterials are especially well-suited

for lowering an object’s radar cross-section (RCS), which is a crucial component

of stealth technology [72,73]. The following explains the use of metamaterials in

stealth applications.

(i) TailoredElectromagneticResponse: In comparison to natural materi-

als, metamaterials can be designed to exhibit particular electromagnetic

properties, such as negative permeability and permittivity. The behaviour

of electromagnetic waves can be effectively manipulated and controlled by

metamaterials due to these characteristics.

(ii) RCS Reduction: An object’s radar cross-section can be reduced by using

metamaterials, which can be made to scatter, absorb, or reroute incoming

radar waves. The amount of radar radiation that is reflected back to the

radar receiver can be reduced, allowing engineers to improve the stealth

qualities of stealth aircraft or other platforms by adding metamaterials into

their structure or surface coatings.

(iii) Broad band absorbtion: A wide range of frequencies of electromagnetic

radiation can be absorbed using metamaterial absorbers. In stealth appli-

cations, when it’s critical to reduce the object’s detectability over many

radar bands, this property is useful.

(iv) Thin and light weight: Although metamaterials may be designed to

be thin and light, they can be included in stealth platform structural el-

ements or surface coatings without appreciably increasing their weight or

aerodynamic drag.
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(v) Flexibility in Design: The electromagnetic properties of metamaterials

can be customized by engineers to meet the specific requirements of a stealth

application, according to their design versatility. With consideration for

aspects like functioning frequency, platform design, and ambient conditions,

this flexibility allows for the improvement of stealth performance.

Landy et al. were the first to put forward the idea of metamaterial absorbers

[22,27], and they offer the advantage is its compact size and slim profile in compar-

ison to conventional absorbers. As a result, they have been employed in various

applications, such as thermal imaging [24,29], solar cells [26], sensors [27], multi-

band applications [28–30, 32, 32], broadband applications [37, 69], polarization-

insensitive setups [32, 34, 35, 37], and controllable band setups [38, 40, 74]. The

versatility and efficiency of metamaterial absorbers make them promising candi-

dates for numerous practical applications.

Here, Metamaterials can be categorized into non-planar metamaterials and

planar metamaterials. Non-planar structures are designed for applications in

the gigahertz and terahertz ranges, but planar metamaterials are widely used

in terahertz applications due to their periodic arrangement and lower thickness

level.

Non-planar metamaterials are characterized by complex structures and are

combined with lumped elements. They are designed for specific applications in

the gigahertz and Terahertz ranges [75].

On the other hand, planar metamaterials are designed with a periodic pattern

of materials arranged on a plane. These structures have lower thickness levels

and find applications in various fields due to their versatility. They often have

unit cell structures and are preferred by many designers. Planar metamaterials

also support a wide range of broadband applications.

Many structures have been developed within planar metamaterials, utilizing
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periodically patterned materials on the top layer to interact with incident elec-

tromagnetic waves and reflect them from the bottom layer. These methods are

particularly applicable to the terahertz range and are also suitable for broadband

applications.

Researchers believe left-handed planar substrates could be fabricated for mi-

crostrip applications [76]. For example, coplanar waveguides can be used in a

left-handed medium with metallic wires to achieve low-loss insertion and create

high-selectivity band-pass filters [77].

Another innovative technique involves designing coplanar waveguide stop band

filters coupled with split ring resonators. Each ring in the structure produces a

different resonance level, with the rings placed on the backside substrate and

future structures placed on top [78].

Additionally, backward wave propagation-based coplanar waveguide band-

pass filters have been proposed. These filters are constructed using slender metal-

lic wires and split ring resonators positioned on the metal layers. By adjusting

the configuration of the top and bottom rings, the device can manifest either two

pass bands or a single pass band with adjustable bandwidth [79].

2.3.1 Split Ring Resonator (SRR)

A simple structure called the Split Ring Resonator (SRR) has been developed

to understand better the concept of metamaterials, which is particularly useful

for application-oriented research. The basic SRR structure is depicted in Fig.

2.3(a), where a ring crafted from a conductive material like copper or aluminum is

embedded in a dielectric material. The SRR is one of the fundamental structures

commonly used in the metamaterial concept.

The operation of the Split Ring Resonator operates on the principles of Fara-

day’s law of electromagnetic induction, where a changing magnetic field pene-

trates and traverses the loop, as shown in Fig. 2.3(b), This process generates
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(a) (b)

Figure 2.3: (a) In this instance, we have an embedded split ring resonator (SRR)
composed of copper metal. In figure (b), you can observe a magnetic field intersecting
the loop, consequently producing an electromotive force (EMF) that initiates a current
flow within the loop.

an electromotive force (EMF) within the loop. This phenomenon is crucial in

understanding the behavior and functionality of the Split Ring Resonator and its

role in metamaterial research and applications.∮
C

E⃗ · dI⃗ = −∂Φ

∂t
= −

∫
S

∂B⃗

∂t
· n̂ da (2.1)

∇⃗ × E⃗ = −∂B⃗

∂x
(2.2)

Here E⃗ the production for the electric field is characterized within a closed

path C encircling the loop and ∂Φ
∂t

Is the changing magnetic flux passes through

the central area of the loop, leading to the generation of an electromotive force

(EMF) that drives current within the loop. This current, in turn, produces a

magnetic field, which, according to Ampere’s law, opposes the initial magnetic

field direction, as illustrated in Fig. 2.4(a).∮
C

B⃗ · d⃗l = µ0I = µ0

∫
S

J⃗ · n̂ da (2.3)
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(a) (b)

Figure 2.4: (a) The split ring resonator generates a counteracting magnetic field as
depicted. (b) The inductance is a component within the equivalent circuit of a split-ring
resonator (L) increase due to the inductive properties of the ring, and the capacitance
increase based on the rings gap. The net effective capacitance is Ceq, and the combined
or total inductance is condensed as a single entity Leq.

∇⃗ × B⃗ = µ0J⃗ (2.4)

The ring has an inducing effect. However, the ring also exhibits a capacitive

effect, attributed to the presence of a gap within it. The split in the ring also

functions as a parallel-plate capacitor. The SRR equivalent circuit with both

inductive and capacitive effects is represented in Fig. 2.4(b). The equivalent LC

circuit is associated with the natural frequency given by

f =
1

2π
√

LeqCeq

(2.5)

It is demonstrated that a group of split-ring resonators (SRRs) demonstrate a

negative µeff at frequencies in proximity to their magnetic resonance frequency

ωm.
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Figure 2.5: Compementary Split Ring Resonator

2.3.2 Complementary Split Ring Resonator (CSRR)

The CSRR represents a distinct structure predominantly employed in the

creation of single-negative and double- negative metamaterials (LHM) tailored

for particular frequency ranges. Double Negative Mediums exhibit negative per-

mittivity and permeability, showing reversed Doppler effect, inverted Cherenkov

radiation, and support for evanescent waves when either permittivity or perme-

ability takes on a negative value. [80,81].

The CSRR mainly produces a resonant mode, with its resonant frequency

determined by its primary structure (Fig. 2.5). This resonant phenomenon arises

from the interaction of metallic strips with electromagnetic fields, resulting from

both capacitive and inductive effects. Researchers have designed novel structures

based on CSRRs for sensing applications, particularly for single negative perme-

ability within the millimeter-wave frequency range [82]. Experimental and com-

putational studies have focused on single- and double-negative refractive indexed

metamaterial structures. A dual-band metamaterial composed of nonconcentric,

differently sized delta loop resonators has been proposed, demonstrating nega-
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tive refractive index regions in single and double-negative regions [82]. Other

studies have examined the effective medium ratio and the negative properties of

multi-band negative indexed metamaterials based on SRRs and measured radar

absorption efficiency in the frequency range of 3− 18 GHz [83].

The CSRR structure has been developed and proposed for various microwave

applications, including C-band (4 − 8 GHz), X-band (8 − 12 GHz), Ku-band

(12 − 18 GHz), and Ka-band (27 − 40 GHz), which find utility in satellite ap-

plications. These frequency bands are used in weather monitoring, long-distance

communication, and various broadband coverage areas. The compactness and ef-

fectiveness of the proposed CSRR have been analyzed, with an effective medium

ratio of 8.0 [84]. CSRRs have also been designed in different shapes and arrays

to manipulate effective permittivity, permeability, and refractive index [85].

Furthermore, SRRs etched on the upper substrate side, close to the conductor

strip, have demonstrated similar effects in microstrip technology [86]. Periodic

etching of the conductor strip can create series gaps and construct broadband

negative media in microstrip technology. Dual-band behaviour in SRRs can be

achieved by implementing effective negative permittivity using shunt inductance

and metallic vias to the ground [60]. Some researchers have shown how a narrow

stopband can be produced by periodically creating the inverse pattern of SRRs

by etching into the ground plane beneath the conductor strip in a microstrip

line [87].

Babinet’s principle has been applied in [9]for implementing metasurface and

metamaterial structures, using metallic wires and plates to achieve negative εs.

This demonstrates the diverse approaches and potential applications of CSRRs

and related metamaterial concepts in electromagnetic research and device design.
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2.4 Metamaterials in the THz Regime

Metamaterials are also designed and operated in the Terahertz (THz) electro-

magnetic spectrum. However, in the THz range, metamaterials face challenges

due to weak electric permittivity and magnetic permeability, making it difficult

to control radiation effectively.

Research in the Terahertz frequency range has advanced significantly, with

various metamaterial structures being employed, such as include slender wires,

Swiss Rolls, SRRs, electric SRRs, pairs of rods, and fishnet structures. At lower

frequencies, thin wires and SRRs are frequently employed to enhance electromag-

netic characteristics. However, at higher frequencies, traditional metallic elements

encounter issues with power dissipation and fabrication complexity, leading to

advanced structures derived from wires and SRRs to maintain desired qualities.

Metamaterials have found applications in optical nanostructures, communica-

tion, microscopy, defense, and various research fields, contributing to exploring

the Terahertz spectrum alongside optics.

The Terahertz range spans from 0.1 to 10 THz and presents unique challenges

due to its accessibility limitations, leading to it being called the ”terahertz gap”.

However, technological advancements have enabled tabletop instruments to pro-

duce, detect, and manipulate terahertz signals. Time-domain spectroscopy and

femtosecond laser sources are commonly used techniques in this range. Terahertz

radiation is nonionizing, making it suitable for human exposure applications, such

as security screening and medical diagnosis. It exhibits distinctive absorption

patterns in various materials based on their molecular rotational and vibrational

modes, which help identify substances. Numerous nonpolar, dry, and nonmetallic

materials, including fabrics, wood, cardboard, and plastics, exhibit transparency

to terahertz radiation. Metamaterials play a crucial role in terahertz research, as

natural materials typically lack robust magnetic and electric field reactions within
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the 1-3 THz range. The terahertz gap represents an area in the region where the

electromagnetic reactions of most natural materials diminish. Metamaterials can

bridge this gap and offer a powerful tool for forthcoming terahertz research and

advancement due to their adaptable characteristics.

Overall, metamaterials hold great potential for designing structures in the

terahertz frequency range and overcoming challenges using artificial materials.

This unveils fresh opportunities for exploration, testing, regulation, sensing, and

generation applications within the Terahertz spectrum.

2.5 Metamaterial Perfect Absorber

In conventional electromagnetic absorbers, reflections and π phase shift ra-

diation occur from the ground plane. A dielectric layer that is one-quarter the

wavelength in thickness is added to achieve perfect absorption, providing an extra

propagation phase of π. This leads to a total phase shift of around 2π radians,

where the multireflection process results in constructive interference for phase-

matching conditions and destructive interference for direct reflection. Engheta

introduced the concept of adding a thin dielectric layer above the ground plane,

increasing the impedance level from low to high and reducing the thickness of the

absorber [88].

The first Metamaterial Perfect Absorber (MPA) was operated in the mi-

crowave frequency range by Landy et al. [22]. The unit cell structure (Fig. 2.6)

consisted of an electric split-ring resonator (eSRR) and a cut- wire (CW) with a

thin dielectric spacer in between.

Reflectance R(ω) and Transmittance T (ω) of the structure were both sim-

ulated and experimentally measured, and the absorption A(ω) was given by

A(ω) = 1−R(ω)−T (ω). It was demonstrated that R(ω) and T (ω) could approach

zero at approximately 11.5 GHz, achieving near-unity absorption. The simulation
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(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 2.6: Unit cell of metamaterial.

showed an absorption A(ω) of 96%, and the experimental value was measured at

88%. However, it was observed that the absorption rapidly decreased as the in-

cident angles increased. The total range of incident angles with A(ω) > 0.5 was

found to be 160, indicating that the metamaterial absorber exhibits polarization

dependence..

This groundbreaking research on Metamaterial Perfect Absorbers opened up

possibilities for achieving nearly complete absorption of electromagnetic waves at

specific frequencies, making them promising candidates for various applications

including radar, imaging, and communication systems.

Various structures can be designed with metamaterial narrowband absorbers,

including Split Ring Resonators (SRR), Cut-wires (CW), and Frequency Selective

Surfaces (FSS). Fig. 2.6 (a-c, e, f) demonstrate structures with polarization

dependence, while 2.6 (d, g, h) show structures with polarization independence,

enabling wide-angle operation.
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(a) (b)

Figure 2.7: (a) Experimentally blue line indicated and simulated line indicated in
red colour for THz metamaterial absorber, (b) absorptivity for the structure when the
incident electric field aligns either parallel or perpendicular to the curved wire [68,89]

.

Fig.2.7(a) depicts the experimental and simulated absorptivity for the THz

metamaterial absorber. The experiment achieved 70% absorption, while the sim-

ulation indicated 68% absorption. The structure contains a polyimide spacer with

a thickness of 6µm, equivalent to 1/40 of the free-space wavelength. The polar-

ization dependency of absorption in the structure is attributed to the two-fold

rotation symmetry. To achieve polarization-independent THz metamaterial ideal

absorbers, structures with four-fold rotation symmetry, as seen in Fig. 2.7(b) is

preferred [32, 90–93]. In certain cases, the CW array [68, 89] can be replaced by

metal in the ground plane [94,95], designed with Metamaterial Perfect Absorbers

(MPAs), or similar circuit analog absorbers [96], with thinner spacing provided

to them.

Fig. 2.8 illustrates the numerically simulated absorptivity for TE and TM

polarizations under different incidence angles. For TM polarization, absorptivity

is maintained from 0o to 800. However, for TE polarization, absorptivity decreases

rapidly above 400 angle.

Using a continuous ground plane simplifies the fabrication of samples and pre-
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(a) (b)

Figure 2.8: Numerically simulated absorptivity under different incidence angles for
(a) TE (b) TM.

vents incident electromagnetic waves from passing through, allowing for reflection

measurements only. This simplifies the experimental setup as T (ω) = 0 implies

A(ω) = 1−R(ω).

The development of THz Metamaterial Perfect Absorbers has shown promis-

ing results, and further advancements in designing structures with specific sym-

metries can lead to enhanced performance and broader applications in THz wave

manipulation and control.

2.6 Terahertz MM Types

Terahertz Metamaterial perfect absorbers can be classified into three types

i. Broadband

ii. Narrowband

iii. Ultranarrow band

2.6.1 Broadband Absorber

Metamaterials find application in various fields, including solar energy har-

vesting [64,97,98], biological sensing [15,99,100], thermophotovoltaics [101,102],
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photodetection, imaging devices [24,103,104], and absorption filtering [105]. Gen-

erally, MMPA is divided into two types: broadband and narrow band. MMPA

generating single-band [22, 106–108], dual-band [32, 109, 110], and triple-band

[111], and achieved more absorption peaks [112, 113] and broadband absorbers

used in military applications and also civilian, They are employed in diverse ar-

eas, including photovoltaics, bolometry, photodetection, and stealth technology.

However, achieving broadband absorption in the THz region remains a complex

challenge. Additionally, there are still concerns regarding the limited bandwidth

of localized surface plasmons generated on metallic surfaces at the nanoscale,

despite their role as perfect absorbers. [114]. In GHz or lower frequency, the res-

onant Q- factor Q = 1
R

√
L
C
, is a significant value because of the lower resistance

value [115]. Achieving perfect absorption in absorber designs becomes intricate

and demanding when aiming for broadband absorption. In contrast, obtaining

perfect absorption with a straightforward design is relatively straightforward at

a single wavelength.

2.6.2 Narrowband Absorber

Metamaterial is made of artificial materials. The basic concept of the meta-

material to design sub-wavelength unit cells, also known as Meta-atoms or Meta-

molecules, is that they have electric and magnetic responses based on electro-

magnetic fields. It used many applications but has some losses to overcome this

loss optimizing structure geometrics. It can used in many applications, including

energy harvesting [116], scattering reduction [117], and thermal sensing [118], and

also place a high value on absorption. By carefully engineering the electric and

magnetic resonances [22, 24,119–123], it is possible to create metamaterials with

virtually uniform absorption by exploiting the full usefulness of loss. The initial

metamaterial-based perfect absorber that was discovered is characterized by a

limited bandwidth and sensitivity to polarization, primarily because of its reso-
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nant behavior. This restricts its practical utility in real-world applications [22].

2.6.3 Ultra-Narrowband Absorber

Metamaterial absorbers for achieving near-perfect electromagnetic absorbers

are highly valuable across a wide range of applications, particularly in the field of

sensing [124, 125], solar energy [126–128], Thermal emission selectively tuned to

specific wavelengths [126], and radiative cooling [127]. Numerous types of Meta-

material absorbers have been discovered across multiple electromagnetic wave-

bands. Typically, the majority of these absorbers incorporate a structure consist-

ing of a metal-dielectric-metal (MDM) structure; it is a moderate absorption and

restricts some high- performance applications [24,26,89,95,113,128–130,130–136].

For achieving good performance, the ultra-broadband or ultra- narrow band is

used today. Based on ultra-narrow band achieving in sensing or wavelength-

selective thermal emission and reducing losses.

2.7 Research Gap

Despite significant advancements in Metamaterial Perfect Absorbers, there

are still research gaps and challenges in different types of absorbers:

2.7.1 Broadband Absorber

Broadband absorbers are crucial for various applications, including science,

antennas, modulators, filters, phase shifters, and cloaking. However, challenges

remain in achieving wideband absorption and reducing multipath reflections,

which lead to complete destructive interference of electromagnetic waves. The

use of vanadium dioxide to increase bandwidth is limited by its layered nature.

Some proposed designs achieve limited bandwidth, such as a double-ring metama-

terial construction with graphene, SiO2, and gold. Research is needed to develop

more efficient and practical broadband absorbers with improved performance and
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reduced reflections.

2.7.2 Narrowband Absorber

Narrowband absorbers find applications in energy harvesting, scattering re-

duction, thermal sensing, and ultrathin sensors/bio-sensors. However, designing

metamaterial-based narrowband sensors poses challenges, such as achieving a

high Q-factor, polarization insensitivity, and independence from incident angles.

Some dual- band absorber designs using multiple resonators show potential, but

there is room for further improvement in performance and versatility. Developing

narrowband absorbers with better sensitivity and more comprehensive incident

angle range is an important research goal.

2.7.3 Ultra-Narrowband Absorber

Ultra-narrowband Metamaterial Perfect Absorbers are essential for sensing,

solar energy, wavelength-selective thermal emission, and radiative cooling appli-

cations. Achieving ultra-narrow bandwidth with high absorption requires careful

optimization of design and thickness levels. Some research has demonstrated

promising results with large Q-values and Figures of Merit (FOMs). However,

more investigation is required to comprehend the impact of thickness on per-

formance and to develop practical ultra-narrowband absorbers with wide-angle

operation. Overall, the research gap in Metamaterial Perfect Absorbers lies in

achieving improved efficiency, bandwidth, and versatility while overcoming po-

larization sensitivity and incident angle limitations. Developing robust and ef-

ficient absorbers will significantly enhance the performance and applicability of

metamaterial-based absorbers in various applications across different frequency

ranges, including Terahertz.
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2.8 Objective of Thesis

The thesis aims to address the identified research gaps and contribute to the

field of THz Metamaterial Absorbers. The specific objectives are as follows:

i. Design and development of THz Metamaterial absorber for different con-

figurations such as SRR, CSRR, OSRR.

ii. Characterization of THz Metamaterial absorber for multi-band application.

iii. Utilization of developed THz Metamaterial absorber for its possible appli-

cation in sensing and imaging.

iv. The performance evaluation of simulated results with state-of-the-art tech-

niques.

By accomplishing these objectives, the research aims to contribute to the ad-

vancement of THz Metamaterial Absorbers, providing insights into their design,

characterization, and potential applications in various fields, particularly sensing

and imaging. The research findings are expected to enhance the understanding

and utilization of Metamaterial absorbers operating within the terahertz (THz)

frequency range.
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3.1 Introduction

3.1 Introduction

Metamaterials, created using artificial materials, have demonstrated remark-

able potential across various applications. However, while these materials operate

within the THz frequency range, untapped possibilities and specific applications

demand attention. The capability of metamaterials can be enhanced by incor-

porating intricately designed resonant unit cell structures. These modified meta-

materials exhibit features like absorbing frequency tuning, polarization modula-

tion, and the ability to switch between reflection and absorption [38, 137, 138].

Achieving these functionalities often involves the integration of diodes or varactor

components into the unit cells of microwave-frequency metamaterials. Notably,

THz metamaterials have seen the incorporation of integrated Schottky diodes on

n-type GaAs substrates, resulting in explosive THz transmission modulation [65].

To further extend the scope of designed tunability, such as frequency tuning and

polarization modulation, novel approaches are required to blend suitable materi-

als into metamaterial constructs effectively.

3.2 Graphene: A Versatile 2D Atomic Crystal

Graphene, the pioneering two-dimensional atomic crystal structure, holds re-

markable significance. Possessing a multitude of material parameters, Graphene

exhibits exceptional mechanical attributes, including stiffness, strength, and elas-

ticity. Moreover, it boasts remarkable electrical and thermal conductivity, among

other qualities. This unique combination implies that Graphene can replace ex-

isting materials in various applications. Beyond this, Graphene’s exceptional

properties could pave the way for various innovative technologies thanks to its

all-encompassing capabilities.

The synergy of transparency, conductivity, and elasticity makes Graphene

particularly promising for flexible electronics. Furthermore, its amalgamation
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of transparency, impermeability, and conductivity renders it advantageous for

applications like transparent protective coatings and barrier films. However, the

pivotal question arises: Does Graphene’s adaptability and distinctiveness justify

the substantial investments and prolonged efforts often required to transition to

a new technology.

3.3 Graphene Properties: Unveiling Remark-

able Attributes

Graphene, often called the ”miracle material,” boasts many extraordinary

properties, setting it apart as a remarkable substance. These attributes have been

meticulously measured and experimentally observed, yielding intriguing results.

Notable characteristics include an electron mobility of 2.5×105 cm2V−1 S−1 [139]

at room temperature, Young’s modulus with 1TPa, and intrinsic concentration

upto130 GPa [140, 141]. Graphene exhibits impressive thermal conductivity ex-

ceeding 3000WmK−1 [142], and optical absorption of approximately πα ≈ 2.3%.

Moreover, it showcases unparalleled impermeability to gases [143] and can ac-

commodate high densities of electric current [144]. Additionally, Graphene can

be chemically functionalized [145–147], expanding its versatility.

Although Graphene possesses extraordinary attributes, it is essential to note

that these qualities are often realized in high-quality samples [148], typically de-

posited on substrates like hexagonal boron nitride [149]. Although advancements

are rapidly being made in this direction, achieving consistent features in Graphene

produced through alternative methods is still challenging. The goal is for mass-

produced Graphene to exhibit the exceptional performance demonstrated by the

best research lab samples, making it even more appealing for industrial applica-

tions.

As the pioneer of 2D atomic crystals, Graphene has counterparts such as
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boron nitride and molybdenum disulfide [150], forming a diverse family of 2D

crystals and heterostructures [151, 152]. This diversity enhances the prospects

of Graphene’s commercial viability as it becomes part of a broad and varied

category.

The trajectory of Graphene applications is inevitably tied to its development

with tailored properties for specific uses, a continuous process expected to span

the next several decades. Various shapes and dimensions are designed based

on Graphene, utilizing distinct quality methods. Depending on the resultant

Graphene quality, applications fall into three categories: (1) Graphene and its

derivative, reduced Graphene oxide flakes, offer versatility in applications, in-

cluding composites, conductive paints, and more. (2) Planar Graphene, known

for moderate performance, suits both active and non-active devices. (3) Planar

Graphene excels in high-performance electronics.The selection of Graphene type

hinges on factors such as material quality and substrate, driving the production

methodology. The selection of Graphene type hinges on factors such as material

quality and substrate, driving the production methodology.

In production, the liquid-phase exfoliation process involves exposing materials

to a solvent that increases the total surface area of graphite crystallites [153,154].

This method yields individual Graphene platelets through sonication, with ex-

tended treatment leading to a significant proportion of monolayer flakes sus-

pended, further concentrated through centrifugation. An analogous approach

involves the exfoliation of graphite oxide, achieved by oxidizing graphite pellets

followed by ultrasonically exfoliating them in an aqueous solution [155]. This

suspension can then be converted into a thin film on various surfaces, partially

reverting to the parent Graphene state in situ. Another variation employs a ther-

mal shock technique, which simultaneously exfoliates and reduces aqueous-based

graphite oxide, offering industrial significance [156]. Additionally, suspensions

of Graphene nanoribbons can be generated via techniques like unzipping single-
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wall carbon nanotubes [157,158], allowing precise control over Graphene platelet

distribution.

Graphene finds utility in myriad applications, spanning fields such as paints,

inks for supercapacitors, heat dissipation, barrier coatings, electromagnetic shield-

ing, electronics, and intelligent windows [159]. With prototypes already showcas-

ing conductive ink applications, we anticipate an array of flake-based products

entering the market in the coming years.

3.3.1 Chemical Vapor Deposition: Paving the Path for
Large-Scale Graphene Production

The advent of chemical vapor deposition (CVD) has arisen by way of a promis-

ing technique for fabricating expansive and uniform polycrystalline Graphene

sheets, heralding many potential applications [160]. Notably, Graphene produc-

tion spanning square meters has already been achieved, even though the custom-

ary process entails transferring from a copper substrate onto a dielectric surface

or other target substrates [161]. Encouragingly, these films have been success-

fully applied to 200-mm Si wafers, forming the foundation for cutting-edge device

demonstrations. Transport characteristics comparable to exfoliated Graphene

have been observed in these films when placed on SiO2 and hexagonal boron

nitride substrates. Despite imperfections, grain boundaries, and thicker layers,

these films exhibit suitability for deployment in transparent conductive coatings,

including applications like touch screens.

Although the CVD technique holds great promise, it currently bears elevated

costs due to energy consumption and the necessity to eliminate the underlying

metal layer. Nonetheless, as the transfer process is refined, the potential for this

approach to be both disruptive and cost-effective becomes increasingly tangible.

A series of challenges, however, need to be surmounted before widespread adop-

tion of the Graphene CVD technique becomes feasible. Key objectives include the

45



3.3 Graphene Properties: Unveiling Remarkable Attributes

generation of Graphene on minute metal sheets (tens of nanometers thick), ac-

companied by meticulous control over domain size (grain), ripples, doping levels,

and layer count. The ability to regulate the quantity of Graphene coatings and

their crystallographic orientation is pivotal, as it opens avenues for applications

that would conventionally require double, triple, or even thicker Graphene layers.

In parallel, optimization and enhancement of the transfer method are vital to re-

trieve the sacrificial metal and minimize potential harm to Graphene. A potential

transformative stride lies in achieving Graphene growth directly on surfaces, elim-

inating the intricate and costly transfer step. Graphene’s conformal growth on

metal surfaces has already displayed noteworthy outcomes: enhancing the recital

of copper inter-connects in integrated circuit, courtesy of its exceptional ther-

mal and electrical conductivity and formidable barrier properties. Furthermore,

Graphene forms a seamless layer on intricate metal surfaces, rendering it an ef-

fective barrier to gases and a corrosion-resistant coating. Revolutionary advance-

ments would entail the ability to instigate Graphene growing on diverse surfaces

or/and at lower heats, harnessing techniques like plasma-improved CVD. Such

feats would circumvent complex transfer steps and facilitate tighter integration

of this two-dimensional crystal with complementary components, such as Si or

GaAs. Pursuing these objectives stands to redefine the landscape of Graphene’s

industrial applications.

3.3.2 Synthesis on Silicon Carbide (SiC): Paving the Path
Toward High-Quality Graphene

Silicon carbide (SiC) is a familiar material renowned for its application in

high-power electronics. An intriguing avenue has emerged through the subli-

mation of Si atoms, leading to the creation of graphitic layers on either the

silicon or carbon facets of a SiC slice. This process bequeaths a graphitized

surface [162]. Initially, a turbostratic stack encompassing multiple randomly ori-
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ented polycrystalline layers [163] was cultivated on the carbon-terminated facet

of SiC. This paradigm has evolved, enabling control over the number of Graphene

layers grown [164]. Remarkably, this variant of Graphene can exhibit exceptional

quality, with crystallite dimensions extending to hundreds of micrometers [165].

Nonetheless, this method harbors limitations, notably the elevated cost of

SiC slices and the requirement for high heats (exceeding 10000C), which do

not align with prevailing silicon electronics technology. An avenue to exploit

Graphene growth on SiC involves generating thin SiC layers on silicon, although

this strategy necessitates further exploration. While the utilization of Graphene

on SiC holds promise, it may be confined to specialized applications due to the

demanding conditions of high-temperature growth, costly substrates, and diminu-

tive wafer diameters.

As current technology based on III-V materials approaches its threshold at

approximately 1 THz, the emergence of high-frequency transistors founded on

SiC-grown Graphene [166] appears plausible within the next decade. Even the

existing 20-mm domain size attained in Graphene synthesized on SiC prove ap-

propriate aimed at such applications, particularly in the realm of short-gate tran-

sistors that are prevalent today. A distinctive advantage of Graphene grown on

SiC is enhanced resistance accuracy at elevated temperatures compared to GaAs

heterostructures, presenting another compelling yet niche application [167].

In the trajectory forward, the challenges on the horizon include addressing is-

sues like terrace removal, the growth of subsequent layers at terrace edges (which

significantly contribute to carrier scattering), augmentation of crystallite sizes,

and management of unintentional substrate and buffer layer doping. These con-

cerns and the formidable temperature requisites for growth are focal points de-

manding resolution in the ensuing decade.

Advancements in Graphene materials present exciting avenues for research. A

noteworthy technique entails the production of high-quality Graphene nanorib-
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Figure 3.1: Graphene based display and electronic devices. Green color rindicates for
application and blue color indicate electronic application [171].

bons and intricate structures (such as T-and Y-shaped influences) [168] through

a chemistry-centric bottom-up method, known as the “surface-assisted linkage of

molecular monomer precursors to form linear polyphenylenes” [168], followed by

cyclodehydrogenation. Molecular beam epitaxy has demonstrated the capacity

to yield chemically pure Graphene [169]. However, its relatively higher cost vis-à-

vis CVD techniques makes it an improbable candidate for large-scale deployment.

Laser ablation also emerges as a potentially intriguing technique for layer growth

on surface materials [170].

3.3.3 Graphene Electronics

The deployment of Graphene as a planar channel substantial for high-performance

integrated logic circuits within the coming decade remains uncertain, primarily

due to its inherent lack of a bandgap. Despite this, Graphene has emerged as a

versatile material, finding its niche in various applications, as delineated in the

comprehensive table, with corresponding methods elucidated [171]. It is shown

in the figure for Graphene-based samples can be established (Fig. 3.1). Notably,

layers of transparent-conductive remain a prime exemplar of Graphene’s util-

ity, integrating extensively in electronic devices like organic light-emitting diodes

(OLEDs), e-papers , and display with touch screen. The requisites of squat piece

resistance, coupled through much transmittance (often around 90%), dictate the

48



3.3 Graphene Properties: Unveiling Remarkable Attributes

Table 3.1: Graphene properties with different methods

MethodologyExtent of
Crystallite
(µm)

Simple extent
(mm)

Charge carrier
mobility( at
ambient heat)
(cm2V −1s−1)

Applications

Mechancial
exfoliation

> 1000 > 1 > 2× 105 and >
106 (at low tem-
perature)

Research

Chemical
exfoliation
through
Graphene
oxide

∼ 100 Infinite as a
coating of over-
lapping flakes

1(for a layer
of overlapping
shavings)

Coatings, paint/ink, com-
posites, transparent con-
ductive layers, energy stor-
age, bio-applications

Chemical
exfoliation
through
Graphene
oxide

≤ 0.1 Countless as a
coating of over-
lapping flakes

100 (for a coat-
ing overlying
flakes)

Coatings, paint/ink, com-
posites, transparent con-
ductive layers, energy stor-
age, bio-applications

CVD 1000 ∼ 1000 10000 Photonics, nanoelectronics,
transparent conductive lay-
ers, bioapplications, devices

SiC 50 100 10000 Huge-frequency transistors
then additional electronics
device

success of these coatings in their designated roles. Herein, Graphene, exhibiting

exceptional electrical and optical attributes, attains sheet resistance values as low

as 30Ωper square area of 2D in extremely nobbled configurations. Furthermore,

its transmittance prowess is evident, with a remarkable 97.7% per layer. While

indium tin oxide (ITO) boasts commendable characteristics, Graphene’s steady

advancements, while enhancing year by year, are underpinned by factors of en-

hanced affordability and heightened security, placing it ahead of ITO in the realm

of flexible electronics and chemical durability.

The requirements of electrical properties are different from one application

to one application. Depending on the manufacturing process, Graphene can cre-

ate several classes of transparent conductive coatings. Thus, electrodes require
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more resistance (50-300Ω per square), and transmittance achieved of 90% (CVD

method is more expensive).

Since Graphene has a much higher endurance than any currently available

alternative, Graphene electrodes in touch panels have a distinct advantage. Gen-

erally, Graphene treated 10times better than ITO, connotation Graphene can

conveniently and positively remain functional on that device.

Rollable e-paper remains self-same attractive electronic creation, necessitates

a range for a curve 5-10mm, easily achievable by a Graphene electrode. Further-

more, color e-papers benefit from Graphene’s consistent absorption throughout

the visible spectrum. However, there is still a problem with a resistance at the

interface among the metal line and Graphene electrode within the drive circuitry.

OLED is one of the good technologies, and it is a non Graphene material prod-

uct. It has sheet resistance below 30Ω per square; the other parameters are work

function electrode surface roughness used for perfect performance. The Graphene

function helps improve performance to avoid electrical shorts and leakage cur-

rents. Graphene has already been introduced in OLED test cells. OLED device

introduced in 2016 after resolving issues (like conformal deposition of Graphene

on three-dimensional structure and contact resistance between Graphene and the

source/drain).

In the low-cost sector totally set up for mass production. Liquid phase exfo-

liation produces such Graphene coating without using vacuum technology. The

resistance of the Graphene maintained always high value so it can use many appli-

cations like window, solar cells and touch screen applications. Graphene always

flexible and strength high, supporting many applications.

3.3.4 High-Frequency Transistors

Graphene is also used in high-frequency transistor applications [166]. Still, it

has to participate against more mature technologies such as compound semi-
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conductors (III-V materials). Graphene will be introduced after 2021 when

even III-V material did not satisfy device performance. After 2021, according

to projections, III-V material does not capable of attain a necessary cutoff fre-

quency fT = 850GHz (current modulation top frequency) and supreme oscillation

frequencyfmax = 1.2THz (power modulation top frequency) since expedient spec-

ifications may tighten up. Recently, Graphene cutoff frequency reached 300GHz

to 1THz with a channel length of 100 nm [172,173]. According to the 2011 Inter-

national Technology Roadmap for innovative materials like Graphene, fmax takes

solitary achieved 30GHz in conventional Graphene designs, which is considerably

behind 330GHz Si maximum frequency transistor capability.

The logic transistor in Si knowledge can be protracted to closely or level under

10nm. Graphene technology will replace Si technology after 2020. It has many

issues like bandgap, nanoribbon [168, 174], single electron transistor [175, 176]

formation, bilayer control [177]. The issues can resolved by using a new transistor

design. When typical incoming light is incident on Graphene, electrons act by way

of massless two-D particle, which causes sizeable wavelength-sovereign absorption

(πα = 52.3%) for light below roughly 3 eV.

Additionally, due to Pauli blocking, mono and bi-coating Graphene becomes

entirely translucent if the optical-energy lesser as twice the Fermi level [178]. One

of the photonic devices that is now being researched the most is Graphene pho-

todetectors. Graphene can theoretically be utilized to a broad spectral-range,

thorugh ultraviolet to infrared, unlike semiconductor photodetectors with a con-

strained detecting spectral width. One of the most important active components

in optical interconnects, optical modulators change the properties of light [142],

including its phase, amplitude, and polarization, utilizing electro-refraction or

electro-absorption to encode transmission data. Ultrafast passively mode-locked

lasers have been used for many applications such as spectroscopy, material mi-

cromachining [179], bio-medicine [180], and security applications.
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Most research has been done on fiber and solid-state lasers [181], but semi-

conductor laser technology can also utilize Graphene-saturable absorbers. A

laser array with various wavelengths is necessary for optical connections using

a wavelength-division-multiplexing system. Using a single laser having many lon-

gitudinal modes, such as a mode-locked laser [182], is one technique to supply a

variety of wavelengths.

3.3.5 Conductivity of Graphene

BasicallyGraphene was considered an infinitesimally thin surface, a monoatomic

thin surface. Conductivity is the best measure to describe the electromagnetic

properties of Graphene due to its gapless electronic band structure. Therefore,

“the Graphene sheet is represented by its surface current and surface conductivity,

realted with the tangential electric field within the Graphene plane.”

Fig. 3.2 shows that Graphene piece with the incidence of static magnetic field

B⃗0 = ẑB0 and electric field E⃗ = x̂Ex. The electric field force F⃗e = −x̂eEx, The

electron has the ability to traverse through Graphene in the −X direction. In

general, the electron moves with a velocity given by v⃗ = −x̂vx. This motion

is influenced by the attractive field strength F⃗m = −ev⃗ × B⃗ = −ŷeB0v, which

diverts the electron towards the −Y direction. As a result, the induced current

exhibits two distinct mechanisms, namely J⃗ = x̂Jx + ŷJy = x̂σxxEx + ŷσyxEx.

Similarly, in the presence of an electric field E⃗ = ŷEy and a stationary at-

tractive field B⃗0 = ẑB0, the induced current transforms into J⃗ = x̂Jx + ŷJy =

−x̂σyxEx + ŷσxxEx.

Therefore, one of the important properties of Graphene is magnetically per-

suaded gyrotropy, can expressed in mathematical form:

j⃗ = σ · E⃗ (3.1)
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Figure 3.2: A Graphene piece by a stationary magnetic field.

where

σ =

σxx −σyx

σyx σxx

 (3.2)

The kubo formalism can be expressed as conductivity tensor of Eq. 3.3.5 and

also the expression σ(xx) and σyx with zero energy gap [183,184].

σxx =
e2v2F |eB0|

−jπ

∞∑
n=0

(nF (Mn)− nF (Mn+1) + nF (−Mn+1)− nF (−Mn))

(Mn+1 −Mn)[(Mn+1 −Mn)2 − h2(ω − j2Γ)2]
+

nF (Mn)− nF (Mn+1) + nF (−Mn+1)− nF (−Mn)

(Mn+1 +Mn)[(Mn+1 +Mn)2 − h2(ω − j2Γ)2]
(3.3)

σyx = −e2v2F |eB0|
π

∞∑
n=0

nF (Mn)− nF (Mn+1) + nF (−Mn+1)− nF (−Mn)

(Mn+1 −Mn)2 − h2(ω − j2Γ)2
+

nF (Mn)− nF (Mn+1) + nF (−Mn+1)− nF (−Mn)

(Mn+1 +Mn)2 − h2(ω − j2Γ)2

(3.4)

“where vF ≈ 106m/s vF is the velocity, nF (y) = 1 + exp
(

y−µc

kBT

)−1

represent

Fermi-Dirac distribution, Mn =
√

2v2Fhn|eB0| inidcate energy of the nth Landau

level, µc is belongs to chemical potential,τ = 1
2Γ

is the scattering time, e is the

charge of an electron, h represents planck’s constant, T is the temperature, KB
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represents Boltzmann constant.”

Magnetic field have low limit then Eqns. 3.3 and 3.4 can be rewritten as [185]

σxx = −je2(ω − 2jΓ)

πh2


1

(ω − 2jΓ)2

∫ ∞

0

ϵ

(
∂nF (ϵ)

∂ϵ
− ∂nF (−ϵ)

∂ϵ

)
dϵ−∫ ∞

0

nF (−ϵ)− nF (ϵ)

(ω − j2Γ)2 − 4
(
ϵ
h

)2dϵ
 (3.5)

σyx = −e2v2FB0

πh2


1

(ω + 2jΓ)2

∫ ∞

0

ϵ

(
∂nF (ϵ)

∂ϵ
+

∂nF (−ϵ)

∂ϵ

)
dϵ+∫ ∞

0

1

(ω + j2Γ)2 − 4
(
ϵ
h

)2dϵ
 (3.6)

Where ω is the radian frequency. Here Eq. 3.5 and Eqn. 3.6 are valid for this

condition

√
h|eB0|v2F

c
≤ Γ Particularly absence of biased magnetic filed, we have

σyx = 0 and thus Graphene reaching isotropic. Here Eq. 3.5 and Eq.3.6 have

two types, One is associated with intra-band influence, while the other represents

inter-band influence. The intra-band term in Eq.3.5 can be obtained analytically

as referenced in [186].

σxx,intra = −j
e2kBT

πh2(ω − j2Γ)

(
µc

kBT
+ 2 ln

(
e

µc
kB + 1

))
(3.7)

The Eq.3.7 represents, the intra-band term adheres to the Drude model form,

with the real part being positive and the imaginary part being negative.

σxx,inter = −j
e2

4πh
log

(
2|µc| − (ω − j2Γ)h

2|µc|+ (ω − j2Γ)h

)
(3.8)

The Eq. 3.8 represents ifΓ = 0 and(2|µc| > hω),(σxx,intra = jσ”
xx,inter) develops

purely imaginary value. At the event of Γ = 0 and (2|µc| > hω), (σxx,intra =

jσ”
xx,inter) belongs complex number, the imaginary still positive and real part

(σ”
xx,inter = σmin = πe2

2h
) and µc ̸= 0 Low-frequency electrical transmission is

mostly accounted for by intra-band conductivity, whereas optical excitations are

mostly accounted for by inter-band conductivity.
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Figure 3.3: Conductivities of an isotropic Graphene at various frequencies: intraband
and interband conductivities.

One of Graphene’s key benefits is that chemical doping or a gate voltage can

be used to adjust the material’s chemical potential. The following formula [186]

relates the carrier density ns and µc for an isolated Graphene sheet.

ns =
2

πh2v2f

∫ ∞

0

ϵ[f(ϵ)− f(ϵ+ 2µc)]□dϵ (3.9)

A monolayer of Graphene is created on an oxidized silicon (Si) substrate. Fig.

3.6 depicts the application of a gate voltage, referred to as Vg. This gate voltage

leads to a change in the carrier density of the Graphene, as detailed in [187].

ns =
ε0εVg

te
(3.10)

Where ε0 and ε belong to permittivity of free-space and substrate, and t stays

reperesented as thickness for substrate. Eq. 3.9 and 3.10 can be written interns

of chemical potential and gate voltage as [188]

µc = hvf

√
ε0ε

etVg

(3.11)
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3.3 Graphene Properties: Unveiling Remarkable Attributes

Figure 3.4: Isotropic Graphene sheet overall conductivities at varying frequencies.

Figure 3.5: A Graphene sheet subjected to an external gate voltage.

Figure 3.6: Total conductivity of the Graphene and chemical potential.
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3.3.6 Terahertz Waves using Graphene Metamaterial

Terahertz frequencies, situated in the far-infrared region of the electromag-

netic spectrum, hold considerable importance in the fields of photonics and elec-

tronics [189, 190]. At terahertz radiation, an inefficient response is produced

because of the limitation of free carrier density and the electrically tunable semi-

conductor devices operating at room temperature [191,192]. The efficient modu-

lation of terahertz waves has concerned much courtesy in the last decade.

Various techniques have been employed to achieve significant amplitude and

phase modulations in terahertz modulators and metamaterial-semiconductor hy-

brid structures. These techniques include the utilization of a semiconductor two-

dimensional electron gas (2DEG) system and a hybridized metamaterial with a

charge carrier injection/depletion mechanism. Specifically, a Schottky diode (as

cited in [65,193]) or a high-electron-mobility transistor (as referenced in [194]) can

be used as the charge carrier injection/depletion mechanism. It is worth noting

that the terahertz modulator and metamaterial-semiconductor hybrid structure

exhibit a substantial amplitude modulation of approximately 30% and a phase

modulation of about 32.1 degrees. In contrast, the 2DEG system demonstrates a

limited modulation depth, with a value of roughly 3% at room temperature.

Previous attempts relied on the injection of charge carriers to modify the

conductivity in large substrates. It is important to highlight that the density

of electron carriers, particularly in two-dimensional electron gases (2DEGs), is

limited to an approximate value of 1×1012cm−2 within the limit of semiconductor

breakdown [195].

A possible alternative method that could be considered involves the use of

Graphene, a two-dimensional atomic structure. This material has the ability

to significantly modify the Fermi level and the corresponding density of charge

carriers through a simple process of electric gating. The capacity of Graphene to
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3.4 Graphene Using Absorber Design

handle charge carriers is an order of magnitude greater (1013−1014cm−2) [196,197]

than the capabilities of traditional 2DEG systems. Furthermore, the light-matter

interaction can be fully maximized at the extreme sub wavelength scale thanks

to the minimal effective mass of charge carriers in Graphene.

3.4 Graphene Using Absorber Design

Hysteresis in electrical transport results from flaws in Graphene-based devices,

such as grain boundaries, adsorbed H2O molecules, and other impurities func-

tioning as charge trap sites on dielectric substrates or a Graphene sheet [198].

Graphene-based electronic memory systems can now be implemented utilizing

electrochemical modification [199], Graphene oxide [200], or ferroelectric materi-

als [192] thanks to this bistable behavior.

In contrast, the optical conductivity of Graphene can be shifted due to hys-

teresis, which can be induced by the retention of charge carriers or a delayed

response to equilibrium. This shift holds promising prospects for the develop-

ment of photonic memory applications, particularly within phase-change mem-

ory metamaterials [201]. The approach described in this study involves a light-

matter interaction that is controlled by an electrical stimulus. This interaction

takes place within a hybrid system composed of fabricated meta-atoms and two-

dimensional carbon atoms. By combining the exceptional electrical and optical

properties of Graphene with the robust resonance of meta-atoms, this innovative

approach achieves an unprecedented level of light-matter interaction. As a result,

it enables the persistent switching and linear modulation of terahertz wave trans-

mission at an extremely subwavelength scale, which is (< λ/1, 000, 000). For

a more detailed understanding of the structure designed using gate-controlled,

terahertz Graphene metamaterial, please refer to Fig. 3.7.

The Graphene-uneven dielectric layered scheme is used, and this structure
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3.4 Graphene Using Absorber Design

Figure 3.7: The fabricated gate-controlled active Graphene metamaterial with a
hexagonal shape [203].

also allows frequency-wide Terahertz band and polarization. Based on chemi-

cal potential energy controlled with a Graphene-based absorber and used with

large intervals, its conductivity was adjusted by Graphene voltage. It has many

applications in spectroscopic detection, thermal detectors, polarization-sensitive

sensors and tunable broadband planar filter [202].

Due to its unusual and special qualities, Graphene, two-dimensional honey-

comb structure of carbon atoms, has been used in electrical and photonic devices.

In THz frequency range Graphene layer also working as resistive film. It can con-

sider as drude-like surface [204]. Generally carrier concentration controlled by

chemical modification used [203, 205–207]. A Graphene-based Salisbury Screen

THz absorber was explained. The sheet resistance was modified using chemical

doping to achieve perfect absorption [208]. Here the structure designed polariza-

tion independent metamaterial absorber with tunable resonance frequency using

with Graphene wires. According to simulation results, the absorption peak fre-

quency can be actively changed in the lower terahertz range by adjusting the

bias voltage on the gated Graphene wires. Metamaterial absorbers have a tuning
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3.4 Graphene Using Absorber Design

Figure 3.8: Structure separated by dielectric slab a) 3D View b) Cross section view
[202].

Figure 3.9: Structure designed with unit cell using with Graphene [209].

range of up to 15% and can achieve near-perfect peak absorption without any

degradation. By integrating two polarization-dependent MA structures, we also

suggested a polarization modulation system by EM wave reflection based on the

MA that may vary its reflectance by spectrum shifting of its resonances. It is

shown that the polarization modulator may produce linearly polarized waves in

reflection with polarization azimuth angles that are continuously adjustable from

00 to 900 at a fixed operating frequency [209].

The absorption occurs due to multi-path reflection, which results in com-

plete destructive interference in the EM wave’s reflective component [210]. Many
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3.4 Graphene Using Absorber Design

techniques are used to improve the bandwidth of absorbers. In [211], vanadium

dioxide is used to improve the bandwidth of the metamaterial, but due to its

multilayer structure, it is complicated. The combination of Graphene, SiO2 and

gold-based double ring metamaterial structure is offered in [212], but this struc-

ture achieves only 36% bandwidth. The next metamaterial is a combination of

the above two designs, i.e., vanadium dioxide used as the bottom layer, SiO2

substrate and rectangular Graphene double ring on top [213]. All the above

metamaterial combinations are used to improve the bandwidth, but they do not

achieve more than 48%.

In this chapter, an effort has been made to design a monolayer broadband

metamaterial absorber. The unit cell structure contains a circular Graphene

ring on the top layer, the middle layer is SiO2 and the bottom layer is gold.

This circular Graphene ring metamaterial provides a bandwidth of 67% and is

polarization insensitive for TE and TM waves, both EM waves with an incident

angle up to 600.The metamaterial absorber is an array of unit cells. The unit cell

of the proposed absorber is designed with three layers of different materials as

shown in Fig. 3.10. The top layer is a circular Graphene ring, the middle layer

is a substrate, and the bottom layer is gold. The substrate used in this design

is amorphous SiO2 with dielectric constant 2.25 and loss tangent 0.001. The

substrate height is hS, and the bottom metal gold height is hG. The absorber is a

periodic structurewith a periodicity of unit cell metamaterial is p. The proposed

circular Graphene ring inner radius and outer radiusare rin and rout respectively.

The circular Graphene ring thickness is tG, the chemical potential is µc, the

relaxation time τs , and the temperature is 300K. The bottom layer of gold has a

conductivity of 4.56× 107 S/m and the thickness of hG. The dimenstions values

of these symbols are tabulated in Table I. The absorptivity, A(ω) of the proposed

metamaterial is given by [213]

61



3.4 Graphene Using Absorber Design

Figure 3.10: Proposed Unit cell structure using Graphene Ring Metamaterial.

A(ω) = 1− [R2(ω)]− [T 2(ω)] (3.12)

Where R(ω) is the reflection coefficient (i.e S11) and T (ω) is the transmis-

sion coefficient ((i.e. S21). These S-parameters can be extracted from the EM

simulator CST Microwave Studio. The metamaterial structure contains gold in

bottom, which has a thickness much thicker than the skin depth of the incident

terahertz wave. Due to this, transmission can become zero. Because of this, the

Eq. 3.12 is written as:

A(ω) = 1− [R2(ω)] (3.13)

The structure designed with three layers, these three layers depending on the

dimensions bottom layer used gold layer and its having width, breadth parameters

p = 20µm, height hG = 1µm and middle one used silicon dioxide layer and it

have height hs = 26µm, top of the layer used Graphene material here using

inner radius and outer radius rin = 7µmand rout = 9µm and Graphene thickness

tG = 0.1µm.
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3.4 Graphene Using Absorber Design

The Graphene properties is anisotropic. To find the surface conductivity of

Graphene, Dyadic Green’s functionboundary condition is used [214]. In the EM

simulator, a 2-D Graphene is specified as an impedance boundary, and itssurface

conductivity is provided by the generalized Kubo’s formula [215].

σ = σinter + σintra (3.14)

σintra =
2kBT

2
e

πℏp
ln

2 cosh
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E
2kBT

)
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Where,

H(Ω) =
sinh

(
ℏpΩ
kBT

)
cosh

(
ℏp

kBT

)
+ cosh

(
E

kBT

) (3.17)

’E’ is electron charge density and T=300 K. The scattering rate R is inverse

of electron scattering time of Graphene and it can vary from 0.02ps to 2ps. In

the above equation hp is plancks constant and Kbol Boltzman constant.

The scattering time is defined as collision time of electron in material. By tun-

ing the scattering time of Graphene conductivity of Graphene can tune. Thus, for

increasing the conductivity, settling time should be increase. In the terahertz fre-

quency region, Drude’s model can used for calculation of the surface conductivity

of Graphene and it is given by [216].

σsc(ω) =
e2E

πℏp
i

ω + iR
(3.18)

The proposed metamaterial is based on circular ring made of Graphene 2-

D material whose properties are tunedusing the Graphene material’s chemical

potential and relaxation time. The surface conductivity of the Graphenecan be
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3.4 Graphene Using Absorber Design

Figure 3.11: Surface current of Metamaterial at 1.3THz (a) Top view (b) bottom
view.

tuned by tuning the chemical potential. The Graphene ring impedance depends

upon surface conductivity. Torealize broadband absorption surface conductivity

should tuned.

The absorber absorption properties can be examined by surface current of

the structure. The top and bottom coupling of surface current can be change

the absorption of structure. However, the electric and magnetic excitation of

proposed circular Graphene ring validated by surface current distribution. The

surface current top and bottom of proposed structure at 1.3 THz frequency is

shown in Fig.3.5. Here from top and bottom view structure is showing in an-

tiparallel direction. Similarly the top and bottom surface current of at 1.8 THz

frequency shown in Fig. 3 is represented antiparallel. This means at this fre-

quency magnetic excitationare realized. But the top and bottom surface current

of structure at frequency 2.7 THz shown in Fig. 3.11 are parallel to each other.

This indicated electric excitation at this frequency.

The surface current of the structure can examine the absorber absorption

properties. The top and bottom coupling of surface current can change the struc-
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3.4 Graphene Using Absorber Design

Figure 3.12: Surface current of Metamaterial at 1.8THz (a) Top view (b) bottom
view.

Figure 3.13: Surface current of Metamaterial at 2.7THz (a) Top view (b) bottom
view.
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Figure 3.14: Absorption variation of Metamaterial w.r. t chemical potential.

Figure 3.15: Absorption Variation of Metamaterial w.r.t relaxation time.
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3.5 Simulation Results

Figure 3.16: Simulated optimized value of S- parameters and absorption.

ture’s absorption. However, the electric and magnetic excitation of the proposed

circular Graphene ring is validated by surface current distribution. The surface

current top and bottom of the proposed structure at 1.3 THz frequency is shown

in Fig. 3.12. Here, from top and bottom view, the structure is shown in an

antiparallel direction. Similarly, the top and bottom surface current of at 1.8

THz frequency shown in Fig. 3.13 is represented as antiparallel. This means at

this frequency magnetic excitationare realized. But the top and bottom surface

current of structure at frequency 2.7 THz shown in Fig. 3.13 are parallel to each

other. This indicated electric excitation at this frequency.

3.5 Simulation Results

The broadband circular Graphene ring metamaterial is proposed in this work.

The Graphene parameters are optimized using parametric simulation. The main

chemical potential and relaxation time of Graphene metamaterials affect the ab-

sorption. The chemical potential of Graphene can affect the absorption of unit

cell structure.The parametric optimization of chemical potential is shown in Fig.
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Table 3.2: Comparison between Available Literature

Ref Material
Fractional

Bandwidth >90%
Fractional

Bandwidth >99%

[211]
Au+ Polyimide Vo2+

Substrate
25% 0%

[212] Graphene+SiO2+Au 36% 3%
[213] Graphene+SiO2+Au 48% 9%

In this chapter Graphene+SiO2+Au 67% 46%

3.14. The study of chemical potential change of Graphene from 0.6-1 eV showed

that the absorber bandwidth changes from 1.3 THz to 2.3 THz above the 80%

absorption. The optimized value of chemical potential is 0.95 eV. The relaxation

time versus absorption plot is shown in Fig. 3.14. In this study the chemical po-

tential is fixed at above optimized value and relaxation time is change from0.08ps

to 0.12ps. The optimized value realized of relaxation time is at 0.1ps. The final-

ized values of all parameters provide broadband absorption and good impedance

matching as shown in Fig. 3.15. These values of Graphene properties provide

bandwidth of 1.34-2.7 THz for absorption of more than 90% and bandwidth of

1.54-2.45 THz with absorption greater than 99%.

The proposed work is compared to the available literature tabulated in Table

3.2. The absorption more significant than 90% and 98% of the designed meta-

material has the highest.

3.6 Summary

This chapter introduces a Graphene-based broadband metamaterial absorber.

Graphene, consisting of a single layer of carbon atoms arranged in a hexagonal lat-

tice, possesses remarkable electrical, optical, and thermal properties. With appli-

cations spanning from cloaking to nonlinear optical devices, Graphene’s excellent

conductivity has enabled advancements in various fields. While prior attempts

at broadband structures have yielded complex results with imperfect absorption,
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this study addresses such challenges. While a combination of Graphene, SiO2,

and gold achieved just 36% bandwidth, and many methods struggled to surpass

46%, this study proposes a novel solution using a circular Graphene ring to en-

hance bandwidth. The resulting structure achieves impressive absorption levels,

with a bandwidth of 67% for absorption exceeding 90%, and 46% for absorption

surpassing 98%. This design’s polarization insensitivity and wide incident angle

range further solidify its value in electromagnetic wave applications.
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4.1 Introduction

4.1 Introduction

Metamaterials are electromagnetic materials crafted by organizing metallic

particles in periodic patterns, each lesser than the wavelength of incident elec-

tromagnetic waves. These materials showcase a range of distinct attributes,

including phenomena such as backward propagation, the Doppler effect, and

the Vavilov-Cerenkov effect [217], as well as negative refraction [44, 46], imag-

ing [7,218–220], and cloaking [8,221,222]. Surprisingly, these exceptional proper-

ties of metamaterials stem primarily from their structural geometry rather than

their composition [223]. Pioneered by Pendry’s theoretical insights and further

substantiated by Smith et al.’s experiments, metamaterials are harnessed across

diverse domains, engaging microwave engineers and physicists alike. Their appli-

cations extend broadly, from superlenses [224], slow light manipulation [225–227],

and data storage [228] to optical switching [229]. Metamaterials traverse a broad

frequency spectrum, spanning near, mid, and far-infrared commands and extend-

ing to optical frequencies [11,230,231].

Moreover, metamaterials offer the distinctive capability of localizing and in-

tensifying electromagnetic fields, a characteristic that lends itself to detecting

minuscule analyte quantities and enhancing sensor selectivity for nonlinear com-

pounds [232]. This intriguing property has spurred the development of novel

applications harnessing metamaterial attributes. Plasmon resonance sensors in-

corporating metallic components on surfaces have been proposed to enhance sens-

ing efficacy [233], catering to high-frequency sensor requirements [23]. He et al.

explored the potential of 2D sub-wavelength resonators for biosensing applica-

tions [234], while Alu et al. delved into dielectric sensing utilizing ε near-zero

thin waveguide channels [235]. Leveraging metamaterial lenses, Schreiber et al.

introduced a microwave nondestructive evaluation sensor capable of identifying

flaws as minute as a wavelength [236]. In his analysis of future metamaterial
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trends, Zheludev emphasized the expanding realm of sensor applications, noting

metamaterials’ potential to significantly elevate sensitivity and resolution [237].

Research by Huang et al. further corroborates this notion, demonstrating that

metamaterials can notably augment the performance of sensors, offering enhanced

degree of freedom in sensor strategy to amplify sensitivity and streamline read-

out [238].

In light of the remarkable progress in THz metamaterial research over the

past decade, we classify the applications of THz metamaterial-based sensing into

three distinct categories: molecule sensing, biomolecule sensing, and biosensors,

as well as microfluidic sensor applications. We delve into the evolution and chal-

lenges associated with THz metamaterial sensing, encompassing diverse aspects

such as the innovation of novel metamaterial designs, the integration of nano-

metamaterials in sensing paradigms, the emergence of graphene plasmonic, the

fabrication of graphene metamaterial devices, and the intriguing concept of in-

ducing THz surface plasmons through topological insulators.

4.1.1 The Mechanism of THz metamaterial sensing

Surface plasmon polaritons (SPPs), commonly observed in the visible spec-

trum for metals like gold and silver, face challenges in the THz domain due to

the significant differences in physical properties. The high conductivity of these

metals, appropriate for the visible spectrum, resembles that of a perfect electric

conductor in the THz frequency range, where the frequency is much lower than

the plasma frequency of metals (PEC) [239]. Consequently, the electric field of

SPPs lacks effective confinement, barely penetrating the metal and losing its ad-

vantages. However, employing metals with rough surfaces can facilitate deeper

penetration of the electric field into the metal, aiding in overcoming the weak pen-

etration of THz waves. This enables these artificial metal exteriors to support

SPP-like styles, serving as examples of metamaterials.

72



4.1 Introduction

In the realm of metamaterials, various types exist, including dielectric meta-

materials, multilayered metamaterial devices (MMDs), metasurfaces, metamate-

rial absorbers, and graphene-based metamaterials. Metasurfaces, metamaterial

absorbers, and MMDs are frequently employed for THz sensing applications. In

this context, we direct our attention to the sensing mechanisms underlying these

metamaterials, specifically focusing on metamaterial-based thin film sensing, with

further details provided in Table 4.1.

Table 4.1: A performance comparison table of metamaterial sensors and the current
methods.

Technique Sensitivity Other benefits Confines

THz metamaterials High Fruitful structure desing, quick discovery Complex fabrication process

SPR High real time discovery, Labe-free Device high cost

Colorimetric Low real time discovery, Easy to prepare Sample Interference

Fluorescent High Easy operation, rapid detection Photobleaching

4.1.2 THz metasurfaces

As depicted in Fig. 4.1(a), one can conveniently produce metasurfaces by

employing lithography and nanoprinting methods to compose a single or a few

layers of planar structures. Their ultrathin profiles minimize losses from resonant

responses and metallic structures, and their dimensions are much lesser than the

incident wavelength, preventing them from forming a novel material or medium.

The continuity of field components governs the reflection and transmission charac-

teristics at the boundary between two homogeneous media. Introducing periodic

subwavelength resonators with insignificant thickness at the interface to create a

metasurface significantly alters the reflection and transmission coefficients due to

the impact on the boundary condition. Involving both charge oscillations within

the resonators and the incident electromagnetic wave, a surface electromagnetic

wave, akin to surface plasmons forms and propagates along the resonator’s sur-

face. Within the THz spectrum, spoof surface plasmons elucidate metamaterial
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(a) (b)

(c) (d)

Figure 4.1: Conservative metamaterial sensing [240]. (a) metasurface, (b) metamate-
rial absorber, (c) metallic mesh device (MMD), (d) red shift of resonant peak induced
by external sensing objectives.

mechanisms. With even slight environmental changes triggering shifts in resonant

peaks, with resonant frequency and Q worth, THz metasurfaces’ local electric field

enhancement enables the susceptible detection of external targets.

4.1.3 THz Metamaterial Absorber

The metamaterial absorber was firstly designed in 2008 with dielectric film

[22]. One of the most important uses is the demonstration of metamaterial ab-

sorbers, which takes advantage of the often-over looked loss mechanisms of opti-

cal numbers that may be modified to produce an efficient absorber. The effective
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medium and impendence of metamaterial absorber defined as:

Z(ω) =

√
µ(ω)

ε(ω)
(4.1)

When effective impendence matches free space impendence Z0, then reflection

minimized. Then it acts as perfect absorber in particular frequency [210].

Creating a new metamaterial structure allows for adjusting the frequency

of the near unity absorption highest. In impedance-matching metamaterial ab-

sorber, there is a notable enhancement in the localized magnetic and electric res-

onant fields, leading to substantial interaction with external sensing targets. This

interaction can be harnessed for ultrasensitive target analysis and biosensing ap-

plications, as illustrated in Fig. 4.1(b) [241]. Furthermore, in the terahertz (THz)

range, a sensing system based on metamaterial absorbers exhibits significantly

greater sensitivity than planar metasurfaces [242]. The heightened sensitivity in

metamaterial absorbers primarily arises from the substantial increase in resonant

electrica and magnetica fields within the absorber cavity, making it particularly

intriguing for sensing requests.

Flexible substitutes are comfortable for unshaped surface and suitable for ap-

plication in various cases. The THz sensor platform shown in Fig. 4.1 [243] was

created for sensing purposes and is based on a highly flexible ultrathin metama-

terial absorber.

It achieved a maximum frequency sensitivity of 139 GHz RIU−1 (Refractive

index unit). The sensor’s sensitivity did not significantly increase when the spacer

thickness was reduced to 15 m compared to the previously mentioned case (50

m thick spacer), indicating that the resonators’ architectural designs were more

important for very thin film detection than the spacer’s thickness, in a single

patterned structure, generating one resonance. To achieve a multiband perfect

absorption, multiple metallic patterns are typically necessary. Nevertheless, a
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(a) (b)

(c) (d)

(e)

Figure 4.2: (a) The scanning Electron microscopic (b) dielectric film thick variations
(c) a schematic diagram (d)spectroscopy system experimental setup (e) an Al2O3 ul-
trathin layer situated with an annular gap array.
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straightforward design featuring an asymmetric cross structure was documented

as a tri-band terahertz absorber in a previous study [244]. This design exhibited

a maximum sensitivity of upto 1.6THz RIU−1 and proved highly responsive to

even slight alterations in the external dielectric environment.

4.1.4 THz metallic mesh devices

In Fig. 4.1(c), MMDs are depicted and typically comprise regularly spaced

square holes, exhibiting distinctive transmission characteristics. In the terahertz

(THz) range, MMDs have shown specific transmission dips resembling Fano-like

features, the size of which can be controlled by adjusting the MMD dimensions

[245]. These structures can be seen as subwavelength apertures with grid intervals

spanning from 10s to 100s of micrometers [246]. The origin of these dips is

attributed to the first-order surface plasmon polarisation mode splitting. The

Fano-like dip results from the MMDs’ structure and the presence of oblique wave

incidence, contributing to the creation of a sensitive device characterized by a high

Q value resonance. Notably, the frequency shift, often referred to as a redshift, of

this dip upon introducing external analyte coatings, as illustrated in Fig. 4.1(d),

has garnered significant attention. This feature has made MMDs an appealing

choice for label-free biosensing applications, underscoring their versatile sensing

modality [247–250].

4.1.5 THz metamaterial-based thin film sensing

Thin film sensing, benefiting from thin films’ flatness and predetermined op-

tical properties, presents a straightforward application for THz metamaterials.

This approach effectively demonstrates the sensing capabilities of THz metama-

terial applications through a combination of simulation and experimentation. A

prominent class of THz metamaterial applications is split ring resonators (SRRs).

The resonant peak’s frequency shift reportedly increases with greater photoresist
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thickness atop the metamaterial, albeit slower due to electric field decay above the

SRRs’ space. Introducing a 16 µm dielectric overlayer resulted in an observable

frequency shift of nearly 120 GHz, aligning with simulation results. Moreover, as

the SRR thickness increased, the frequency shifted, suggesting a potential avenue

for enhancing signals.

The investigation of the impact of the dielectric overlayer thickness on planar

terahertz (THz) metamaterials, particularly a double split-ring resonator (SRR)

structure, was conducted using THz time-domain spectroscopy (THz-TDS), as

described in [251]. Through an analysis of the effects of uniform dielectric over-

layers spanning from 100 nm to 16 µm, the challenges and constraints of THz

metamaterial-based sensing were illustrated. Notably, an overlayer thickness of

100 nm approaches the detectability limit.

Asymmetric double split rings (aDSR) used in some frequency selective sur-

faces (FSS) also demonstrated a promising sensitivity [252]. This FSS had a

Fano-like resonant peaks due to the addiction of asymmetry. This metasurface

proved exceedingly sensitive to external overlayers, exhibiting a remarkable 4GHz

frequency change with the addition of a mere 10 nm of material. A dual-band

metasurface with low loss properties was designed, featuring high-Q Fano and

quadrupole resonances [253]. These resonances offer substantial benefits for ul-

trasensitive THz metamaterial systems. The analyte was applied to the metama-

terial’s surface to measure sensitivities, and the two resonances’ shifts were quan-

tified as redshifts. The Fano resonance achieved refractive index unit (2.06×104)

nm RIU−1 , high Q-factor compare to quadrupole resonance( 5.07 × 103 nm

RIU−1). When they were used thinner substrate, it achieves good resonance

in quadrupole resonance (7.75 × 103 nm RIU−1), Fano resonance (5.70 × 104

nm RIU−1) [254]. The traditional SRR structure used for delicate to the po-

larization of incident THz radiation, also Polarization-insensitive metamaterial

devices [255], it applicable for Square ring resonator, it specially designed for
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linear polarized femtosecond laser driven THz radiation along a negligible deter-

mination of 17.7 µmolL−1 for detecting of bovine serum albumin.

Miyamaru and his colleagues [256] employed metal hole arrays (MHA), which

are similar to metasurfaces, to investigate the impact of dielectric film sensing.

The reflection dip changes due to increases dielectric film thickness at lower fre-

quencies, it applied to high sensitive application.

In the terahertz (THz) sensing domain, a “fishnet structure-based circular

hole array was presented as a polarization-insensitive device [257]”. Out of the

research examined, the frequency change and amplitude inflection concerning

the overlayer thickness and refractive index. This investigation demonstrated

the sensor’s potential to detect changes in refractive index with a sensitivity

accomplishment approximately 128 GHz RIU−1. Furthermore, the transmission

peak of Metamaterial Hole Arrays (MHAs) was significantly reduced, with the

minimum dielectric film thickness set at 50 µm). This reduction posed challenges

in measuring the resonant top and lowered the SNR. These issues stemmed from

the cutoff result of the metal holes and the incongruity of resonant frequencies

on both sides [258].

The use of thickness detection is motivated by metamaterials, which have

sensitivity to thin film thickness (The thickness of material 3µm, 4µm, 5µm) as

shown in Fig 4.2(b) [259]. The surface of MMD with a tinny film devoted to it

was likewise captured in two dimensions, and the contrasts amid photographs of

different tinny film widths might too be clearly seen. Similar techniques were

used to determine SiO2 film thickness using MMDs, with sensitivity down to

sub-mm-thick SiO2 films [260].

Introducing Fano resonances to metamaterials led to a remarkable enhance-

ment in the least width resolution of Si, which was increased to 12.5 nm. This

resolution represents a scale of 1/16000 times the wavelength of the incoming

terahertz (THz) wave [261]. To further advance THz metamaterial sensing, a
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near-field THz system was created to diminish the spot extent [262]. This system

involved insertion the metasurface sensing stage near a sub-diffraction THz basis.

In their study, this proximity was achieved at distances of 25 and 50 m, reducing

the quantity of resonators and the negligible sensing film extent. The outcome

was a decreased inter-cell link strength and a significantly higher Q factor likened

to far-field THz schemes, as depicted in Fig. 4.2(c).

The near-field system exhibited a significantly smaller region for excitation

compared to the extent agitated by the far-field method. Only a compact region

of 3×3 resonators, equivalent to 0.2λ by 0.2λ (where 0.2λ is the wavelength), could

be excited. Combining the near-field source with metamaterial sensing made it

possible to increase sensitivity to a 0.2λ 1/375 thick dielectric sheet. This devel-

opment in THz near-field-based metamaterial discovery held immense promise in

biomolecular uncovering, given that it allowed for the excitation of smaller target

areas with reduced thickness compared to typical THz far-field systems [263]. In

Fig. 4.2(d), the highest level of sensitivity for THz metamaterial-based tinny

film discovery touched 1 nm, representing 1/106 of the incident THz wavelength.

This study utilized nanogaps to restrain THz surfs into sub-10 nm metallic holes,

making it capable of detecting refractive index changes generated by a mere 1

nm thick layer of Al2O3, with up to a 5% shift in the top location, as displayed

in Fig. 4.2(e). THz plasmonic waveguides were also introduced in THz nanofilm

sensing [264].

4.1.6 Utilization of metamaterials in the terahertz fre-
quency range for sensing purposes

THz metamaterial sensing process discussed in the above theory part. THz

metamaterial has been used in many fields like molecule sensor, biomolecule sen-

sor, biosensor, microfluidic sensor and other applications.
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4.1.6.1 Molecule detection

In 2011, a planar metamaterial expedient using paper as its substrate was

developed for glucose discovery, as illustrated in the Fig. 4.3(a) [265]. In this

wok, they attained for glucose detection with sensitivity 3.0mmolL−1 as shown

in the Fig. 4.3(b) generally normal glucose in humanoid blood from 3.0mmolL−1

to 30mmolL−1, this expedient used for additional purposes. “The paper-based

THz metamaterial sensor exhibited promising capabilities and the potential for

integration into a lab-on-a-chip device”, making paper-based biosensors more af-

fordable and available to average consumers. The use of nano-antennas operating

in the THz frequency band (0.5-2.5THz) was reported as a very sensitive and se-

lective sugar detection approach (Fig. 4.3(c)) [266].This metamaterial sensing

instrument might successfully increase the molecule absorption due to its tightly

localised and increased THz transmission. As illustrated in Fig. 4.3(d) and Fig.

4.3(e) [266,267], the selective detection at low concentrations was made possible

once the transmission top of nano-antennas and the absorption peak of carbohy-

drate molecules remain coordinated.

The introduction of external D-glucose molecules, characterized by a signif-

icant 1.4 THz absorption peak, results in a distinct reduction in the intensity

of the 1.4 THz transmission highest. In contrast, sucrose does not produce a

comparable damping effect on the transmission peak. This innovative approach

has the potential to differentiate between various well-known beverages, such as

Pepsi-Cola Classic, Sprite, Coca-Cola Classic, Light, and Zero as shown in (Fig.

4.3(f)).

As the world’s population rises from [268–270], two important challenges in

global public health-food security and safety are gaining more and more atten-

tion.As externally hazardous substances like pesticides and antibiotics leave fin-

gerprints in the THz area, 4–7THz spectroscopy applications for food safety show
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significant promise. In recent years, metamaterials have been incorporated into

food quality and safety monitoring to further increase the sensitivity of THz detec-

tion. In recent years, metamaterials were incorporated into diet security eminence

and monitoring to further increase the sensitivity of THz detection [271] (Fig.

4.3(g)). With the use of metasurfaces, extraordinary sensitivity was achieved

with the lowest detectable attentiveness downto 100 pg L − 1 (Fig. 4.3(h)), ex-

hibiting a significant ∼ 1010 times enhancement in comparison to the lowermost

noticeable attentiveness of kanamycin sulfate on bare silicon (∼ 1grammeL−1).

Tetracycline hydrochloride (TCH) was quickly detected using a circle-slit meta-

surface at a nominal noticeable concentration of 0.1 mg L−1 [272]. The widespread

use of pesticides and the negative impact they have on both social fitness and the

atmosphere have led to a global concern. When the herbicide chlorpyrifos-methyl

was detected, a THz metamaterial absorber was observed. By contrasting the

sensing capabilities of THz metamaterial absorbers and Teflon plates, the sen-

sitivity improvement could be discovered. Based on the metamaterial at THz

frequency used in Biomolecule detection with THz frequency and also used in

microfluidic applications, it is also used in many applications like nanoparticles,

nanorods, nano objects.

4.1.6.2 Metamaterial at THz methodology

The sensing of analytes at THz frequency is an interesting area of research in

the present situation. Several methods implemented in research area for analytes

detection, it also including absorption spectroscopy, frequency shift, refractive

index sensing etc. One of the most sensitive and promising tools for sensing a

variety of analytes and their precursors has emerged as the frequency shift sensing

techniques [273, 274]. The geometry’s design acts crucial level in the terahertz

detecting of analytes. Waveguides and metamaterial are important of analytes

of sensing [251,275,276]. Theuer et al. examined the usage of cylindrical waveg-
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 4.3: (a) Graphic designed with micrometer-sized metamaterial resonators with
microstencil. (b)varying concentrations of glucose elucidations. (c)A sensor chip was
schematically depicted. (d) Normalized THz spectra for D-glucose were obtained uti-
lizing the glucose antenna, (e) Surface molecules were illustrated in context, (f) THz
transmittances were shown by means of a nano-antenna selection featuring a fundamen-
tal resonance at1.7 THz, (g) A schematic of the metasurface structure was presented,
(h) Changes in transmittance versus frequency were displayed for kanamycin sulfate,
(i) A diagram showcased a linear array of sub-wavelength furrows for spoof plasmon
sensing, used in guiding THz waves.
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uide geometry in the waveguide geometry to explore the detection of analytes

with higher sensitivity [277]. We also used nano films sensing using THz range

with metal rods [278]. But in this work metal rods detecting phase variations in

the surrounding analytes. In that study, the metal rods’ evanescent THz fields

are employed to detect the phase fluctuations of the nearby analytes. Terahertz

spectroscopic transmission studies have been made by Lo et al. on a porous sili-

con substrate, which is better able to gather and catch analytes in the pores and

sense them with increased sensitivity [279]. Various designs employing terahertz

metamaterials have been implemented to enhance the sensitivity of analyte de-

tection, making them promising candidates for thin film analyte sensing. In this

regard, Singh et al. presented a method for terahertz sensing using high-quality

factor resonances in metasurfaces, leading to exceptionally narrow line widths and

heightened sensitivity to analytes [254]. Furthermore, in biosensing, Xu et al. in-

troduced the incorporation of gold nanoparticles into terahertz metamaterials to

augment the sensitivity of protein detection [280]. Their research highlighted that

adding gold nanoparticles with high refractive indices significantly enhanced the

detection sensitivity. These developments represent various mechanisms aimed

at improving the sensing of analytes.

Metamaterial used in advanced research areas.Novel improved properties of

metamaterials can be produced as a result of ongoing development in metama-

terial design and production on the submicron and nanoscale scales. Thus, the

multidisciplinary boundary between sensing and metamaterial science technology

has a become lush ground for novel technical and scientific improvement. Gener-

ally metamaterial made up with advanced versions sensor to detect information.

Sensors detect a small modification occur in the device and it’s depend upon

four key criteria. The first criterion involves ensuring that the sensor operates at a

low frequency to mitigate interference arising from background and substrate ab-

sorption. Traditional sensing devices, often constrained by limited surface areas,
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tend to operate at higher frequencies, which can present significant challenges.

Therefore, it is imperative to maintain a compact sensor design while minimizing

its operating frequency. The second criterion mandates that sensors generate a

distinct and easily detectable read out indication, possessing a resonant char-

acteristic shrill sufficient to precisely way shifts in broadcast bands. The 3rd

criterion is centered around the linearity of detecting, which is intricately linked

to the superiority factor of devices.

The 4th principle is device compassion, essential for detecting small shifts in

transmission spectra caused by external loads, particularly in cases with limited

data points in a single-frequency scan. Metamaterial sensors are used in this

context to detect a variety of liquids, such as oils, fluids, chemicals, and mixed

compositions. These sensors are known for their high-quality factor, remarkable

sensitivity, superior accuracy, and a high figure of merit, all contributing to their

enhanced performance [281]. Sensing used in various methods to applicable and

specially bio sciences area also used and this sensor to detect resonance absorber

performance. Here we design two different Perfect metamaterial absorber for sens-

ing application at THz frequency range and also used planar metasurface sensors

with resonators of sensitivity and FoM [242] and The importance of biosensing in

the THz domain is due to the fact that biomolecules like bovine serum albumin

exhibit vibrational resonances in the THz domain [282] and also achieved lower

sensitivity and FoM values.

Here we design metamaterial absorber integrated microfluidic sensor, experi-

mentally observed in the THz range. A channel is created between two parallel

metal structures that introduce analytes. Within the metal-microstructure array-

dielectric-metal (MDM) metamaterial absorber, transverse cavity resonance is ob-

served, as opposed to their detection on the surface of the metamaterial structure,

where field distributions are relatively weak and decayed. The channel serves as

an MDM metamaterial absorber’s spacer as well as a microfluidic channel. Be-
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cause of the significantly improved light-matter interaction in the dual-function

channel, the sensitivity of the sensors is significantly improved as compared to the

standard metamaterial absorber sensors. Furthermore, the deep subwavelength

and angle independence of the MPA sensor (metamaterial perfect absorber) are

both features. The metamaterial absorber integrated microfluidic sensor also

extends to other frequency, explaining a promising method for high-sensitivity

chemical and bio-sensors [242].

We focused on this characteristic and reported the sensing performances of

odd and even resonance orders within the terahertz (THz) metamaterials frame-

work based on a simple single split-gap ring resonator geometry. We employed a

metamaterial design consisting of single split ring resonators to enhance the reso-

nance quality and sensing capability. Our study employed analytes with varying

thickness levels and incorporated them into our lossless metamaterial structures.

We calculated the refractive index based on thin film variations and measured

the sensitivity and Figure of Merit (FoM) for different resonance modes [283].

In metamaterial-based sensor design, several key challenges are encountered,

including attaining a high Q-factor, ensuring polarization insensitivity, and main-

taining performance independence from varying incident angles [284]. A study

by [284] proposed the use of two metal rings in combination with a cylinder to

create a dual-band absorption system with a high Q-factor. However, this design

was limited to an incident angle of only 300. In a different approach, a design

employed two rectangular rings and a circle made of silver to achieve a dual-band

perfect absorber, providing a high Q-factor [262]. Nevertheless, this structure

required three resonators for dual-band operation. Another design focused on

bio-sensing applications and utilized a simple cross slot [cite: refb88]. However,

the current trend in the field of biomedical research is shifting toward optical sens-

ing [264]. In this context, [264] introduced a microfluidic-based sensor, although

it demonstrated a lower Q-factor. An alternative design featured a dual-band
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rectangular Complementary Split Ring Resonators (CSRR) based metamaterial.

Gold metal enhanced absorption in this mono-layer structure, which operates at

two distinct frequency bands: 0.845 THz and 2.12 THz.

4.2 Narrow band Absorber

The structure of a unit cell is presented in Fig. 4.4. The construction has

thriple-layer. This construction have dimensions a = 70µm, t = 0.4µm and

dielectric material polyamide height h = 7µm, on the top of dielectric material

used two CSRR (Complimentary split ring resonator) rings outer ring have w1 =

48µm,length l1 = 64µm, gap of the outer ring g = 5µm and inner ring w2 =

20µm, length l2 = 32µm gap of the inner ring is g = 5µm.

In this structure, a substrate is sandwiched between the bottom and top metal

layers. The top-layer comprises metallic Complementary Split Ring Resonators

(CSRRs), allowing for dual-band absorbance. The substrate utilized is polyimide

thru a dielectric continuous of ϵr = 3.5, and a elevation denoted as h. Gold, with

a high conductivity of (4.09× 107S/m), is employed for both the top and bottom

metal layers, with their respective thicknesses represented as t and tg. The unit

cell dimensions are defined as a×b, and the lengths of the CSRRs are denoted as l1

and l2. Specific parameter values can be found in Table 4.1. The metamaterial’s

absorption, A(ω) , is described by the formula from reference [217].

A(ω) = 1− |R2(ω)| − |T 2(ω)| (4.2)

here R(ω) and T (ω) represent s11 (i.e., the reflection coefficient) and s21 (i.e.,

the transmission coefficient), correspondingly. To compute A(ω), one requires

s11 and s21. The simulator named CST Microwave-Studio is used to derive the

S-parameters of the structure. Owing to the occurrence of metallic (i.e., gold) in

the bottom-layer, it can be stated that T (ω) = 0. As a result, the equation given
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Figure 4.4: Proposed unit call based on CSRR.

above in Eq. 4.2 can be rewritten as:

A(ω) = 1− |R2(ω)| (4.3)

4.2.1 Outcomes and Discussions

As a resonator, the planned structure incorporates CSRR. The reflection spec-

trum, as simulated, is depicted in Fig. 4.5. Notably, the proposed CSRR exhibits

resonance at two distinct frequencies, namely 0.846 THz and 2.12 THz, as shown

in Fig. 4.6. The absorption spectrum corresponding to these resonances indicates

that the structure functions as a perfect absorber, achieving a 98.6% absorption

rate at the frequency of 2.12 THz and resonance at 0.846 THz.

The performance analysis of the absorber with varying refractive index is

illustrated in Fig. 4.7. To analysis, the refractive index, denoted as ’n,’ is adjusted
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Figure 4.5: Spectrum of Reflection for the CSRR.

Figure 4.6: Spectrum of Absorption for the Proposed CSRR.
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Figure 4.7: Analysis of Absorber Performance with Changing Refractive Index.

within the range of 1 to 1.1 with increments of 0.01. Fig. 4.8 presents the

frequency shifts concerning changes in the refractive index. Notably, the upper

band experiences a more pronounced frequency shift than the lower-band. The Q-

factor of the metamaterials is computed using the formulation referenced in [46].

Q =
f0

FWHM
(4.4)

In this context, the term ’peak frequency’ refers to the frequency at the peak,

and ’FWHM’ denotes the full width at half maximum. The Q-factor, calculated

while varying the refractive index, is presented in Fig. 4.9. The highest Q-factor

value, 19.2, is observed at the lower band frequency when the refractive index

is n=1.1. For the upper band, a Q-factor of 19.56 is achieved with a refractive

index of n=1. The compassion, denoted as ’S,’ for the projected design can be

determined using the formula provided in [7].

S =
∆f

∆n
(4.5)
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Figure 4.8: Analysis of Frequency Shift with Varying Refractive Index.

Figure 4.9: Assessment of Q-Factor with Changing Refractive Index.
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Figure 4.10: Analysis of Sensitivity with Changing Refractive Index.

”In the equation, ∆n represents the change in refractive index, and ∆f signi-

fies the frequency shift. Fig. 4.10 illustrates the sensitivity plot, demonstrating

that the upper band exhibits greater sensitivity than the lower band. In the

upper band, the sensitivity varies from 1 THz/RIU to 1.3 THz/RIU concerning

changes in the refractive index. Conversely, for the lower band, it ranges from

0.2 THz/RIU to 0.6 THz/RIU. The Figure-of-Merit (FOM) is computed by di-

viding sensitivity by FWHM. The FOMs of the projected design are determined

to be 11.43 RIU−1 and 11.79 RIU−1 for the Lower Band (LB) and Upper Band

(UB), correspondingly. To emphasize the improvement achieved, we compared

with existing literature, and the results are presented in Table 4.2. The projected

project offers dual-band functionality by high-quality factors, and its FOM is

notably more.”

In the metamaterial initially designed by using metallic electric ring resonator

in 2008. Initially designed for SRR but it can applicable some part of applica-

tion after that they designed for CSRR(Complimentary Split Ring Resonator).
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Table 4.2: Comparative Analysis with Existing Literature.

Method FOM(RIU−1) Q(THz/RIU)

7 2.30 11.60

8 4.00 8.57

9 0.85 8.51

10 0.51 7.00

11 0.70 7.80

This Work 11.44 & 11.78 19.20 &19.56

It can be used many applications like thermal index sensing, detection using with

narrowband. In metamaterial design, the primary challenges include achieving a

high Q-factor, ensuring polarization insensitivity, and maintaining independence

from incident angles. Currently, there is a growing trend in designing metama-

terials for biomedical applications. A CSRR-based metamaterial is considered,

which offers a band absorber. In bottom layers used gold material and top one

also, middle ones used polyimide layer . The structure exhibits absorption rates

of 100% in the lower band and 98.6% in the upper band. Notably, the upper

band demonstrates higher sensitivity compared to the lower band frequencies.

The projected design boasts excellence factors of 19.20 THz/RIU for the lower

band and 19.56 THz/RIU for the upper band. Furthermore, the Figure of Merit

(FOM) for the structure is measured at 11.43 RIU−1 for the lower band and

11.79 RIU−1 for the upper band.

4.3 Graphene based Absorber Design

Metamaterials have the potential benefit to the sensors by improving their

sensitivity, selectivity, and SNR. One of the ways for improving sensor perfor-

mance is with varying unit cell size and its geometry to get maximizes sensing
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property. Metamaterials can be made to have adjustable or tunable resonance

characteristics. These characteristics are useful for the sensor to identify the spe-

cific frequencies of electromagnetic radiation. The metamaterial (MM) sensors

are used in many different applications like medical, agriculture, and industrial,

etc. Yusheng Zhang designed a Split Disk Metamaterials (SDM) structure for

Gas detection applications. Where the resonance frequency is controlled by ad-

justing the gaps on the metamaterial. It achieves a maximum sensitivity and

figure of merit (FoM) values of 3567 nm/RIU and 20.89 [285]. Ayesha Mohanty

designed square shape structure and it achieved Quality factor 225, sensitivity

at 1.6 THz/Refractive index unit and Figure of merit (FOM) achieved 80 but

it generates very narrow absorption peak [286]. In this structure designed with

circle shape and it achieved Q-factor 8.887 RIU−1, 8.163µm−1 but it has four

band peaks [287]. Zhonggang designed a square shape split ring resonator a Nar-

row resonance peaks, it achieved absorption, Q-factor, Sensitivity of 99% at 0.53

THz, 44.17, 126.0 GHz/RIU respectively and it depends on the thickness levels

of material. It has very narrow peak [36]. This article was designed a square

shape split ring resonator structure, it achieved Quality factor 32.167, and FoM

6.015. It’s mainly used for biosensor application but it’s depend different refrac-

tive index media [288]. Hence the reported works suffer from various issues like

large variation in tunablity.

The present chapter focuses on a novel approach that combines three distinct

layers: an Au bottom layer, silicon dioxide in the middle, and an outer ring of

Complementary Split Ring Resonator (CSRR) with a Graphene inner layer. This

innovative design leverages the unique properties of graphene to enhance perfor-

mance and overcome limitations observed in previous designs. By strategically

integrating different materials and structures, the aim is to achieve a heightened

level of performance and sensitivity in the realm of graphene-based absorber de-

sign.
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4.3.1 Geometrical Description

In this structure bottom gold layer and middle one layer silicon diode act as

dielectric material and top inner ring used Graphene material and outer ring used

gold material, entire structure design using CST software FDTD (Finite difference

time domain method).when signal passed through the top layer of the material

and reached at the dielectric material, it matches impendence passed through

dielectric material and its reached bottom gold layer here gold layer block signal,

it reflected signal and transmission part was zero, these structure produce two

resonance peaks.

A = 1− |S2
11| − |S2

21| (4.6)

Here transmission part blocks signal so we get the

A = 1− |S2
11| (4.7)

S11 = Transmission co-efficient , S21 = Reflection co-efficient. This is a three-

layer structure, the middle layer is basically a dielectric medium. The thickness

of the same was found to be 70µm, height 15µm with dielectric constant 3 of

0.9. In addition to that this layer also has electrical conductivity and thermal

conductivity10−12s/m, 1.4W/mk respectively. As we are using graphene in this

design and the chemical property of Graphene subjected to change when temper-

ature changes. It is good to consider the refractive index and melting temperature

of Sio2 also asit is part of design and the values are 1.46, 1713− 29500c.

When we talk about the top layer which is a CSRR structure made up of

Graphene and Gold. The inner layer is composed of a Graphene with dimen-

sions Win=32µm, Lin=27µm,W2=5µm, h=0.4, g2= 9.9µm and the outer layer

consists of Gold having Wout=64µm,Lout=43µm,h=0.4µm,g1=9µm. The ab-

sorption rate for the said structure is 92% and 99% respectively.

In the proposed design, the three peaks of 100%, 97% and 76% shows the
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Figure 4.11: Proposed structure.

absorption efficiency applicable for biomedical diagnostics, imaging in security

screening, harvesting etc., and fig.3 shows that in reflection of the structure,

two peaks narrow, the middle one wider, and Fig. 4 shown that absorption

of structure here we achieved triple band peak occurred and based on CSRR

design. The carrier density of graphene is defined by its chemical potential. The

quantity of charge carriers (electrons or holes) in the material can be changed by

varying the chemical potential. Because of their tunability, metamaterials can

be created with customised electronic characteristics like conductivity or optical

responsiveness. Tunable metamaterials can be made possible by the manipulation

of the chemical potential of graphene. When exposed to external stimuli like an

electric field or chemical reactions, these materials’ characteristics can change.

For instance, by adjusting the chemical potential, you can change the plasmonic

resonance frequency in graphene-based metamaterials. In Fig. 4.14, for every

0.1ev chemical variation different tunability will occur. In Table 4.3, tunable

achievement is compared between available literature and the earlier one.
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Figure 4.12: Top View.

Figure 4.13: Reflections.
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Figure 4.14: Absorption Percentage.

Figure 4.15: Chemical Variations.
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Table 4.3: Comparison between available literatures.

Ref Type of structure Number of bands Tunable

1 Split Disk Metamaterial single band No
2 Square shape design single band No
3 Circle shape designed four band No
4 Square shape Split Ring Resonator Single band No

Present work CSRR structure designed Triple Band Yes

4.4 Summary

In this chapter, we explored the utilization of a dual-band metamaterial ab-

sorber and a graphene-based absorber for sensing applications. The dual-band

design employed CSRR with Rectangle Ring shapes, featuring gold and poly-

imide layers on top, and a gold layer at the bottom. This arrangement resulted

in impressive absorption peaks of 100% and 98.6% at 0.846 THz and 2.12 THz,

along with Q-factors of 19.2 and 19.56. The Figure of Merit (FOM) values stood

at 11.43 RIU−1 for the lower band and 11.79 RIU−1 for the higher band.

For the graphene-based absorber, we designed a simple structure using a multi-

band peak generated here we achieved two resonance peaks getting one is higher

peak and the other one is lower peak i.e. first peak absorption is 100% and the

other peak is 96% and the other one is 70% compare previous result we getting

good results.This structure is mainly designed for sensing applications and it gen-

erates multiband peaks.This structure can be extended to biomedical applications

by further reducing its size which is possible by adding one more SRR structure.

Also, the performance can be observed with different materials like Au, etc.
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5.1 Introduction

5.1 Introduction

Metamaterials, artificially engineered materials with unique properties such

as negative refractive index, cloaking, reverse Doppler effect, and more, have

emerged as a groundbreaking field of study. These materials also function as per-

fect absorbers, contributing to developing sensing devices in various applications,

including bio-sensing. Metamaterials have found use in detecting phenomena

such as glucose levels and pesticides in agriculture, under scoring their versatil-

ity. This chapter delves into how biosensors leverage metamaterials to detect

various substances. The significance of biosensors spans multiple domains, en-

compassing biological research, disease diagnosis, environmental monitoring, and

food safety assurance. Techniques such as fluorescence-based as says and imag-

ing methodologies have greatly benefited from biosensor integration [289, 290].

However, the need for fluorescent labeling can be costly, time-consuming, and

inapplicable in specific contexts. Furthermore, the intricate three-dimensional

structure of biomolecules can be altered by fluorescent markers. Consequently,

there has been a growing interest in label-free bioanalytical sensing approaches

that directly identify target molecules.

With metamaterial-based biosensing technologies gaining momentum across a

broad frequency spectrum, from microwaves to optical frequencies, they offer an

affordable and label-free means for detecting biomolecules. These technologies are

classified into three primary categories based on their operating frequencies and

components: microwave biosensors, terahertz biosensors, and plasmonic biosen-

sors. Each category addresses specific sensing requirements, paving the way for

innovative and precise detection methodologies.

101



5.1 Introduction

5.1.1 Microwave biosensor

In the context of microwave biosensing, the utilization of a split-ring resonator

(SRR) results in the creation of a material characterized by a negative magnetic

permeability (NMPM) when it interacts with a time-varying H-field component of

a perpendicularly polarized wave [5,291]. The unique property that makes SRRs

particularly suitable for this purpose is their diminutive electrical size, allowing

them to be smaller than the signal wavelength during resonance. This essential

feature facilitates the creation of an efficient NMPM. Notably, SRRs are well-

suited for miniaturizing planar microwave devices such as filters [292–294] and

antennas [295–297].

SRRs have found recent applications in the development of devices and sen-

sors. Lee et al. [298] introduced an SRR-based biosensor through a minute elec-

trical dimension to identify biomolecular binding events. The structure of the

biosensor’s structure, depicted in Fig. 5.1, consisted of two pairs of SRRs and

a planar microwave transmission line. The planar microstrip transmission line

generated a time-varying H-field component perpendicular to the surface of the

SRRs. Notably, the electromagnetic field was not confined solely within the

transmission line; instead, it served as an open conduit for wave propagation.

Additionally, a minor E-field component was present along the axis of the

transmission line. Consequently, as illustrated in Fig. 5.1, the mode through

which microwaves propagated was a quasi-TEM mode rather than solely a trans-

verse electromagnetic (TEM) mode. Faraday’s law dictates that resonance takes

place when a time-varying H-field component impacts the surface of the SRR

perpendicularly. This behavior arises from the fundamental LC resonant cir-

cuit nature of the SRR. The equation governs the resonance frequency (f0): of

f0 = 1
2π(LC)1/2

. Thus, changes in inductance or capacitance induce correspond-

ing alterations in the resonant frequency. This resonant behavior underlies the
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(a) (b)

Figure 5.1: The structure of biosensing based on SRR array: (a) The Top view of
a microstrip transmission line and (b) Cross section of a microstrip transmission line
with a pair SRRs and a schematic electromagnetic field distribution.

SRR-based biosensor’s ability to detect biomolecular binding events.

A biosensor, consisting of a biological sensing component linked to a trans-

ducer, detects specific biological interactions. It comprises a transducer or de-

tector, a sensitive biological part, and relevant electronics for signal processing.

To investigate sensitivity and selectivity in SRR-based biosensors, we employed

single-stranded DNA (ss-DNA) linked to biotin. This ss-DNA-biotin combination

adhered to gold (Au) surfaces due to their strong chemical attraction, facilitating

thorough exploration of biosensor attributes.

We harnessed the established affinity between biotin and streptavidin after

immobilization through a bioprocess. This binding, depicted in Fig. 5.2, amplified

sensitivity and selectivity in the biosensor.

The SRR-based biosensor exhibited a resonance frequency of 10.82 GHz with-

out biomaterials. Upon the addition of biotin, the resonant frequency shifted to

10.70 GHz, resulting in a frequency change of ∆fB = 120 MHz.Further bind-

ing of streptavidin and biotin led to a frequency of 10.66 GHz, accompanied by

a frequency change of ∆fB−s = 40 MHz.These resonant frequency shifts were

driven by capacitance alterations induced by the binding of biotin and strepta-

vidin. Thus, the biosensor based on SRR demonstrated its potential for imme-
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5.1 Introduction

Figure 5.2: Streptavidin and biotin-binding the bioprocess: The container for liquid
solution confinement is shown by the liquid wall (red circle). The biotin (red) for 12h
rinsed and exposed to streptavidin (green) for 6h.

diate label-free biomolecular recognition. Despite the relatively large occupied

regions of the devices and their higher biomolecular concentration ∼ µg/mL,

significant resonant frequency shifts were observed in biosensors utilizing the res-

onator array.

In a study [299], a single planar double split-ring resonator (DSRR) was

introduced for microwave-frequency biomolecular recognition, akin to the res-

onator array-based biosensors. The 50Ω microstrip transmission line induced

time-varying magnetic fields that stimulated the small resonator.

The DSRR-based biosensor’s resonance frequency is 12.35 GHz without biomolecules,

just like the SRR-based biosensor. When ss-DNA was immobilized on an Au

surface, the frequency shifted to 12.33 GHz, resulting in a frequency change of

fss−DNA = 20 MHz. Subsequently, after ss-DNA and complementary-DNA (c-

DNA) hybridization, the resonant frequency decreased further to 12.27 GHz, with

a frequency change of ∆fhybridization = 60 MHz. This frequency alteration was

attributed to the interaction between two nanometer-sized biomolecules, ss-DNA

(ϵeffr1) and c-DNA (ϵeffr2), each possessing distinct effective permittivities. This in-

teraction induced changes in the capacitance and inductance of the resonator

surface, enabling the detection of nanosized proteins using miniature microwave
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resonators.

In conclusion, the biosensor operation based on time-varying magnetic fields

from the microstrip transmission line primarily hinges on resonant frequency

changes resulting from the binding of two different proteins onto LC resonators.

5.1.2 Terahertz biosensor

Terahertz (THz) waves, occupying the frequency spectrum among microwaves

and infrared, have exhibited attractive potential for chemical and biological sens-

ing over the last two decades [300]. Leveraging the resonant absorption of molecules

or phonon resonances in the terahertz frequency range, these biosensors as-

certain a sample’s complex dielectric properties to directly discern its chemi-

cal or biochemical composition [301, 302]. Detecting dielectric alterations aris-

ing from biomolecular binding facilitates unequivocal identification of macro-

molecules, particularly for large biomolecules where pronounced absorption char-

acteristics are absent. However, the diverse range of applications for terahertz

sensing, spanning from foundational research to security contexts, necessitates

detecting minute quantities of chemical and biomolecular components. The dis-

crepancy between the sensor’s wavelength and the nanoscale dimensions of ana-

lyte quantities in real-world applications challenges conventional terahertz spec-

troscopy systems. Thus, there is a pressing need for adaptable and sensitive

solutions to probe the dielectric characteristics of trace chemical or biochemical

molecules.

Yoshida et al. [303] recently introduced a label-free sensing technique em-

ploying a thin metallic mesh in the terahertz range. This approach capitalizes

on modulating terahertz radiation transmittance through the mesh holes when

introducing a sample. Remarkably, the thin metallic mesh’s transmittance re-

mains unaffected by absorption. Nonetheless, when horseradish peroxidase was

deposited at a 500 pg/mm² density on the mesh, a distinct shift in the trans-
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(b)

Figure 5.3: (a) Demonstration partition of a DSR-based FSS appropriate a rectangu-
lar frame and (b) Unit cell having with gap angle dφ = 20◦, asymmetry angle φ = 4◦,
cell size cs=220 µm, width w= 5 µm, and radius r= 50µm [305].

mission dip frequency occurred, attributed to variations in the sample material’s

refractive index near the holes.

A crucial requisite for the sensor’s effectiveness is a pronounced frequency re-

sponse edge and a region of intense electric field concentration, facilitating height-

ened sensitivity [304]. Addressing this, Christian et al. [305] introduced a second

gap into split rings, breaking symmetry to establish a high-concentration electric

field point. This design yielded a metamaterial structure termed the asymmetric

split ring resonator (aDSR) terahertz frequency selective surface (FSS), as illus-

trated in Fig. 5.3. This innovation has the potential to sense minute quantities

of both chemical and biochemical substances, offering a promising advancement

in terahertz biosensor technology.

The reflection of the terahertz sensor revealed dual critical characteristics

after the terahertz biosensor was activated by open space radioactivity, as shown

in Fig. 5.4(a). An extensive extreme is seen at 1,090 GHz, where the span of
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(a) (b)

Figure 5.4: (a) FSS reflection in a perfect conductor (dotted line) and in gold (solid
line) for symmetric (dashed line) and asymmetric (solid line) DSRs with varphi = 4◦;
(b) The E-field showing resonator plane, a strong concentration (white) at the closing
of the arcs. F= 875 GHz, amplitude of excitation 1V/m [305].

each aDSR arc roughly corresponds to half the wavelength. This dipole exhibits

antenna-like performance for the symmetric DSR φ = 0◦, and a tiny angle φ

has little impact. The length of the two DSR arcs differs as the angle φ > 0◦ is

increased. The reflection of this asymmetric case displayed a 13 dB over 13 GHz

strong and sharp modulation at around 875 GHz. For an FSS built of gold, a

flank with a very high steepness of 7 dB over 4 GHz was maintained outside the 3

dB ranges. Intriguingly, Fig. 5.4(b) illustrates how the electric field concentrated

considerably at this steep slope towards the ring with amplitudes 25 times higher

than the excitation Einc. As a result, the dielectric loading frequently changed the

frequency response of the resonant structures used in high-sensitivity terahertz

sensors. The dielectric characteristics of the material used to construct such a

structure can immensely affect the frequency shift.

Tao et al.’s recent proposal [306] for a terahertz paper-based metamaterial

(MM) device holds promise for quantitative analysis in biological sensing Fig.

5.5. The technique employed photoresist-free shadow mask deposition on paper

to craft planar metallic resonators with features under 5 µm.
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Figure 5.5: “ (a) Illustration of micrometer-sized metamaterial resonators adhered
to paper substrates through a predefined microstencil. (b) A photograph displaying
a terahertz metamaterial sample fabricated on paper. (c) An optical microscopy per-
spective concentrating on a particular section of an as-constructed paper metamaterial
sample” [306].

The resulting paper MM devices display discernible electromagnetic (EM)

resonant reactions at predetermined frequencies, contingent upon the resonator’s

size. This characteristic could serve as a distinctive marker for biological sensing

applications. The paper acts as the dielectric substrate for the sensing structure

and as a medium to house and interact with analytes.

The application of metamaterial patterning on paper substrates offers a plat-

form where the resonance shifts, primarily influenced by changes in the SRR

capacitance due to introduced analytes, could be harnessed for quantitative bio-

chemical sensing purposes. Furthermore, Proof-of-Concept experiments were con-

ducted to observe the alteration in resonance resulting from applying varying

concentrations of glucose solutions to the paper MM structure.

In higher frequencies, the effectiveness of metal-based absorbers can be com-

promised due to the degradation of electrical properties such as permeability

and permittivity [307]. These absorbers also exhibit high sensitivity to temper-

ature and are limited in their application at terahertz (THz) frequencies. The
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susceptibility of metals to oxidation and corrosion further curtails the lifespan

of these absorbers [308]. Although graphene has been explored for tuning fre-

quency responses, its complex fabrication poses challenges [309]. Alternatively,

dielectric-based absorbers have gained prominence [310], being both pragmatic

and uncomplicated to manufacture compared to graphene-based counterparts.

Furthermore, dielectric-based absorbers remain resilient against temperature

and environmental influences [311], unlike graphene-based absorbers, which suf-

fer from bulkiness and intricate structures, leading to fabrication complexities

[311, 312]. Recent advancements have focused on slim absorbers with simpli-

fied configurations to achieve narrow or ultra-narrow absorption frequency re-

sponses [313]. However, attaining high sensitivity, the figure of merit (FOM),

and the quality factor (Q) in these absorbers necessitates considerable effort [314].

Achieving perfection in a dielectric-based absorber for biosensing applications is

also a formidable challenge [315,316].

Nevertheless, absorbers with single-band absorption characteristics present

limitations in numerous applications. Designs for multiple-band and broad-

band absorbers hold paramount importance in biosensing applications. Strate-

gies often involve stacking multiple layers or adopting coplanar super-unit struc-

tures to achieve multiple absorption peaks or broadened resonance bandwidths.

Broad bandwidths are realized by deploying two perpendicular anti-symmetric

resonators [317]. As multiple frequency bands increase, structural alterations like

toothed resonators, split ring resonators, and perforated square patches come into

play [318–320]. Notably, the tunability of these absorbers can be altered through

material conductivity adjustments [321]. However, the flexibility in tunability is

lacking, contrasting with graphene-based counterparts [322].

Addressing the above design-related issues in dielectric absorbers, several key

considerations emerge. Firstly, a reduction in thickness is imperative for com-

patibility with nanotechnology. Secondly, effective parameters must align with
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multi-band criteria, selecting ideal narrow-band absorption tailored for biosens-

ing. Thirdly, simplicity in structure is vital to ensure ease of fabrication. Lastly,

the issue of tunability in dielectric absorbers requires resolution.

This chapter presents a novel dielectric metamaterial absorber structure to

tackle these challenges. The design incorporates a rectangular ring structure for

resonance, with rotation introducing triple resonance capabilities. Additionally,

a circular graphene ring is integrated to fine-tune absorption peaks and enhance

sensitivity. The proposed structure’s performance is evaluated across parameters

such as analyte thickness, refractive index, malaria disease detection, and glucose

levels in water. This innovative approach promises advancements in the field of

dielectric-based absorbers, specifically tailored for biosensing applications.

5.2 Structure Design Detail

The unit cell structure of the tri-band absorber is shown in Fig. 5.6 The

structure has three layers: the bottom layer consists of gold, the top layer is a

square silicon ring with ϵr = 11.9 and a silicon dioxide (SiO2) with ϵr = 2.25

between these two layers. The square silicon ring (SSR) dimensions are of outer

side l, thickness t, and width of ring w. Here, silicon dioxide (SiO2) behaves

like a substrate with periodicity p and thickness ts. The proposed SSR is used

as a resonator, and its length is assumed to be multiple of guided wavelength

(λg)—the value of λg calculated at a frequency of fundamental resonance of the

SSR resonator. The SSR is rotated by 450 to get impedance matching for three

bands. The gold is used as a reflector due to the overall height of the unit cell

that remains ≈ λg/12 . A graphene ring tunes resonance and frequency in the

unit cell by shifting the fermi energy with applied biasing. Therefore, a single

layer of thick graphene is grown above SiO2 whose inner and outer radius are ri

=5 µm and ro=7 µm, respectively. Initially, the electrical properties of graphene
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Figure 5.6: Unit cell structure of proposed absorber.
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Figure 5.7: Simulation flow chart of proposed absorber
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5.3 Absorber Analysis

are chosen from the literature [306]. These properties include chemical potential,

µc = 0eV with relaxation time τr = 0.1ps, and temperature. To provide the

biasing, ion-gel is introduced above this graphene ring with height hion = 0.1µm.

The proposed absorber is designed using CST Microwave Studio. The sim-

ulation process of designing the absorber using CST-2019 microwave studio is

presented in the following flowchart in Fig. 5.7. In this software, the proposed

absorber design and signal analysis have been carried out with a frequency do-

main solver, which uses the finite element method (FEM) numerical techniques.

In this, a periodic boundary condition is applied to realize the absorber. This

technique breaks the structure into small subsections to form a tetrahedral struc-

ture to generate finite element mesh. The field solution is determined by using

Maxwell’s equation in inter-element boundaries. The proposed unit cell is an-

alyzed using floquet ports with open add space boundaries in the direction of

propagation. The mesh size is taken λ/20 , and the total tetrahedrons for the

solution are 3, 96,240 because the graphene ring’s thickness is relatively small

compared to the SRR resonator.

5.3 Absorber Analysis

The comprehensive analysis of the proposed Split-Step Resonator (SSR) de-

sign was conducted across various layers, each exhibiting distinct absorption char-

acteristics. This analytical journey is illustrated in Fig. 5.8. Fig.5.8(a) initially

showcases a pure gold metal layer, functioning as a near-perfect reflector within

the operational frequency range. Subsequently, Fig.5.8(b) presents the addition

of a SiO2 substrate over the gold layer, yet this configuration yields a response

akin to the gold layer alone. The subsequent design iteration introduces a rect-

angular silicon ring layer placed above the SiO2 substrate. This arrangement,

illustrated in Fig. 5.8(c), portrays resonance at 6.2 THz, 6.57 THz, and 7.72
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THz. This resonant behavior is also mirrored in the absorption peaks and their

corresponding phases. Notably, 0.98, 0.97, and 0.76 absorption peaks occur at

6.2 THz, 6.57 THz, and 7.72 THz, respectively.

Continuing this evolution, the silicon ring is rotated by 450 degrees, main-

taining the same resonant frequencies. However, the absorptivity significantly

escalates to more than 0.97, as evidenced in Fig. 5.8(d). The final iteration

encompasses introducing a graphene annular ring surrounded by a thin layer of

ion-gel with dimensions equivalent to the substrate. This addition precipitates a

shift in the absorption peak towards lower frequencies. Resonant frequencies are

measured at 6.15 THz, 6.53 THz, and 7.7 THz. This alteration is paralleled by

a remarkable enhancement in absorptivity, exceeding 0.99 for all three frequency

bands. It is pivotal to recognize that the absorptivity and resonance characteris-

tics of the proposed structure are chiefly governed by the presence of graphene,

as discernible in Fig. 5.8(e).

In essence, the absorber analysis journey systematically assessed the evolution

of the SSR design across various layers. Each modification yielded distinct ab-

sorption behaviors, ultimately culminating in the introduction of graphene, which

exerted substantial control over the absorptivity and resonant characteristics of

the structure. The proposed structure is analyzed using absorption A, which can

be calculated by

5.4 Equivalent Electrical Circuit

The equivalent electrical circuit (EC) of the proposed absorber is examined

by using the transmission line method (TLM) as shown in Fig. 5.9. The ABCD

parameter of EC can be written as,
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(a) (b)

(c) (d)

(e) (f)

Figure 5.8: Design evolution of absorber.
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 A B/Z0

CZ0 D

 =

Zg 0

1 1

×

 1 0

YSi 1

×

 cos θT jZT sin θT

jYT sin θT cos θT

 (5.1)

Where θT = βTd and ZT is the impedance of the transmission line. The

impedance ZT is a series combination of Zion−gel and ZSiO2 i.e. ZT = Zion−gel +

ZSiO2 . The value of these impedances Zion−gel and ZSiO2 can be calculated by

ZSiO2 =
Z0/√εs

Zion−gel =
Z0/√εion−gel

(5.2)

Here,Z0is free space impedance. βT and d are phase constant and height of

transmission line. Hence the value of phase constant, βT and height, d are given

by:

βT =
ω

c

[√
εs +

√
εion−gel

]
d == ts + tion−gel

(5.3)

From the calculated ABCD matrix, the reflection coefficient, S11of structure

can be calculated [313],

S11 =
A+ B/Z0 − Z0C −D

A+ B/Z0 + Z0C +D
(5.4)

5.5 Sensing Performance Analysis

5.5.1 Analyte Thickness Sensing

The proposed absorber’s test material thickness (ta) can be analyzed by vary-

ing analyte thickness. The refractive index (n) of the analyte is chosen as 1.3.

The sensing parameters that are key for any absorbers are sensitivity (S), a figure

of merit (FOM), full-width at half-maximum (FWHM), and quality Factor (Q).

The sensitivity is defined as the shift in frequency (∆f) concerning change in test
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(a)

(b)

Figure 5.9: (a)Equivalent circuit of absorber (b) Plot of S11 and absorption obtained
from simmulator and electrical circuit (EC).
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material thickness (∆ta). The highest sensitivity values with analyte thickness

are 0.445 THz TU−1, 0.4255 THz TU-1, and 0.4305 THz TU−1 in the lower, mid-

dle, and upper bands, respectively, shown in Fig. 5.10(b). The absorber’s merit

(FOM) can be calculated as sensitivity ratio to full-width half maximum absorp-

tion. The maximum values of FOM are 13.9 TU−1, 21.25 TU−1, and 10.64 TU−1

in the lower, middle, and upper bands, respectively, as shown in Fig. 5.10(c).

The quality factor of the absorber can be given as a ratio of peak absorption

frequency to FWHW. The proposed structure provides the highest Q values of

235, 653, and 264 in the lower, middle, and upper bands, respectively, shown in

Fig. 5.10(d).

5.5.2 Refractive Index Sensing

The realization of the refractive index sensor of the proposed absorber with a

thickness of analyte is ta = 0.6µm. The refractive index value varies from 1 to 2

with step 0.2 to calculate their sensing parameter. Here, the sensitivity is defined

as frequency shift (∆f) concerning the change in refractive index (∆n). The

highest sensitivity values with change of refractive index are 0.480 THz RIU−1,

0.403 THz RIU−1, and 0.562 THz RIU−1 in lower, middle and upper bands,

respectively, shown in Fig 5.10(f). The maximum value of FOM is 16.57 RIU−1,

22.38 RIU-1, and 17.03 RIU-1in the lower, middle and upper bands, respectively,

as shown in Fig. fig5:10(g). The quality factor of the absorber can be given as a

ratio of peak absorption frequency to FWHW. The proposed structure providing

the highest Q values 203, 555, and 261 in the lower, middle and upper bands, is

shown in Fig. 5.10(h).

5.5.3 Diagnosis of Malaria

The worldwide malaria infection is very high, according to a report provided

by WHO. Therefore, the detection of this disease is necessary to avoid fatality.
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(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 5.10: Design evolution of absorber.
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5.6 Water/Glucose Detection

Table 5.1: Sensing Performance for Malaria and Water/ Glucose.

n S [THz TU−1] FWHM [THz] FOM [RIU-1] Q

Malaria
1.373 0.75 0.643 0.817 0.0125 0.013 0.0111 60.053 49.49 73.66 473.6 486.92 668.01
1.383 0.6 0.5 0.6 0.0102 0.013 0.0107 58.82 38.46 56.07 579.60 486.40 692.1

Water/Glucose
1.3198 0.830 0.721 0.89 0.0193 0.0162 0.0187 43.04 44.50 47.77 307.51 391.36 397.6
1.3594 0.57 0.47 0.61 0.0176 0.0139 0.0212 32.34 33.83 28.84 335.90 454.75 349.54

Malaria detection uses red blood cells (RBC), which have a refractive index of

1.383 and 1.373 in different stages [305]. The performance of the proposed struc-

ture is tabulated in Table 5.1. Here the sensitivity of refractive index 1.373 are

0.75 THz RIU−1, 0.643 THz RIU−1, and 0.817 THz RIU−1 in the lower, middle

and upper band, respectively and their FOM of 60.053 RIU−1, 49.49 RIU−1,

and 73.66 RIU−1 and high Q of 473.6, 486.92, and 668.01 in lower, middle and

upper band. Further, the sensitivity of refractive index 1.383 are 0.6 THz RIU−1,

0.5THz RIU−1, and 0.5 RIU−1 in lower, middle and upper bands, respectively

and their FOM of 58.82 RIU−1, 38.46 RIU−1, and 56.07 RIU−1 and high Q of

579.60, 486.40, and 692.1 in lower, middle and upper band. The proposed sensor

has very high Q, good sensitivity and high FOM.

5.6 Water/Glucose Detection

The structure performance as a sensor can be analyzed for water and water

with 25% of glucose. The refractive index of water and water with 25% of glucose

are 1.3198 and 1.3594, respectively. Table 5.1 contains the performance param-

eters of water and water with 25% glucose. The proposed sensor has very high

Q, reasonable sensitivity, and high FOM, making it a good candidate for glucose

detection in water.

5.7 Performance Comparison

The absorber performance has been compared with some existing work of a

similar nature available in the literature, as reflected in Table 5.2. This table
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Table 5.2: Comparision of absorber performance.

Ref No. of Band
Frequency (THz) Sensitivity (THz RIU−1) FOM (RIU−1) Q

Tunability
LB MB UB LB MB UB LB MB UB LB MB UB

[296] Two 1.8 - 2.26 0.188 - 0.36 7.2 - 19.1 120 - 94 No

[295]
Two 1.42 - 2.99 0.28 - 1.48 1.2 - 24.6 7.11 - 59.8 No
Two 0.76 - 1.28 0.47 - 0.51 9.4 - 14.4 23 - 3.7 No

[303] Single 2.25 - 0.3 - 2.94 - 22.05 - No
[312] Two 4.515 - 4.914 0.2 - 0.1 4.76 - 3.5 105.2 - 211.8 Yes
[304] Two 5.78 - 6.465 0.5 - 0.462 33.3 - 43.2 394.2 - 624.4 Yes
[314] Three 1.09 2.86 4.06 0.10 0.38 0.48 0.7 1.88 2.38 7.05 12.7 18.06 No

This work (Analyte)

Three

6.00 6.37 7.532 0.44 0.425 0.430 13.9 21.2 10.6 235 653 264

Yes
This work (RI) 5.91 6.24 7.41 0.48 0.403 0.562 16.57 22.4 17.0 203 555 261
This work (Malaria) 5.92 6.33 7.415 0.75 0.643 0.817 60.05 49.5 73.7 473.6 486.9 668
This work (Glucose) 5.93 6.34 7.435 0.83 0.721 0.89 43.04 44.5 47.8 307.51 391.4 397.6

compares the number of bands, sensitivity, FOM and quality factor with their

tunning properties. Furthermore, the proposed sensor provides good sensitivity,

high FOM, and high-quality factors.

5.8 Summary

This chapter mainly focused on designing a THz absorber as a biosensor. The

design involves a collaborative interaction between a silicon rectangular ring and

a circular graphene ring. The silicon ring establishes resonance characteristics,

while the graphene ring controls resonance shifting. We have also incorporated

an equivalent circuit model to validate the biosensor’s performance. We have

evaluated key parameters like Sensitivity, Quality Factor (Q), and Figure of Merit

(FOM) to gauge the sensor’s effectiveness. Our analysis covers two scenarios:

one with varying analyte thickness and the other with changing refractive index.

Sensitivity values vary between 0.445 to 0.4305 THz TU−1 for analyte thickness,

with corresponding quality factors ranging from 235 to 264. When considering

refractive index changes, the sensor’s effectiveness improves. Sensitivity shifts to

values between 0.480 to 0.562 THz RIU−1, and quality factors range from 203 to

261. This design stands out as a promising biosensor with its strong polarization

insensitivity.
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6.1 Introduction

6.1 Introduction

Metamaterials are artificially engineered electromagnetic materials and these

properties are different from natural materials. Metamaterials have properties

such as negative refractive index, inverse Doppler effect, superlensing, electro-

magnetic wave cloaking, and perfect absorber. Metamaterial absorbers can ab-

sorb electromagnetic radiation over a specific frequency range or at particular

frequencies. Metamaterial absorbers have applications such as thermal images,

solar cells, sensors, multiband, and broadband. This can be used to detect elec-

tromagnetic signals within those frequencies in sensing applications. The design

of a metamaterial absorber capable of resonance at a specific frequency for mi-

crowave or terahertz sensing can allow for the detection of any changes in that

frequency. In chapter 5, content the dual band biosensor here in this chapter we

are getting pentaband for biomedical applicaions. In this, a hexagonal structure

with a graphene ring will generate five band peaks through which an ultra-thin

multiband absorber creates biosensing applications. At the bottom layer of the

structure is a ground plane which is made up of gold, and works asa good re-

flector. A SiO2 dielectric material is used for the substrate that provides a high

dielectric strength and excellent thermal stability. With the help of a graphene

ring which is in the center, a hexagonal ring that creates multi-band resonance

will give better tuning. As shown in the Fig. 6.1.

6.2 STRUCTURE DESIGN DETAIL

The unit cell structure of the quad-band absorber is shown in Fig. 6.1.The

structure mainly has three layers, the bottom layer consists of gold, the top layer

is made up of a square silicon ring with ϵr = 11.9 and in between these two layers

a silicon dioxide (SiO2) with ϵs = 2.25 is grown. The square silicon ring (SSR)

dimensions are outer sidel, thickness t,and width of ring w. Here silicon dioxide
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6.2 STRUCTURE DESIGN DETAIL

Figure 6.1: Unit cell structure. Here l=70 µm, p=150 µm, ts = 0.5µm, w = 16.8m,
tg = 0.34 µ m, and t = 3.1 µm.

(SiO2) behaves like a substrate with periodicity p and thickness ts. The proposed

SSR is used as a resonator and its length is multiple of guided wavelength (λg).

The value of λg calculated at a frequency of fundamental resonance of the SSR

resonator. The gold is used as a reflector, due to the overall height of the unit

cell remains ≈ λg/12. In the unit cell, a graphene ring is used to tune resonance

and frequency by shifting the fermi energy with applied biasing. Therefore, a

single layer graphene with a thickness λg is grown above Whose width=5 µm and

side length=12 µm respectively. Initially, the electrical properties of graphene are

selected according to the literature [22]. These properties include chemical po-

tential, µc = 0 eV with relaxation time, τr = 0.1 ps at temperature T = 300K.To

provide the biasing, ion-gel is introduced above this graphene ring with height

hion = 0.1 µm. The proposed absorber is designed on a commercially available

3D EM simulator CST Microwave studio by DASSULT. The simulation process

involved in the designing absorber using CST microwave studio is presented in
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6.2 STRUCTURE DESIGN DETAIL

Figure 6.2: Unit cell structure. Here l=70 µm, p=150 µm, ts = 0.5µm, w = 16.8m,
tg = 0.34 µ m, and t = 3.1 µm.
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6.3 ABSORBER ANALYSIS

the following flowchart shown in Fig. 6.2. In this software proposed absorber is

based on a frequency domain solver which uses the finite element method (FEM)

numerical techniques. In this technique, the structure is brokeninto small sub-

sections to form a tetrahedral structure to generate finite element mesh. The

field solution is determined by using Maxwell’s equation in inter-element bound-

aries. The proposed unit cell is analyzed using floquet ports with open add space

boundaries in the direction of propagation. The mesh size is taken λ/20 and

the total tetrahedrons for the solution are 3, 96, 500 because the thickness of the

graphene ring is quite smaller than the SRR resonator.

6.3 ABSORBER ANALYSIS

The design evolution of the proposed SSR was analyzed for different layers

and their absorption characteristic in Fig. 6.3. Fig. 6.3(a) shows a pure gold

metal layer, which behaves as a perfect reflector in the working frequency band.

Later, a SiO2 substrate was cladded tothe gold layer as shown in Fig. 6.3(b) but it

also showsa similar response as the gold layer. The third layer of the rectangular

silicon ring is grown above the SiO2 substrate. The frequency response plot in

Fig. 6.3(c) shows resonance at 4.75THz, 5 THz, 5.536 THz, 5.4 THz 5.76 THz,

and 5.88 THz, it also reflected in absorption peak and their phase. The absorption

peak is 0.88,0.99, 0.50, 0.89, 0.75, and 0.59 at 4.75 THz, 5 THz, 5.536 THz, 5.4

THz 5.76 THz, and 5.88 THz. Next evolution, a graphene hexagonal ring is

introduced which is cladded by a thin layer of ion-gel with equal dimensions of

the substrate. The addition of a graphene ring shifted the absorption peak with

the resonant frequency at 4.78 THz, 5.1 THz, 5.4 THz, 5.76 THz, and 5.88 THz

and improves the absorptivity level by more than 0.97 for all five bands. The

absorptivity and resonance of the proposed structure are controlled by graphene,

which can realizedin Fig. 6.3(d).
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6.4 EQUIVALENT ELECTRICAL CIRCUIT

(a) (b)

(c) (d)

Figure 6.3: Design evolution of absorber.

A = 1− T− R (6.1)

Where T and R are transmission co-efficient and reflection co-efficient of struc-

ture respectively. This coefficient can be obtained directly from the EM simula-

tor. Here, the proposed structure uses gold as a bottom, therefore transmission

coefficient (T ) becomes zero and absorption,A = 1− R.

6.4 EQUIVALENT ELECTRICAL CIRCUIT

The equivalent electrical circuit (EC) of the proposed absorber is examined

by using the transmission line method (TLM) as shown in Fig. 6.4. The ABCD
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6.4 EQUIVALENT ELECTRICAL CIRCUIT

(a)

(b)

Figure 6.4: (a)Equivalent circuit of absorber (b) Plot of S11 and absorption obtained
from simmulator and electrical circuit (EC).
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parameter of EC can be written as, A B/Zo

CZo D

 =

Zg 0

1 1

×

 1 0

YSi 1

×

 cos θT jZT sin θT

jYT sin θT cos θT

 (6.2)

where θT = βTd and ZT is the impedance of the transmission line. The

impedance ZT is series combination of Zion−gel and ZSiO2 i.e.ZT = Zion−gel+ZSiO2 .

The value of these impedances Zion−gel ZSiO2 can be calculated by

Zion−gel = Z0/
√
εion−gel (6.3)

ZSio2 = Z0/
√
εs (6.4)

Here Z0 is free space impedance. βT and d are phase constant and height of

the transmission line. Hence the value of the phase constant, βTand height, dare

given by

βT =
ω

c
(
√
εs +

√
εion−gel (6.5)

d == ts + tion−gel (6.6)

From the calculated ABCD matrix, the reflection coefficient,S11 of the struc-

ture can be calculated [22],

S11 =
A+ B/Z0 − Z0C −D

A+ B/Z0 + Z0C +D
(6.7)

6.5 SUMMARY

This chapter generates Multi-band resonance for biosensing applications.A

silicon hexagonal ring to provide a pentaband of resonance and their properties

is introduced using a hexagonal graphene ring in the center. The absorber per-

formance parameter is verified using an equivalent circuit model. The proposed

design has a resonance at 4.78 THz, 5.1 THz, 5.4 THz, 5.76 THz, and 5.88 THz

and improves the absorptivity level by more than 0.97 for all five bands.Another
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6.5 SUMMARY

important feature of the proposed absorber is polarization insensitive.
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7.1 Summary

7.1 Summary

Chapter 1 discusses an overview of metamateral absorbers and their appli-

cations briefly. Chapter 2 presented a survey on existing woks on metamaterial

absorber. In Chapter 3, a ring shape of graphene based structure is investigated

to enhance the bandwidth. Chapter 4 illustrated two different metamaterial ab-

sorbers such as dual-band and triple band absorbers using CSRR structure to

achieve a good absorption level. In Chapter 5, a graphene ring incorporated

with silicon ring as a sensor has been implemented for biomedical applications.

Chapter 6 detailed about hexagonal shape structure to generate multiband peaks.

7.2 Contributions of the Work

This research analyzes different metamaterial structures with different oper-

ating frequencies at the THz level. Firstly, a graphene-based broadband meta-

material absorber has been proposed. This design uses a circular graphene ring

to enhance the bandwidth. The structure exhibits a bandwidth of 67% for ab-

sorption of more than 90% and a bandwidth of 46 for absorption more significant

than 98%. The proposed structure is compared with the available literature, and

the presented structure offers better performance characteristics than the existing

one. Also, it offers TE and TM polarization insensitivity up to a 600 incident

angle of electromagnetic wave.

Design 2 presents a dual band metamaterial absorber based on Complemen-

tary Split Ring Resonators (CSRR). This structure exhibits exceptional absorp-

tion efficiencies of 100% in the lower band and 98.6% in the upper band. Notably,

it is observed that the upper band frequency is more sensitive compared to the

frequencies in the lower band. The proposed structure achieves maximum quality

factors of 19.20 THz/RIU in the lower band and 19.56 THz/RIU in the upper

band. Furthermore, the Figure of Merit (FOM) is measured at 11.43 RIU−1 in
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7.2 Contributions of the Work

the lower band and 11.79 RIU−1 in the upper band. In Design 3, we designed

a simple structure using CSRR called MM, which provides multiple bands. The

multiband peaks generated here are not identical in terms of height. The first

peak absorption is 100%, and the other peak is found to be 96% followed by

the third one as 70%. This structure is mainly designed for sensing applications.

It can further be extended for biomedical applications by reducing its size and

number of CSRR structures. The results and the performance of the proposed

structure are very much modified with the inclusion of many other material in

place of graphene and gold.

In design 4, we emphasize the design to perform as an absorber at the THz

regime. It is just a composite structure to function as a biosensor primarily dic-

tated by the collective response of a silicon rectangular ring incline at 450 and

a circular graphene ring structure placed above the substrate. The rectangular

Si ring will provide the required resonance characteristics, whereas the graphene

ring controls the shifting of that. This literature also encompasses an equivalent

circuit model to ensure the performance of biosensors. Sensitivity, Quality factor,

and FOM results are the key parameters that could comprehend the structure’s

utility as a sensor. Two sets of results for the said parameter are projected with

and without refractive index variation. From the analysis, it is found that the

sensitivity with analyte thickness is 0.445 THz TU−1, 0.4255 THz TU−1, and

0.4305 THz TU−1 and the corresponding quality factor for the lower, middle,

and upper bands as 235, 653, and 264 respectively. With a variation of the re-

fractive index value, the obtained results provide a fair amount of changes, which

bring the structure to perform as a sensor. The changed results for the same

parameter are 0.480 THz RIU−1, 0.403 THz RIU−1, and 0.562 THz RIU−1 in

terms of sensitivity, and the corresponding quality factors values are 203, 555,

and 261 for lower, middle, and upper bands respectively. As an extensive result,

its good polarization-insensitive nature makes the structure elegant as a sensor.
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7.3 Future Scope

In the design 5, it generates Multi-band resonance for biosensing applications. A

silicon hexagonal ring to provide a pentaband of resonance and their properties

is introduced using a hexagonal graphene ring in the center. The absorber per-

formance parameter is verified using an equivalent circuit model. The proposed

design has a resonance at 4.78 THz, 5.1 THz, 5.4 THz, 5.76 THz, and 5.88 THz

and improves the absorptivity level by more than 0.97 for all five bands.Another

important feature of the proposed absorber is polarization insensitive.

7.3 Future Scope

Terahertz (THz) metamaterials have special qualities such as high sensitivity,

non-ionizing, and biomolecule interaction, making them very promising for future

biosensor technology development. The following are some important domains

where THz metamaterials may influence biosensors in the future:

(i) Enhanced sensitivity and specificity

� Molecular fingerprinting: It is possible to accurately identify and

quantify different biological components by engineering THz metama-

terials to resonate at certain frequencies that correspond to the vibra-

tional modes of biomolecules.

� Label-Free Detection: THz biosensors have the ability to identify

biomolecules without the use of radioactive or fluorescent labels, which

streamlines the detection procedure and lowers the possibility of inter-

ferences.

(ii) Cancer detection: THz waves use a tissue’s dielectric characteristics to dis-

tinguish between healthy and cancerous cells. The precise and early detec-

tion of cancer can be enhanced by metamaterial-based sensors.
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7.3 Future Scope

(iii) Pathogen Detection: To ensure food product safety and quality, THz sensors

can be used to identify substances and pathogens.

(iv) Biomolecular Research: THz metamaterials can support basic biological

research by aiding in the study of the dynamics and structure of proteins,

DNA, and other biomolecules.

(v) Agricultural applications: THz sensors analyse changes in the spectral sig-

natures of plants to identify illnesses and stress.

(vi) Improved data analysis: Combining THz biosensors with AI and machine

learning can enhance data analysis, improving the accuracy and speed of

diagnostics.

In the works reported in this thesis, experimental analysis at THz frequencies was

absent. Therefore, future research could involve developing a fabricated prototype

to validate the simulated performance outcomes.
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H. Döhner, T. Cremer, and P. Lichter, “Matrix-based comparative genomic

hybridization: biochips to screen for genomic imbalances,” Genes, chromo-

somes and cancer, vol. 20, no. 4, pp. 399–407, 1997.

174



List of Publications

[291] R. Liu, A. Degiron, J. J. Mock, and D. R. Smith, “Negative index material

composed of electric and magnetic resonators,” Applied Physics Letters,

vol. 90, no. 26, 2007.

[292] F. Martin, F. Falcone, J. Bonache, R. Marqués, and M. Sorolla, “Minia-

turized coplanar waveguide stop band filters based on multiple tuned split

ring resonators,” IEEE microwave and wireless components letters, vol. 13,

no. 12, pp. 511–513, 2003.

[293] J. Garcia-Garcia, F. Mart́ın, F. Falcone, J. Bonache, J. D. Baena, I. Gil,

E. Amat, T. Lopetegi, M. A. Laso, J. A. M. Iturmendi et al., “Microwave

filters with improved stopband based on sub-wavelength resonators,” IEEE

Transactions on Microwave theory and techniques, vol. 53, no. 6, pp. 1997–

2006, 2005.

[294] J. Bonache, I. Gil, J. Garcia-Garcia, and F. Martin, “Novel microstrip band-

pass filters based on complementary split-ring resonators,” IEEE Transac-

tions on Microwave Theory and Techniques, vol. 54, no. 1, pp. 265–271,

2006.

[295] I. Bulu, H. Caglayan, K. Aydin, and E. Ozbay, “Compact size highly di-

rective antennas based on the srr metamaterial medium,” New Journal of

Physics, vol. 7, no. 1, p. 223, 2005.

[296] B. Li, P.-Y. Zhu, L. Liang, and C.-H. Liang, “Study on high gain waveguide

array antenna with srr structure,” Journal of Electromagnetic Waves and

Applications, vol. 21, no. 5, pp. 615–627, 2007.

[297] L.-W. Li, Y.-N. Li, T. S. Yeo, J. R. Mosig, and O. J. Martin, “A broadband

and high-gain metamaterial microstrip antenna,” Applied Physics Letters,

vol. 96, no. 16, 2010.

175



List of Publications

[298] H.-J. Lee and J.-G. Yook, “Biosensing using split-ring resonators at mi-

crowave regime,” Applied Physics Letters, vol. 92, no. 25, 2008.

[299] H.-J. Lee, H.-S. Lee, K.-H. Yoo, and J.-G. Yook, “Dna sensing using split-

ring resonator alone at microwave regime,” Journal of Applied Physics, vol.

108, no. 1, 2010.

[300] S. P. Mickan, A. Menikh, H. Liu, C. A. Mannella, R. MacColl, D. Abbott,

J. Munch, and X. Zhang, “Label-free bioaffinity detection using terahertz

technology,” Physics in Medicine & Biology, vol. 47, no. 21, p. 3789, 2002.

[301] B. Fischer, M. Hoffmann, H. Helm, G. Modjesch, and P. U. Jepsen, “Chem-

ical recognition in terahertz time-domain spectroscopy and imaging,” Semi-

conductor Science and Technology, vol. 20, no. 7, p. S246, 2005.

[302] J. F. Federici, B. Schulkin, F. Huang, D. Gary, R. Barat, F. Oliveira, and

D. Zimdars, “Thz imaging and sensing for security applications—explosives,

weapons and drugs,” Semiconductor science and technology, vol. 20, no. 7,

p. S266, 2005.

[303] H. Yoshida, Y. Ogawa, Y. Kawai, S. Hayashi, A. Hayashi, C. Otani, E. Kato,

F. Miyamaru, and K. Kawase, “Terahertz sensing method for protein de-

tection using a thin metallic mesh,” Applied physics letters, vol. 91, no. 25,

2007.

[304] F. Miyamaru, S. Hayashi, C. Otani, K. Kawase, Y. Ogawa, H. Yoshida, and

E. Kato, “Terahertz surface-wave resonant sensor with a metal hole array,”

Optics letters, vol. 31, no. 8, pp. 1118–1120, 2006.

[305] C. Debus and P. H. Bolivar, “Frequency selective surfaces for high sensitiv-

ity terahertz sensing,” Applied Physics Letters, vol. 91, no. 18, 2007.

176



List of Publications

[306] H. Tao, L. R. Chieffo, M. A. Brenckle, S. M. Siebert, M. Liu, A. C. Strikw-

erda, K. Fan, D. L. Kaplan, X. Zhang, R. D. Averitt et al., “Metamaterials

on paper as a sensing platform,” Advanced Materials, vol. 23, no. 28, pp.

3197–3201, 2011.

[307] X. Shen, Y. Yang, Y. Zang, J. Gu, J. Han, W. Zhang, and T. Jun Cui,

“Triple-band terahertz metamaterial absorber: Design, experiment, and

physical interpretation,” Applied Physics Letters, vol. 101, no. 15, 2012.

[308] B.-X. Wang, X. Zhai, G.-Z. Wang, W.-Q. Huang, and L.-L. Wang, “A

novel dual-band terahertz metamaterial absorber for a sensor application,”

Journal of Applied Physics, vol. 117, no. 1, 2015.

[309] A. Forouzmand, H. M. Bernety, and A. B. Yakovlev, “Graphene-loaded wire

medium for tunable broadband subwavelength imaging,” Physical Review

B, vol. 92, no. 8, p. 085402, 2015.

[310] W. Su, Z. Geng, J. Qi, and H. Wu, “Multi-fano resonances in graphene

coated all-dielectric metasurface for refractive index sensing with high fig-

ure of merits,” IEEE Journal of Selected Topics in Quantum Electronics,

vol. 27, no. 1, pp. 1–6, 2020.

[311] Y.-L. Liao and Y. Zhao, “Ultra-narrowband dielectric metamaterial ab-

sorber with ultra-sparse nanowire grids for sensing applications,” Scientific

reports, vol. 10, no. 1, p. 1480, 2020.

[312] X. Liu, K. Fan, I. V. Shadrivov, and W. J. Padilla, “Experimental real-

ization of a terahertz all-dielectric metasurface absorber,” Optics express,

vol. 25, no. 1, pp. 191–201, 2017.

[313] F. Lan, F. Luo, P. Mazumder, Z. Yang, L. Meng, Z. Bao, J. Zhou, Y. Zhang,

S. Liang, Z. Shi et al., “Dual-band refractometric terahertz biosensing with

177



List of Publications

intense wave-matter-overlap microfluidic channel,” Biomedical Optics Ex-

press, vol. 10, no. 8, pp. 3789–3799, 2019.

[314] A. S. Saadeldin, M. F. O. Hameed, E. M. Elkaramany, and S. S. Obayya,

“Highly sensitive terahertz metamaterial sensor,” IEEE Sensors Journal,

vol. 19, no. 18, pp. 7993–7999, 2019.

[315] P. Upender and A. Kumar, “Ultrathin, ultra narrow band dmma for

biosensing applications,” IEEE Transactions on NanoBioscience, 2022.

[316] W. Zhang, J.-Y. Li, and J. Xie, “High sensitivity refractive index sensor

based on metamaterial absorber,” Progress In Electromagnetics Research

M, vol. 71, pp. 107–115, 2018.

[317] B.-X. Wang, C. Xu, H. Zhou, and G. Duan, “Realization of broadband ter-

ahertz metamaterial absorber using an anti-symmetric resonator consisting

of two mutually perpendicular metallic strips,” Apl Materials, vol. 10, no. 5,

2022.

[318] B.-X. Wang, G. Duan, C. Xu, J. Jiang, W. Xu, and F. Pi, “Design of

multiple-frequency-band terahertz metamaterial absorbers with adjustable

absorption peaks using toothed resonator,” Materials & Design, vol. 225,

p. 111586, 2023.

[319] B.-X. Wang, W. Xu, Y. Wu, Z. Yang, S. Lai, and L. Lu, “Realization

of a multi-band terahertz metamaterial absorber using two identical split

rings having opposite opening directions connected by a rectangular patch,”

Nanoscale Advances, vol. 4, no. 5, pp. 1359–1367, 2022.

[320] B.-X. Wang, Y. He, P. Lou, and H. Zhu, “Multi-band terahertz superab-

sorbers based on perforated square-patch metamaterials,” Nanoscale Ad-

vances, vol. 3, no. 2, pp. 455–462, 2021.

178



List of Publications

[321] B.-X. Wang, C. Xu, G. Duan, W. Xu, and F. Pi, “Review of broad-

band metamaterial absorbers: from principles, design strategies, and tun-

able properties to functional applications,” Advanced Functional Materials,

vol. 33, no. 14, p. 2213818, 2023.

[322] M. S. Khan, G. Varshney, and P. Giri, “Altering the multimodal resonance

in ultrathin silicon ring for tunable thz biosensing,” IEEE Transactions on

NanoBioscience, vol. 20, no. 4, pp. 488–496, 2021.

179


	Title
	Certificate
	Certificate
	Acknowledgement
	Abstract
	Index
	Contents
	List of Figures

	List of Figures
	List of Tables

	List of Tables
	List of Acronyms

	List of Acronyms
	1 Introduction
	1.1 Theoretical Backgrounds
	1.2 Basic Design of MMPA
	1.3 Split Ring Resonator
	1.4 CSRR
	1.5 Motivation
	1.6 Problem Statements
	1.7 Thesis Organization

	2 Survey of Existing Methods
	2.1 Introduction
	2.2 History of Metamaterials
	2.3 Metamaterial Perfect Absorber
	2.3.1 Split Ring Resonator (SRR)
	2.3.2 Complementary Split Ring Resonator (CSRR)

	2.4 Metamaterials in the THz Regime
	2.5 Metamaterial Perfect Absorber
	2.6 Terahertz MM Types
	2.6.1 Broadband Absorber
	2.6.2 Narrowband Absorber 
	2.6.3 Ultra-Narrowband Absorber

	2.7 Research Gap 
	2.7.1 Broadband Absorber
	2.7.2 Narrowband Absorber
	2.7.3 Ultra-Narrowband Absorber

	2.8 Objective of Thesis

	3 A Graphene-Based Broadband Metamaterial Absorber
	3.1 Introduction
	3.2 Graphene: A Versatile 2D Atomic Crystal
	3.3 Graphene Properties: Unveiling Remarkable Attributes
	3.3.1 Chemical Vapor Deposition: Paving the Path for Large-Scale Graphene Production
	3.3.2 Synthesis on Silicon Carbide (SiC): Paving the Path Toward High-Quality Graphene 
	3.3.3 Graphene Electronics
	3.3.4 High-Frequency Transistors
	3.3.5 Conductivity of Graphene
	3.3.6 Terahertz Waves using Graphene Metamaterial

	3.4  Graphene Using Absorber Design
	3.5 Simulation Results
	3.6 Summary

	4 Dual-Band Terahertz Metamaterial Absorber: Enhancing Sensing Applications
	4.1 Introduction
	4.1.1 The Mechanism of THz metamaterial sensing
	4.1.2 THz metasurfaces
	4.1.3 THz Metamaterial Absorber
	4.1.4 THz metallic mesh devices
	4.1.5 THz metamaterial-based thin film sensing
	4.1.6 Utilization of metamaterials in the terahertz frequency range for sensing purposes
	4.1.6.1 Molecule detection
	4.1.6.2 Metamaterial at THz methodology


	4.2 Narrow band Absorber
	4.2.1 Outcomes and Discussions

	4.3 Graphene based Absorber Design
	4.3.1 Geometrical Description

	4.4 Summary

	5 An Ultrathin Triple-Band Absorber for Tunable THz Bio-sensing
	5.1 Introduction
	5.1.1 Microwave biosensor
	5.1.2 Terahertz biosensor

	5.2  Structure Design Detail
	5.3 Absorber Analysis
	5.4 Equivalent Electrical Circuit
	5.5 Sensing Performance Analysis
	5.5.1 Analyte Thickness Sensing
	5.5.2 Refractive Index Sensing
	5.5.3 Diagnosis of Malaria

	5.6 Water/Glucose Detection
	5.7 Performance Comparision
	5.8 Summary

	6 Multi-Band Absorber with Tunable Bio-Sensor Application
	6.1 Introduction
	6.2 STRUCTURE DESIGN DETAIL
	6.3 ABSORBER ANALYSIS
	6.4 EQUIVALENT ELECTRICAL CIRCUIT
	6.5 SUMMARY

	7 Summary and Conclusions
	7.1 Summary
	7.2 Contributions of the Work
	List of Publications

	List of Publications
	av_thesis_final.pdf
	Title
	Certificate
	Certificate
	Acknowledgement
	Abstract
	Index
	Contents
	List of Figures

	List of Figures
	List of Tables

	List of Tables
	List of Acronyms

	List of Acronyms
	1 Introduction
	1.1 Theoretical Backgrounds
	1.2 Basic Design of Metamaterial perfecet absorber
	1.3 Split Ring Resonator
	1.4 Complementary Split Ring Resonator
	1.5 Motivation
	1.6 Problem Statements
	1.7 Thesis Organization

	2 Survey of Existing Methods
	2.1 Introduction
	2.2 History of Metamaterials
	2.3 Metamaterial Perfect Absorber
	2.3.1 Split Ring Resonator (SRR)
	2.3.2 Complementary Split Ring Resonator (CSRR)

	2.4 Metamaterials in the THz Regime
	2.5 Metamaterial Perfect Absorber
	2.6 Terahertz MM Types
	2.6.1 Broadband Absorber
	2.6.2 Narrowband Absorber 
	2.6.3 Ultra-Narrowband Absorber

	2.7 Research Gap 
	2.7.1 Broadband Absorber
	2.7.2 Narrowband Absorber
	2.7.3 Ultra-Narrowband Absorber

	2.8 Objective of Thesis

	3 A Graphene-Based Broadband Metamaterial Absorber
	3.1 Introduction
	3.2 Graphene: A Versatile 2D Atomic Crystal
	3.3 Graphene Properties: Unveiling Remarkable Attributes
	3.3.1 Chemical Vapor Deposition: Paving the Path for Large-Scale Graphene Production
	3.3.2 Synthesis on Silicon Carbide (SiC): Paving the Path Toward High-Quality Graphene 
	3.3.3 Graphene Electronics
	3.3.4 High-Frequency Transistors
	3.3.5 Conductivity of Graphene
	3.3.6 Terahertz Waves using Graphene Metamaterial

	3.4  Graphene Using Absorber Design
	3.5 Simulation Results
	3.6 Summary

	4 Dual-Band Terahertz Metamaterial Absorber: Enhancing Sensing Applications
	4.1 Introduction
	4.1.1 The Mechanism of THz metamaterial sensing
	4.1.2 THz metasurfaces
	4.1.3 THz Metamaterial Absorber
	4.1.4 THz metallic mesh devices
	4.1.5 THz metamaterial-based thin film sensing
	4.1.6 Utilization of metamaterials in the terahertz frequency range for sensing purposes
	4.1.6.1 Molecule detection
	4.1.6.2 Metamaterial at THz methodology


	4.2 Narrow band Absorber
	4.2.1 Outcomes and Discussions

	4.3 Graphene based Absorber Design
	4.3.1 Geometrical Description

	4.4 Summary

	5 An Ultrathin Triple-Band Absorber for Tunable THz Bio-sensing
	5.1 Introduction
	5.1.1 Microwave biosensor
	5.1.2 Terahertz biosensor

	5.2  Structure Design Detail
	5.3 Absorber Analysis
	5.4 Equivalent Electrical Circuit
	5.5 Sensing Performance Analysis
	5.5.1 Analyte Thickness Sensing
	5.5.2 Refractive Index Sensing
	5.5.3 Diagnosis of Malaria

	5.6 Water/Glucose Detection
	5.7 Performance Comparison
	5.8 Summary

	6 Multi-Band Absorber with Tunable Bio-Sensor Application
	6.1 Introduction
	6.2 STRUCTURE DESIGN DETAIL
	6.3 ABSORBER ANALYSIS
	6.4 EQUIVALENT ELECTRICAL CIRCUIT
	6.5 SUMMARY

	7 Summary and Conclusions
	7.1 Summary
	7.2 Contributions of the Work
	7.3 Future Scope
	List of Publications

	List of Publications

	av_thesis_final.pdf
	Title
	Certificate
	Certificate
	Acknowledgement
	Abstract
	Index
	Contents
	List of Figures

	List of Figures
	List of Tables

	List of Tables
	List of Acronyms

	List of Acronyms
	1 Introduction
	1.1 Theoretical Backgrounds
	1.2 Basic Design of Metamaterial perfecet absorber
	1.3 Split Ring Resonator
	1.4 Complementary Split Ring Resonator
	1.5 Motivation
	1.6 Problem Statements
	1.7 Thesis Organization

	2 Survey of Existing Methods
	2.1 Introduction
	2.2 History of Metamaterials
	2.3 Metamaterial Perfect Absorber
	2.3.1 Split Ring Resonator (SRR)
	2.3.2 Complementary Split Ring Resonator (CSRR)

	2.4 Metamaterials in the THz Regime
	2.5 Metamaterial Perfect Absorber
	2.6 Terahertz MM Types
	2.6.1 Broadband Absorber
	2.6.2 Narrowband Absorber 
	2.6.3 Ultra-Narrowband Absorber

	2.7 Research Gap 
	2.7.1 Broadband Absorber
	2.7.2 Narrowband Absorber
	2.7.3 Ultra-Narrowband Absorber

	2.8 Objective of Thesis

	3 A Graphene-Based Broadband Metamaterial Absorber
	3.1 Introduction
	3.2 Graphene: A Versatile 2D Atomic Crystal
	3.3 Graphene Properties: Unveiling Remarkable Attributes
	3.3.1 Chemical Vapor Deposition: Paving the Path for Large-Scale Graphene Production
	3.3.2 Synthesis on Silicon Carbide (SiC): Paving the Path Toward High-Quality Graphene 
	3.3.3 Graphene Electronics
	3.3.4 High-Frequency Transistors
	3.3.5 Conductivity of Graphene
	3.3.6 Terahertz Waves using Graphene Metamaterial

	3.4  Graphene Using Absorber Design
	3.5 Simulation Results
	3.6 Summary

	4 Dual-Band Terahertz Metamaterial Absorber: Enhancing Sensing Applications
	4.1 Introduction
	4.1.1 The Mechanism of THz metamaterial sensing
	4.1.2 THz metasurfaces
	4.1.3 THz Metamaterial Absorber
	4.1.4 THz metallic mesh devices
	4.1.5 THz metamaterial-based thin film sensing
	4.1.6 Utilization of metamaterials in the terahertz frequency range for sensing purposes
	4.1.6.1 Molecule detection
	4.1.6.2 Metamaterial at THz methodology


	4.2 Narrow band Absorber
	4.2.1 Outcomes and Discussions

	4.3 Graphene based Absorber Design
	4.3.1 Geometrical Description

	4.4 Summary

	5 An Ultrathin Triple-Band Absorber for Tunable THz Bio-sensing
	5.1 Introduction
	5.1.1 Microwave biosensor
	5.1.2 Terahertz biosensor

	5.2  Structure Design Detail
	5.3 Absorber Analysis
	5.4 Equivalent Electrical Circuit
	5.5 Sensing Performance Analysis
	5.5.1 Analyte Thickness Sensing
	5.5.2 Refractive Index Sensing
	5.5.3 Diagnosis of Malaria

	5.6 Water/Glucose Detection
	5.7 Performance Comparison
	5.8 Summary

	6 Multi-Band Absorber with Tunable Bio-Sensor Application
	6.1 Introduction
	6.2 STRUCTURE DESIGN DETAIL
	6.3 ABSORBER ANALYSIS
	6.4 EQUIVALENT ELECTRICAL CIRCUIT
	6.5 SUMMARY

	7 Summary and Conclusions
	7.1 Summary
	7.2 Contributions of the Work
	7.3 Future Scope
	List of Publications

	List of Publications

	without highlight.pdf
	Title
	Certificate
	Certificate
	Acknowledgement
	Abstract
	Index
	Contents
	List of Figures

	List of Figures
	List of Tables

	List of Tables
	List of Acronyms

	List of Acronyms
	1 Introduction
	1.1 Theoretical Backgrounds
	1.2 Basic Design of Metamaterial perfecet absorber
	1.3 Split Ring Resonator
	1.4 Complementary Split Ring Resonator
	1.5 Motivation
	1.6 Problem Statements
	1.7 Thesis Organization

	2 Survey of Existing Methods
	2.1 Introduction
	2.2 History of Metamaterials
	2.3 Metamaterial Perfect Absorber
	2.3.1 Split Ring Resonator (SRR)
	2.3.2 Complementary Split Ring Resonator (CSRR)

	2.4 Metamaterials in the THz Regime
	2.5 Metamaterial Perfect Absorber
	2.6 Terahertz MM Types
	2.6.1 Broadband Absorber
	2.6.2 Narrowband Absorber 
	2.6.3 Ultra-Narrowband Absorber

	2.7 Research Gap 
	2.7.1 Broadband Absorber
	2.7.2 Narrowband Absorber
	2.7.3 Ultra-Narrowband Absorber

	2.8 Objective of Thesis

	3 A Graphene-Based Broadband Metamaterial Absorber
	3.1 Introduction
	3.2 Graphene: A Versatile 2D Atomic Crystal
	3.3 Graphene Properties: Unveiling Remarkable Attributes
	3.3.1 Chemical Vapor Deposition: Paving the Path for Large-Scale Graphene Production
	3.3.2 Synthesis on Silicon Carbide (SiC): Paving the Path Toward High-Quality Graphene 
	3.3.3 Graphene Electronics
	3.3.4 High-Frequency Transistors
	3.3.5 Conductivity of Graphene
	3.3.6 Terahertz Waves using Graphene Metamaterial

	3.4  Graphene Using Absorber Design
	3.5 Simulation Results
	3.6 Summary

	4 Dual-Band Terahertz Metamaterial Absorber: Enhancing Sensing Applications
	4.1 Introduction
	4.1.1 The Mechanism of THz metamaterial sensing
	4.1.2 THz metasurfaces
	4.1.3 THz Metamaterial Absorber
	4.1.4 THz metallic mesh devices
	4.1.5 THz metamaterial-based thin film sensing
	4.1.6 Utilization of metamaterials in the terahertz frequency range for sensing purposes
	4.1.6.1 Molecule detection
	4.1.6.2 Metamaterial at THz methodology


	4.2 Narrow band Absorber
	4.2.1 Outcomes and Discussions

	4.3 Graphene based Absorber Design
	4.3.1 Geometrical Description

	4.4 Summary

	5 An Ultrathin Triple-Band Absorber for Tunable THz Bio-sensing
	5.1 Introduction
	5.1.1 Microwave biosensor
	5.1.2 Terahertz biosensor

	5.2  Structure Design Detail
	5.3 Absorber Analysis
	5.4 Equivalent Electrical Circuit
	5.5 Sensing Performance Analysis
	5.5.1 Analyte Thickness Sensing
	5.5.2 Refractive Index Sensing
	5.5.3 Diagnosis of Malaria

	5.6 Water/Glucose Detection
	5.7 Performance Comparison
	5.8 Summary

	6 Multi-Band Absorber with Tunable Bio-Sensor Application
	6.1 Introduction
	6.2 STRUCTURE DESIGN DETAIL
	6.3 ABSORBER ANALYSIS
	6.4 EQUIVALENT ELECTRICAL CIRCUIT
	6.5 SUMMARY

	7 Summary and Conclusions
	7.1 Summary
	7.2 Contributions of the Work
	7.3 Future Scope
	List of Publications

	List of Publications




