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Abstract

Metamaterial absorbers have attracted considerable attention due to their ability to
achieve near-perfect electromagnetic absorption using artificially engineered subwave-
length structures. Their unique electromagnetic properties make them promising candi-
dates for a wide range of applications including sensing, imaging, thermal emission con-
trol, photodetection, optical filtering, and solar energy harvesting. This thesis investigates
the development of optical metamaterial absorbers based on double split ring resonator
(DSRR) structures and explores their potential for frequency-selective and broadband
electromagnetic energy harvesting applications.

The work begins with a comprehensive review of metamaterials, metamaterial absorbers,
and their operating principles across microwave, terahertz, and optical frequency regimes.
In addition, selected metamaterial absorbers reported in the literature are re-simulated
using CST Microwave Studio to verify the simulation methodology and establish confi-
dence in the numerical modeling approach.

The first stage of the research focuses on the development of a geometrically scaled DSRR
optical metamaterial absorber. By systematically varying the geometrical dimensions of
the resonator, controlled absorption is achieved at multiple optical frequencies ranging
from 423 THz to 831 THz. The obtained results demonstrate that geometrical scaling
provides a predictable and efficient mechanism for resonance tuning while maintaining
near-unity absorption at the desired frequencies. Furthermore, the resonance behavior is
analyzed through reflection characteristics and surface current distributions, providing in-
sight into the electromagnetic coupling mechanisms responsible for higher-order resonant
modes.

Building upon these findings, the second stage introduces a wideband multi-resonance
optical metamaterial absorber based on composite geometrically scaled multiple DSRRs.
Composite configurations consisting of two-cell, three-cell, and four-cell resonators are
investigated to study resonance interaction and bandwidth enhancement. The results
demonstrate that increasing the number of coupled resonators generates additional hybrid
modes, enhances resonance density, and promotes spectral overlap, gradually transform-
ing discrete absorption peaks into a significantly broader absorption spectrum. Among
the investigated configurations, the four-cell structure exhibits the strongest resonance

interaction and the widest absorption bandwidth.



To evaluate the suitability of the proposed absorbers for solar-energy-related applications,
a blackbody-weighted absorption analysis based on Planck’s radiation law is performed.
The results confirm that broadband absorption significantly improves the overlap between
the absorber response and the solar blackbody radiation spectrum. The four-cell com-
posite absorber achieves the highest blackbody-weighted absorption efficiency of 58.34

Overall, the presented work demonstrates that geometrical scaling and multi-resonator
coupling provide an effective and scalable framework for engineering advanced optical
metamaterial absorbers. The proposed designs successfully bridge the gap between
frequency-selective absorption and broadband energy harvesting, offering promising po-
tential for future applications in solar energy conversion, thermal photonics, optical sens-
ing, photodetection, selective thermal emitters, and next-generation nanophotonic sys-

tems.
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Chapter 1

Introduction

1.1 Motivation

Metamaterials are artificially engineered electromagnetic structures that exhibit proper-
ties not readily available in naturally occurring materials. Their ability to manipulate
electromagnetic waves has enabled the development of numerous devices with enhanced
performance, including antennas, sensors, filters, lenses, cloaking devices, and electro-
magnetic absorbers. Among these applications, metamaterial absorbers have attracted
significant attention due to their capability of achieving very high absorption while main-
taining compact dimensions.

Since the introduction of the first near-perfect metamaterial absorber by Landy et al., ex-
tensive research has been conducted to improve absorption performance across microwave,
terahertz, infrared, and optical frequency ranges. Optical metamaterial absorbers are
particularly important because of their potential applications in photodetection, thermal
imaging, optical filtering, sensing, thermal emission control, and solar energy harvest-
ing. Their electromagnetic response can be controlled through the careful design of
subwavelength resonant structures, allowing the absorption characteristics to be tailored
for specific applications.

One of the major challenges in optical metamaterial absorber design is the limited
bandwidth of conventional resonant structures. Although near-unity absorption can be
achieved at specific frequencies, many absorbers operate over relatively narrow frequency
ranges, which limits their effectiveness for broadband applications. Solar energy har-
vesting represents one of the most important examples where broad spectral coverage is
required in order to maximize the utilization of incident radiation.

The resonance characteristics of metamaterial absorbers are strongly dependent on the
geometry of the resonant elements. Therefore, geometrically scalable resonators provide a
promising approach for controlling resonance frequencies and developing absorbers with

enhanced spectral performance. In addition, combining multiple resonators within a
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single structure can introduce resonance interaction and spectral overlap, which may
lead to significantly wider absorption bandwidths.

This thesis investigates the development of optical metamaterial absorbers based on dou-
ble split ring resonator (DSRR) structures. The work focuses on two main objectives.
The first objective is the development of a geometrically scaled DSRR absorber capable
of achieving controlled absorption at multiple optical frequencies. The second objective
is the development of a wideband optical absorber through the integration of multiple
geometrically scaled DSRRs within composite unit-cell configurations. Furthermore, the
suitability of the proposed structures for solar energy harvesting applications is evaluated

through blackbody-weighted absorption analysis.

1.2 Thesis Organization

This thesis is divided into five chapters including this chapter.

Chapter 2 presents a literature review on metamaterials, metamaterial absorbers, and
their applications. The chapter discusses the fundamental concepts of metamaterials,
absorption mechanisms, optical metamaterial absorbers, and solar energy harvesting. In
addition, several previously reported absorber structures are reviewed and compared.
Chapter 3 presents the implementation and re-simulation of selected metamaterial ab-
sorbers reported in the literature. The chapter also introduces the development of a
geometrically scaled optical DSRR absorber and investigates its resonance characteristics
and absorption performance.

Chapter 4 presents the development of a wideband multi-resonance optical metamaterial
absorber based on composite geometrically scaled multiple DSRRs. Different composite
configurations are analyzed to investigate resonance interaction, bandwidth enhancement,
and blackbody-radiation harvesting performance.

Chapter 5 presents the conclusions of the thesis and summarizes the main findings of the

work. In addition, recommendations and possible future research directions are discussed.
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Chapter 2

Review on Metamaterials and its

Applications

2.1 Introduction

In recent years, energy harvesting has assumed an increasingly important role across
various technological fields. Solar cells, for instance, have been widely employed to harvest
energy by converting visible and ultraviolet light from sunlight into electricity. Similarly,
energy harvesting from water pipelines has enabled sensors to generate power from the
motion of flowing water. More recently, metamaterials have emerged as a promising
technology for capturing ambient electromagnetic waves (RF /microwave) and rectifying
them into usable electrical energy. As a result, there is a growing need for effective
materials and techniques to control and mitigate the impact of unwanted EM waves.
One practical solution to this problem is the use of electromagnetic absorbers, which
are designed to absorb incident wave energy while minimizing reflection and interference
[1,2]. This necessity has motivated the development of metamaterial absorbers, which
have attracted significant attention for their ability to achieve near-perfect absorption of
electromagnetic waves by engineering subwavelength structures with tailored electric and
magnetic responses.

The concept of metamaterials was first introduced theoretically by V. G. Veselago in
1967, who predicted that materials with simultaneously negative permittivity (¢) and
permeability (u) would exhibit unusual electromagnetic properties, including a negative
refractive index and reversed wave propagation phenomena [3]|. This idea remained the-
oretical until J. B. Pendry and his colleagues proposed practical artificial structures to
realize such properties in 1996 [4]. In 1998, Pendry introduced periodic thin metallic wire
arrays that exhibited plasma-like behavior and enabled negative effective permittivity at
microwave frequencies [5]. Later, in 1999, he developed the split ring resonator (SRR), a

subwavelength structure capable of producing negative effective permeability [6]. By com-
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bining these two elements, D. R. Smith and collaborators successfully demonstrated the
first composite metamaterial with simultaneously negative permittivity and permeabil-
ity in 2000, marking the first experimental realization of a negative-index (left-handed)
medium and establishing the foundation for modern metamaterial research [7]. Metama-
terial structures can be designed in two-dimensional or three-dimensional periodic forms
and can exhibit unusual electromagnetic characteristics such as negative refractive index,
left-handed behavior, cloaking, and perfect absorption [8-11].

One of the most challenging applications of metamaterial absorbers is the continuous
powering of unmanned aerial vehicles (UAVs). Among various types of ambient en-
ergy sources, electromagnetic waves represent a promising candidate for charging UAVs
through adaptive beamforming steering during mission execution, potentially eliminating
the need to land at power stations for recharging.

This chapter presents a comprehensive investigation of metamaterial absorber design
principles and their various applications, with particular emphasis on systems relevant
to UAVs. The study examines how metamaterial absorbers can be utilized for elec-
tromagnetic energy harvesting to support UAV charging applications, along with other
key functions including frequency-selective absorption and sensing. Representative im-
plementations are analyzed, and future research directions for integrating metamaterial

absorbers into UAV power systems are discussed.

2.2 What are Metamaterials

Metamaterial (MTMs) structures are artificially engineered electromagnetic structures
that control electromagnetic waves through their physical shape and arrangement rather
than through only their intrinsic material properties. The term has been widely used
following formal definitions in the literature [12]. These structures are typically com-
posed of small repeating elements (unit cells) whose dimensions are much smaller than
the wavelength of the incident electromagnetic wave, allowing the overall structure to
be treated as an effective medium. Metamaterials can be realized as two-dimensional
or three-dimensional periodically designed macroscopic composites that display exotic

properties extending from microwave to optical frequency ranges [13].
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Figure 2.1: Metamaterial geometry [14]

The first metamaterial absorber was introduced by Landy et al. [15], demonstrating a
compact structure with high absorption performance. Since then, many designs have
been developed to achieve multiband, broadband, polarization-insensitive, and tunable
absorption for applications ranging from microwave to optical frequencies [16-21|. De-
spite these advances, achieving high efficiency across multiple frequency bands while
maintaining stable performance remains a challenge.

In conventional materials, electromagnetic behavior is mainly determined by inherent
material properties such as permittivity, permeability, and refractive index. In contrast,
metamaterials obtain their electromagnetic response from the combined effect of their
structural elements, which can be carefully designed to achieve specific wave interaction
at selected frequencies. This enables properties that do not exist naturally in conventional
materials, including negative refractive index and near-perfect absorption [13]. From an
engineering point of view, metamaterials can be considered electromagnetic structures in

which geometry plays a key role in shaping how waves propagate, reflect, or are absorbed.

2.2.1 Characteristics of Metamaterials

Metamaterials possess a set of characteristics that distinguish them from conventional
electromagnetic materials. By properly designing the geometry and arrangement of the
unit cells, metamaterials can be tailored to exhibit specific electromagnetic responses
within a chosen frequency range. One of the key characteristics of metamaterials is
their subwavelength unit-cell size, which allows the structure to be treated as an effective
medium and enables controlled interaction with electromagnetic waves without significant

diffraction effects.
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As shown in Fig. 2.2, the effective permittivity and permeability of metamaterial struc-
tures may be negative, corresponding to different quadrants of the e—u plane [13]. Media
with e < 0 and p > 0 are termed epsilon-negative (ENG) (plasma-like) materials. Media
with € > 0 and p < 0 are sometimes associated with gyrotropic magnetic responses. Me-
dia with both ¢ < 0 and p < 0 are termed double-negative (DNG) metamaterials and can
be realized artificially; in such media, the direction of wave propagation can be reversed
as shown in Fig. 2.3 [13|. In addition, the refractive index can be negative compared to

conventional materials, as illustrated in Fig. 2.4 [14].

Iy
p>0ande<0 p>0ande>0
Epsilon negative Double positive
materials materials
Plasmas Dielectrics
- » E
u<O0ande<0 p<O0ande>0
Double negative Mu negative
materials mat_erials .
Metamaterials Gyrotroplc magnetic
v materials

Figure 2.2: Classification of electromagnetic materials based on the signs of effective
permittivity (¢) and permeability (u) [13].
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Figure 2.3: Wave propagation in (A) right-handed materials (RHM) and (B) left-handed
materials (LHM) [13].
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Figure 2.4: Conceptual diagram of negative refractive index in metamaterials [14].

Another important characteristic is the ability of metamaterials to produce resonant elec-
tromagnetic behavior. Metallic patterns and dielectric layers form resonant circuits that
interact with the electric and magnetic fields of the incident wave, and these resonances
strongly influence operating frequency and bandwidth. Metamaterials also offer design
flexibility, since the electromagnetic response can be modified by adjusting geometric
parameters such as shape, size, spacing, and orientation of the unit cells.

Additionally, metamaterials can be designed to exhibit polarization and angle stability.
Symmetric unit-cell structures allow the electromagnetic response to remain nearly un-
changed under different polarization angles and incident directions, which is desirable for

practical applications.

2.3 Metamaterial Absorbers

Metamaterial absorbers are artificially engineered structures designed to achieve near-
perfect absorption of electromagnetic waves at specific frequencies. They operate by
tailoring the effective permittivity and permeability of subwavelength unit cells to match
the impedance of free space, thereby minimizing reflection while dissipating the incident
energy as loss within the structure. The absorption performance is controlled by the
coupling effects between resonant elements. By adjusting geometry, spacing, substrate
properties, and unit cell dimensions, the resonant behavior and absorption characteristics
can be tuned.

Overall, extensive research has been conducted to develop metamaterial absorbers across
different frequency regimes, from microwave to optical bands, providing a broad under-
standing of the design principles and performance characteristics of MMAs for various

electromagnetic applications [13].
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2.3.1 Basic Theory of Metamaterial Absorbers

Metamaterial absorbers attenuate incident EM waves by converting electromagnetic en
ergy into other forms, primarily thermal energy. Such materials are essential in applica
tions including electromagnetic compatibility, high-efficiency energy harvesting, sensing
platforms, and stealth technology. MMAs are also called a perfect absorber with near
unity absorption, showing zero reflection and transmission coefficients for plane waves
that are typically incident [13|. Metamaterial absorber consists of three main layers.
The top layer contains a patterned metallic structure that acts as a resonator, the mid
dle layer is a dielectric substrate, and the bottom layer is a continuous metallic ground
plane, the ground plane prevents transmission of electromagnetic waves, so the absorption
performance mainly depends on minimizing the reflected power. The absorption of a

metamaterial absorber is determined by
A: 1— ’511’2— ‘521‘2 (21)

Since the ground plane blocks transmission (S5; &~ 0), near-perfect absorption can be
achieved by minimizing the reflection coefficient (S7;) [15]. Conventional absorbers of-
ten require large thicknesses and multilayer configurations, which limit their applicability
in compact and lightweight systems [22]. This limitation has motivated researchers to
explore alternative solutions. Metamaterial absorbers can be designed in various geo-
metrical shapes according to the desired application, which has significantly increased
their attractiveness and demand. Metamaterial absorbers have been widely investigated
for electromagnetic wave absorption over a broad range of frequencies, extending from
the microwave region to the optical spectrum. The operating frequency of a metamate-
rial absorber mainly depends on the geometry of the unit cell, substrate properties, and
the dimensions of the resonator elements. Consequently, numerous designs have been

proposed in the literature to achieve high absorption at specific frequency bands.

2.4 Metamaterial Absorbers Applications

This section summarizes representative metamaterial absorber implementations operat-
ing at different frequency bands including microwave, terahertz, and optical regions as
illustrated at (Fig. 2.5) [13].The selected designs are analyzed and evaluated using CST
Microwave Studio, which is a full-wave electromagnetic simulation tool based on numer-
ical methods. The purpose of this section is to demonstrate how the electromagnetic
performance of metamaterial absorbers can be controlled through structural design and
material selection. For each frequency band, representative unit-cell geometries reported
in the literature are modeled and simulated in CST in order to obtain their reflection

coefficient, transmission coefficient, and absorption characteristics.
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Figure 2.5: Applications of metamaterials [13].

2.4.1 Microwave Frequency Absorbers

The microwave region (1 GHz to 30 GHz) is widely studied due to applications in radar
systems, wireless communication, and stealth technology. A typical microwave metama-
terial absorber consists of a periodic metallic resonator printed on a dielectric substrate
with a continuous metallic ground plane. The ground plane eliminates transmission,
while the resonator is designed to minimize reflection through impedance matching with
free space.

There are various applications in this band such as Radar-Cross Section (RCS). Radar
cross section (RCS) is a measure of how detectable an object is by radar systems. It
represents the amount of electromagnetic energy reflected back toward the radar receiver
when a target is illuminated by an incident wave. A metamaterial structure designed
for radar cross-section (RCS) reduction was presented in a previous study, where near-
perfect absorption was achieved by Landy et. al [24]. The design is based on a split-ring
resonator connected through an inductive strip to a transmission line located on the
opposite side of the substrate, as shown in Fig. 2.6. By properly selecting the resonator
geometry and the substrate thickness, the structure allows separate tuning of the electric
and magnetic resonances. As a result, both the electric and magnetic components of the

incident electromagnetic wave are effectively absorbed.
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(a) b) (c)

™

Figure 2.6: Perfect metamaterial absorber: (a) top, (b) bottom, and (c) 3D view [24].

Simulation and experimental results indicate that reflectance R(w) and transmittance
T'(w) are minimized near resonance, producing high absorption A(w) around 11.5 GHz
(Fig. 2.7) [24].
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Figure 2.7: Reflectance and absorbance [24].
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2.4.2 Terahertz Frequency Absorbers

The terahertz (THz) frequency domain, which ranges from 1 to 10 THz, is located be-
tween the microwave and infrared (IR) frequency regions. THz metamaterial absorbers
(MMAs) have recently attracted significant research interest due to their potential appli-
cations in imaging and spectroscopy, the non-ionizing nature of THz radiation, and their
ability to penetrate materials such as plastics, paper, and fabrics. Initially, metamate-
rial absorbers were primarily developed for operation in the microwave frequency range
because fabrication at these frequencies is relatively straightforward. However, with the
advancement of design methodologies and fabrication technologies, their operation has
been extended to cover a much wider frequency spectrum. By adjusting the geometrical
parameters of the unit cell, metamaterial absorbers can now be designed to operate from
the microwave region through the terahertz band and even into the visible frequency
range.

This design flexibility represents one of the main advantages of metamaterials, as it
enables researchers to explore and develop devices operating within the terahertz region,
which has traditionally been difficult to exploit and is often referred to as the “THz gap.”
Various THz absorber configurations have been investigated, including fishnet structures
[25-27], SRR-based designs [28-30|, U-shaped resonators [31, 32|, chiral structures [33],
and graphene-based metamaterial absorbers [34-41].

Tao et al. [42] demonstrated a THz metamaterial absorber based on SRR arrays, as
illustrated in Fig. 2.8. The reported absorption peaks were attributed to a combination
of LC resonance and higher-order dipole modes, with absorption approaching 0.96 near
1.6 THz [42].

Figure 2.8: Schematic of a double-SRR [13].

Wang et al. [43] proposed a dual-band THz metamaterial absorber based on a U-shaped
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metallic resonator, as illustrated in Fig. 2.9. The proposed design achieved two absorption
peaks near 1.80 THz and 2.97 THz, both exceeding 98% absorption [43].

Mohanty et al. [44] proposed a multiband THz metamaterial absorber combining II-
shaped and U-shaped resonator elements, as shown in Fig. ??. The reported structure
exhibited three distinct absorption peaks with an average absorption close to 97%, demon-
strating the effectiveness of combining multiple resonator geometries to achieve multiband

absorption characteristics [44].

Figure 2.9: Schematic of a II- and U-shaped THz metamaterial absorber [44].

An ultra-wideband tunable metamaterial absorber operating in the terahertz frequency
range was proposed in. [52]. The unit cell consists of three concentric resonance rings
made of vanadium dioxide (VO3) placed over a dielectric spacer and backed by a metallic
ground plane. The dielectric layer is silicon dioxide (SiOs), while the bottom metallic layer
eliminates transmission as presented in Fig. 2.10. The multi-ring structure enables the
excitation of multiple resonant modes, which combine to achieve broadband absorption.

The symmetric geometry also provides polarization-insensitive performance.
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Figure 2.10: Unit-cell geometry of a multi-ring terahertz metamaterial absorber [26].

The reported results demonstrate excellent absorption performance, where the absorptiv-
ity exceeds 90% over a wide frequency range from approximately 2.34 THz to 5.64 THz.
Two main absorption peaks are observed around 2.83 THz and 5.19 THz as illustrated in
(Fig. 2.11) [52], and the high absorption is achieved through impedance matching with
free space and destructive interference inside the structure. Since the ground layer blocks

transmission, the absorption is calculated using:

A(w) =1- |Sll|2 (22)
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Frequency(THz)
Figure 2.11: Absorbitivity of multi-ring terahertz MTM absorber [52].

In addition to broadband operation, the absorber exhibits dynamic tunability by con-
trolling the electrical conductivity of the VOo layer. As the conductivity varies from
200 S/m (insulating state) to 2 x 10° S/m (metallic state), the absorption intensity in-
creases continuously from approximately 4% to nearly perfect absorption, while the oper-
ating frequency band remains almost unchanged as presented in (Fig. 2.12). The absorber
also demonstrates polarization-insensitive behavior and wide-angle performance, making
it suitable for various terahertz applications such as sensing, imaging, modulation, and
stealth technologies [52].
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Figure 2.12: Absorbtion variation of multi-ring MTM absorber with conductivity ( [52].
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2.4.3 Optical Frequency Absorbers

Optical metamaterial absorbers are designed to operate in optical and mid-infrared
regimes, where unit-cell dimensions must be on the nanometer scale, requiring advanced
nanofabrication. Despite this challenge, optical and mid-IR MMAs are of high interest for
applications such as thermal emission control and energy harvesting [45-49|. Avitzour et
al. [50] reported an early metamaterial-based absorber in the IR region with absorption
exceeding 90% and near-zero reflectivity.

Bossard et al. [51] proposed a broadband optical metamaterial absorber that is polarization-
insensitive and provides a super-octave bandwidth (Fig. 2.13). Near-unity absorption was
achieved by optimizing the geometry to support overlapping resonant modes across the

operating band, with stable absorption over incident angles up to 45° (Fig. 2.14) [51].

A' a . B

Figure 2.13: (A) Schematic of the unit cell broadband absorber. (B) Nanofabricated
image [51].
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Figure 2.14: (A) Simulated and (B) measured absorptivity [51].
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2.4.4 Plasmonic Metamaterial Absorbers for UAV Energy Har-

vesting

In the terahertz and optical regimes, metamaterial absorbers have attracted attention
for autonomous energy harvesting applications in unmanned aerial vehicles (UAVs). The
dual-band circular split-ring resonator (CSRR) absorber proposed by Alawad et al. [52],
originally designed in the microwave region, can be geometrically scaled to nanometer
dimensions to operate in the plasmonic frequency band, since the resonance frequency
of metamaterial structures is inversely proportional to their physical size. When imple-
mented using plasmonic metals such as silver or graphene on dielectric substrates, the
scaled CSRR structure can efficiently absorb incident electromagnetic radiation and con-
vert it into localized electrical energy through rectifying circuits, forming a metamaterial-
based rectenna system.

Such a configuration enables continuous wireless power transfer to UAV platforms, where
incident THz or optical energy beams can be dynamically directed using adaptive beam-
forming techniques. Beam steering allows the transmitted electromagnetic power to track
the UAV position in real time, maintaining high power density at the receiver and en-

abling persistent operation without onboard energy storage limitations

2.5 Chapter Summary

This chapter presented a comprehensive review of metamaterials and metamaterial ab-
sorbers together with their operating principles and major applications. The historical
development of metamaterials was reviewed beginning with the theoretical predictions
of Veselago and the subsequent practical realizations introduced by Pendry and Smith.
Fundamental metamaterial characteristics, including negative permittivity, negative per-
meability, and negative refractive index, were discussed to illustrate the unique electro-
magnetic behavior of artificially engineered structures.

The concept of metamaterial absorbers was then introduced, together with the theoretical
foundations governing electromagnetic absorption. The relationships between absorption,
reflection, and transmission coefficients were presented, highlighting the importance of
impedance matching and resonant electromagnetic interactions in achieving near-perfect
absorption.

Several representative metamaterial absorber applications were reviewed across different
frequency ranges. Microwave absorbers were discussed in the context of radar cross-
section reduction, wireless communications, and sensing systems. Terahertz absorbers
were examined for imaging, spectroscopy, and sensing applications, while optical ab-
sorbers were reviewed with particular emphasis on photonic devices, thermal emission

control, and solar energy harvesting systems. Furthermore, plasmonic metamaterial ab-
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sorbers for UAV energy harvesting were introduced as an emerging application area with
significant future potential.

The reviewed literature demonstrates that the electromagnetic response of metamaterial
absorbers can be effectively controlled through geometrical design and resonance engineer-
ing. In particular, geometrically scalable resonators provide a practical mechanism for
tuning resonance frequencies across different spectral regions. Moreover, multi-resonator
configurations offer promising opportunities for achieving broadband absorption through
resonance interaction and spectral overlap.

Based on these observations, the following chapter focuses on the implementation and
re-simulation of selected metamaterial absorbers as well as the development of geomet-
rically scaled optical double split ring resonator absorbers operating at different optical

frequencies.
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Chapter 3

Implementation and Re-simulation of

Metamaterial Absorbers

3.1 Introduction

In this chapter, some Metamaterial absorbers are resimulated from literatures for the
seek of verification. The realization of the extended perfect metamaterial absorbers in
the optical band is then sophisticated.

The re-simulation process is performed using CST Microwave Studio to verify the per-
formance of different metamaterial absorber structures reported in the literature. This
step ensures that the simulation environment, boundary conditions, and material defini-
tions are correctly implemented. Metamaterial absorbers operating at different frequency
ranges, including microwave and terahertz bands, are investigated. The obtained results

are compared with the published work to validate the accuracy of the modeling approach.

3.2 Basic Equations

The operation of the metamaterial absorber is governed by the electromagnetic interaction
between the incident wave and the resonant structure. The absorption performance is
evaluated using the scattering parameters, which describe the reflected and transmitted
power. Since the absorber is backed by a metallic ground plane, the transmission is
negligible, and the absorption can be expressed in terms of the reflection coefficient.
In addition, the resonance behavior of the structure is determined by the equivalent
inductance and capacitance of the resonator. The following equations are used to analyze
the absorption characteristics and resonance properties of the proposed metamaterial

absorber.
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The fundamental resonance frequency is given by

1
fo=——F—— (3.1)
27/ LeqCeq
or equivalently,
1
e — 3.2
q q (27Tf0)2 ( )
The inductances of the outer and inner rings are approximated by
_ g ,
L1 = HoT1 In (£> -2 s (33)
L w -
_ 8 ;
Ly = pors |In (2> -2/, (3.4)
L w -
where
o = 4m x 1077 H/m. (3.5)

The mutual inductance between the rings is

M ~ k~/L1 Lo, (3.6)

with
0.6 <k <0.95. (3.7)
The equivalent inductance is
Leg = L1+ Ly + 2M. (3.8)
The split-gap capacitance is
A
Cy = €o&r—, (3.9)
[Y
where
A=w xt, (3.10)
and
g0 = 8.85 x 107" F/m. (3.11)

Since the two gap capacitors are connected in series,

Cy

Cg(series) = 7 (312)
The mutual capacitance between the rings is
T qugl
Cy, = €&y , (3.13)
5
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where

Favg = '; 3 (3.14)

The total capacitance is
C’eq = C’g(series) + Cp. (315)

3.3 Re-simulation of Metamaterial Absorber in Tera-
hertz Band [53]

To further verify the modeling approach at higher frequencies, a terahertz broad-band
metamaterial absorber reported in the second paper 53] is re-simulated. The structure
consists of multiple metallic resonant rings separated from a metallic ground layer by a
dielectric spacer as shown in the MTM absorber geometry in Fig. 3.1. This configuration
enables impedance matching with free space, which minimizes reflection and enhances

absorption.

Figure 3.1: Unit cell geometry of the multi-ring terahertz metamaterial absorber [53].

According to the reference paper [53], the proposed absorber achieves broadband absorp-
tion greater than 90% over the frequency range from approximately 2.34 THz to 5.64
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THz. The simulation is performed under normal incidence with periodic boundary con-
ditions. The obtained results show a broadband absorbitivity from approximately 2.8
THz to 5.2 THz with values exceeds 90% over the same frequency range which showed a

very good agreement with the reference paper [53| as illustrated in Fig. 3.2.

1.0

08}

06}

04}t

02}t

005 : , ,

1 2 3 4 5 6 7 8
Frequency(THz)
(a) reference [53]
Mix 1DC [Real Part]
1
0.9
0.8
0.7 \
0.6 \
0.5
0.4 /
0.3
0.2
0.1
0

1 2 3 4 5 6 7 8

(b) resimulated

Figure 3.2: Absorbitivity of terahertz MTM absorber (a) reference [53] (b) resimulated.
Since the ground layer blocks transmission, the absorption is calculated using:

Alw) =1—|5,/ (3.16)

In the reference work [53], the absorption performance of the terahertz absorber is con-
trolled by varying the electrical conductivity (o) of the VOo layer. The conductivity is
swept from 200 S/m (insulating state) to 2 x 10° S/m (metallic state). It is reported that
the absorption increases gradually with increasing conductivity, reaching near-unity ab-
sorption at high conductivity values, while the operating frequency range remains nearly
unchanged.

In this work, a similar conductivity sweep is performed over the same range. The ob-
tained results show the same trend, where the absorption level increases with increasing
conductivity and exceeds 90% within the operating frequency band at high conductivity

values such comparison in presented in Fig. 3.3.
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Figure 3.3: Absorption variation of terahertz MTM absorber with conductivity (a) refer-
ence [53| (b) resimulated.

The results obtained in this work are in good agreement with those reported in [53],
confirming the tunable behavior of the absorber and validating the accuracy of the CST

re-simulation.

3.4 Development of Tunable MetaMaterial Absorber
in Optical Band [54]

Metamaterial absorbers (MTMAs) have attracted significant attention due to their abil-
ity to achieve strong and selective electromagnetic absorption using subwavelength struc-
tures. They have garnered significant interest due to their unique electromagnetic fea-
tures, which enable the efficient absorption of electromagnetic radiation in a specific
frequency range or multiple frequency ranges. These absorbers are useful in many appli-
cations such as sensing, filtering, imaging, and photonic devices. Their designs are based

on artificially engineered structures that enable tailored absorption properties [55-61].
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They have been extensively researched due to their potential applications in photon-
ics [56], [57], [59] Different designs have been proposed in the literature to achieve either
broadband absorption or absorption at specific frequencies. Among these designs, split
ring resonators (SRRs) and double split ring resonators (DSRRs) are widely used because
they provide strong resonance behavior due to their inductive and capacitive properties,
as well as their ability to operate across microwave, terahertz, and optical frequency
regimes. In [56], a wideband near perfect light absorber in the midwave IR region using
a multiplexed plasmonic metal structure is presented. The wideband near-perfect light
absorber is made of two different size gold metal squares multiplexed on a thin dielectric
spacing layer on top of a thick metal layer in each unit cell. A polarization insensitive
and wide-angle broadband nearly perfect absorber by planar MTM in the visible regime
is studied in [57]. The bandwidth of the absorption spectrum can be effectively expanded
by combining multiple resonant elements. Shimaa I. Sayed et al. [59] designed a highly
efficient broadband MTMA based on a Manganese—Silica-Manganese three-layer struc-
ture with a shaped pattern at the top layer for maximum absorption efficiency. Despite
the large number of reported designs, most metamaterial absorbers are limited to fixed
resonance frequencies that are determined once the geometry is defined. This makes it
difficult to systematically control or tune the operating frequency without redesigning
the entire structure. In addition, achieving multiple resonance frequencies using a single
resonator remains challenging, as many existing approaches rely on combining different
resonators or using complex geometries. Moreover, MTMAs are important for applica-
tions such as optical filtering, spectroscopy, sensing, and imaging. However, most of the
existing work focuses either on fixed resonance frequencies or on broadband designs, with
limited ability to systematically tune or control multiple resonances using a single struc-
ture. In many cases, different resonators are combined, or the design is optimized in a
trial-and-error manner. In this work, a DSRR-based absorber is proposed and numeri-
cally investigated. The structure is designed to achieve resonances at multiple frequencies
in the terahertz region through geometrical scaling without getting complicated struc-
ture. The electromagnetic response and underlying resonance mechanisms are analyzed
using the FDTD CST Microwave Studio through the simulation of scattering parameters
and surface current distributions. The paper is organized as follows: Section II presents
the structure design, Section III illustrates the results and discussion, and the work is

concluded in Section IV.

3.4.1 STRUCTURE DESIGN AND BASIC EQUATIONS

The proposed absorber consists of a double split ring resonator (DSRR) printed on a
dielectric substrate. The structure is composed of three layers: a patterned metallic

DSRR layer on the top, a dielectric spacer layer, and a continuous metallic ground plane
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(a) (b)
Figure 3.4: Unit cell geometry of the proposed DSRR: (a) front view, (b) side view

at the bottom as illustrated in Fig.3.4.

The structure is composed of three layers: a patterned silver DSRR layer on the top, a
dielectric spacer layer, and a continuous metallic ground plane (silver) at the bottom. The
ground layer suppresses electromagnetic transmission, allowing the structure to operate
as an efficient absorber. The substrate material of spacer is Si02 has relative permittivity
3.9, thickness of quarter wavelength, and conductivity of 13.3 * 10”S/m. Table 3.1 depicts
the missing dimensions of DSRR.

The incident electromagnetic wave is modeled as a plane wave propagating normally to
the metamaterial surface, with the electric field oriented parallel to the split gaps. Under
this excitation, the electric field induces charge accumulation across the gaps, producing
circulating surface currents along the rings.

The resonance frequency of the structure is determined by the effective inductance "L" of
the metallic rings and the capacitance "C" introduced by the split gaps. The resonance

condition follows the classical LC resonance relation:

1
fo= o /IC (3.17)

The absorptivity of the structure is calculated from the scattering parameters using the

following relation:

Aw) =1 - R(w) — T(w) (3.18)

where R(w) and T'(w) represent the reflection and transmission coefficients, respectively.
Since the ground plane blocks transmission (7' &~ 0), the absorptivity can be expressed

as
A(u}) =1- |SH|2 (319)

By systematically adjusting the ring dimensions, gap width, and spacing between the
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Table 3.1: Geometrical parameters of the proposed DSRR unit cell for different resonance
frequencies.

Parameter 423 THz (nm) 518 THz (nm) 640 THz (nm) 831 THz (nm)

W 288 230.4 180 288
" 128 102.4 80 80
ro 80 64 50 50
w, 16 12.8 10 10
o 32 25.6 20 20
s 32 25.6 20 20
tg 40 40 40 40
ts 60 60 60 60
t 32 25.6 20 20

rings, the resonance frequency can be tuned across the optical frequency spectrum. The

geometrical parameters used for the DSRR structure are summarized in Table 3.1.

3.4.2 Results and Discussion

Fig 3.5 shows the scattering parameters in terms of reflection coefficient and absorptiv-
ity of the proposed structure tuned at 423 THz and 518 THz. The simulated reflection
coefficients for the designed structures demonstrate clear resonance dips at 423 THz, 518
THz. The depth of these dips indicates strong coupling between the incident electromag-
netic field and the resonator with absorption 100% at both resonance. Surface current
presented in Fig 3.6 for the case of 423 THz for explanation and confirmation of reso-
nance (the color gradient from maximum to minimum is donted from red to light blue
color). It confirms that the resonance mechanism is primarily driven by electric field
induced charge accumulation at the split gaps, leading to circulating currents and energy

confinement within the resonator.
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Figure 3.5: Simulated reflection coefficient (S1;) and absorptivity of the proposed DSRR
absorber at (a) 423 THz and (b) 518 THz.

Figure 3.6: Surface current of the proposed DSRR absorber at 423 THz.
Also it is very important to point out that for the cases of 420 THz and 520 THz designs,

multiple resonant dips are observed in the reflection spectrum as depicted in Fig 3.5.

These additional resonances originate from higher order surface current modes supported
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by the ring structure as well as electromagnetic coupling between the inner and outer
rings. This can be confirmed if one see the surface current for the design at 420 THz
which originates higher order mode resonance at 617.5 THz and 767 THz) due to the
current maxima and nodes depicted at Fig 3.7 (surface current is gradient from red to
light blue color).

(a) 618 THz (b) 767 THz

Figure 3.7: Surface current of the proposed DSRR absorber at (a) 618 THz and (b) 767
THz.

Table 3.2: Comparison with previous works

‘Work Structure type Resonance Number | Peak absorption | Main tuning
frequencies of reso- approach
nances
Wen et al. | Electric split ring | 0.45 THz, 0.92 |2 Over 99.99% sim- | Different split
[62] resonator (eSRR) | THz ulated; 80.8% and | gaps / dual LC
63.4% measured resonances

Lu et al. | Asymmetric 4.48 THz, 4.76 |2 98.6%, 98.5% Gap asymmetry
[63] DSRR THz

This work | Geometrically 423 THz, 518 |4 ~100% Geometrical scal-

scaled DSRR THz, 640 THz, ing
831 THz

Similarly, Fig 3.8 illustrates the reflection coefficient and the absorption coefficient at
640 THz and 831 THz.

while a secondary resonance appears at higher frequencies.

At 640 THz, the fundamental resonance remains dominant,
In contrast, the 831THz
design exhibits only a single dominant resonance within the simulated frequency range.
This behavior is mainly attributed to geometrical miniaturization of the resonator and
increased material losses at higher frequencies, which suppress higher order resonant

modes.
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Figure 3.8: Simulated reflection coefficient (S71) and absorptivity of the proposed DSRR
absorber at (a) 640 THz and (b) 831 THz.

To further evaluate the proposed structure, a comparison is made with previously re-
ported terahertz metamaterial absorbers. Wen et al. reported a dual-band terahertz
metamaterial absorber with two distinct absorption points near 0.45 THz and 0.92 THz,
where the absorber response is related to two LC resonances generated using an electric
split ring resonator structure [62]. Although strong absorption was achieved, the design
was limited to only two resonance bands. In another work, Lu et al. proposed an ul-
trathin terahertz dual-band absorber using an asymmetric double split ring resonator
and obtained two almost equal strong absorption peaks at 4.48 THz and 4.76 THz with
absorptivity of 98.6% and 98.5%, respectively [63]. In that design, the tuning process
depends on introducing asymmetry by shifting the gap position.

Compared with these works, the proposed design achieves four resonance frequencies
using the same DSRR concept through systematic geometrical scaling shown in Table
3.2. In addition, the absorption level in the proposed structure approaches 100% at
the designed resonances, while the tuning mechanism is based on changing the physical
dimensions of the resonator rather than introducing structural asymmetry or using more
complex resonator arrangements. This gives a more direct relation between geometry

and resonance behavior and makes the tuning process more predictable.

3.5 Chapter Summary

This chapter presented the implementation and re-simulation of selected metamaterial
absorbers operating at terahertz and optical frequencies. A broadband terahertz metama-
terial absorber reported in the literature was re-simulated using CST Microwave Studio
to verify the adopted simulation methodology. The obtained results showed good agree-
ment with the published work, confirming the accuracy of the simulation setup and the
validity of the modeling approach.

In addition, a tunable optical metamaterial absorber based on geometrically scaled double
split ring resonators (DSRRs) was investigated. By systematically scaling the resonator

dimensions, the absorption response was tuned to multiple resonance frequencies at 423
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THz, 518 THz, 640 THz, and 831 THz. The obtained results demonstrated near-perfect
absorption at the designed resonance frequencies and confirmed the effectiveness of geo-
metrical scaling as a simple and predictable tuning mechanism. Surface current distribu-
tions were analyzed to explain the resonance behavior and identify the fundamental and
higher-order resonant modes responsible for the observed absorption characteristics.

The results presented in this chapter establish the foundation for the next stage of the re-
search. Building upon the concept of geometrically scaled DSRRs, the following chapter
investigates the development of wideband multi-resonance optical metamaterial absorbers
based on composite configurations of multiple coupled resonators. The interaction be-
tween resonators of different dimensions is exploited to enhance spectral coverage, broaden
the absorption bandwidth, and improve the overlap with the solar blackbody radiation

spectrum for energy harvesting applications.
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Chapter 4

Development of Wideband
Multi-Resonance Optical Metamaterial

Absorber Based on Composite
Geometrically Scaled Multiple DSRRs

4.1 Introduction

Since the introduction of the first near-perfect metamaterial absorber by Landy et al. [64],
metamaterial absorbers have been extensively investigated across microwave, terahertz,
infrared, and optical frequency regimes. Their unique electromagnetic properties enable
efficient suppression of reflection and transmission, allowing incident electromagnetic en-
ergy to be confined and dissipated within the structure. As a result, metamaterial ab-
sorbers have found numerous applications in optical sensing, thermal imaging, photode-
tection, thermal emission control, optical filtering, stealth technology, and solar energy
harvesting [65].

The absorption behavior of metamaterial absorbers is primarily governed by the geometry
of the resonant unit cell. Split ring resonators (SRRs) and double split ring resonators
(DSRRs) are among the most widely used resonant structures due to their strong LC
resonance characteristics, compact size, and high design flexibility. The resonance fre-
quency of these structures can be controlled by modifying the geometrical dimensions of
the metallic rings and split gaps, which directly affect the effective inductance and capac-
itance of the resonator. Consequently, DSRRs provide an effective platform for designing
frequency-selective absorbers with tunable electromagnetic responses.

Although single-band absorbers can achieve near-unity absorption at specific frequen-
cies, their narrow operating bandwidth restricts their usefulness in applications requiring

broad spectral coverage. To overcome this limitation, numerous broadband and multi-
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band metamaterial absorbers have been proposed. Hendrickson et al. [66] demonstrated
broadband absorption by multiplexing metallic resonators with different dimensions,
while Duan et al. [67] reported a broadband visible-frequency absorber based on planar
metamaterial structures. Other studies have employed multi-resonator configurations,
asymmetric resonators, hybrid metamaterial designs, and material-based optimization
techniques to increase absorption bandwidth and improve spectral coverage [68-70].
Broadband optical absorption is particularly important for solar-energy-related appli-
cations. The solar blackbody radiation spectrum extends over a wide frequency range
covering the visible and near-infrared regions. Therefore, absorbers designed for solar har-
vesting should maintain strong absorption over a broad spectral band rather than at iso-
lated resonance frequencies. Achieving such behavior using a compact and geometrically
simple metamaterial structure remains a challenging research problem. Ultra-broadband
metamaterial absorbers have therefore been investigated as promising candidates for solar
energy harvesting applications [71].

In the previous chapter, a geometrically scaled DSRR-based optical metamaterial ab-
sorber was developed to achieve tunable multi-frequency absorption [72]. By system-
atically varying the resonator dimensions, controlled absorption was demonstrated at
multiple resonance frequencies ranging from 423 THz to 831 THz. Although near-perfect
absorption was achieved at several frequencies, the generated resonances remained dis-
crete and separated from one another, limiting the overall spectral coverage.

To overcome this limitation, this chapter extends the concept of geometrically scaled
DSRRs by combining multiple resonators with different dimensions within a composite
unit-cell configuration. Instead of using geometric scaling solely to tune isolated resonance
frequencies, the proposed approach exploits electromagnetic coupling between neighbor-
ing resonators to generate additional resonant modes and promote spectral overlap. The
interaction between resonators of different dimensions enables the gradual transition from
discrete multi-frequency absorption to broadband absorption behavior.

The investigation is divided into two stages. First, two individual DSRR unit cells de-
signed around 400 THz and 640 THz are investigated through parametric sweeps to verify
the tunability of the resonator geometry. Second, composite structures consisting of two,
three, and four coupled DSRR cells are introduced and analyzed to study resonance inter-
action, bandwidth evolution, and broadband absorption. Finally, a blackbody-weighted
absorption analysis is performed to evaluate the ability of the proposed configurations
to harvest solar radiation. The obtained results demonstrate that increasing the number
of coupled resonators broadens the absorption bandwidth and enhances the overlap with

the solar blackbody spectrum, resulting in improved harvesting performance.
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4.2 Structure Design and Basic Equations

The proposed absorber consists of metallic DSRRs printed on a dielectric substrate backed
by a continuous metallic ground plane. The metallic ground suppresses transmission,
forcing the incident electromagnetic energy to be either reflected or absorbed.

The resonance frequency of the DSRR is governed by the equivalent inductance and

capacitance of the resonator and may be approximated by

1
Jo= VIO (4.1)

where L represents the effective inductance and C' represents the capacitance introduced
by the split gaps.

The absorptivity is calculated using
Alw) = 1R(w)T(w) (4.2)
Since the metallic ground suppresses transmission,
T(w) =0 (4.3)
Therefore, the absorptivity can be expressed as
Aw) = 1|11 (4.4)

The absorber performance is evaluated using CST Microwave Studio over the investigated

optical frequency range.

4.3 Unit Cell Analysis

The geometry of the proposed single DSRR unit cell is illustrated in Fig. 4.1, where all
geometrical parameters are indicated. The structure consists of two concentric splitring
resonators printed on a dielectric substrate backed by a metallic ground plane. The
geometrical dimensions of the resonator determine the effective inductance and capaci-
tance of the structure and consequently control the resonance frequency and absorption

behavior.
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(b)

Figure 4.1: Geometry of the proposed single DSRR unit cell: (a) front view (b) side view

4.3.1 400 THz DSRR Unit Cell

The first stage of the investigation focuses on a DSRR unit cell designed around 400 THz.
A parametric sweep is performed by varying the inner and outer ring radii as shown in
Table 4.1.

Table 4.1: Geometrical Parameters of the 400 THz Unit Cell

Sweep 71 (nm) 7o (nm)

1 128 80
2 120 74
3 120 80
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Figure 4.2: Reflection coefficient and absorptivity of the 400 THz unit cell for different
geometrical sweeps.

The obtained results demonstrate that modifying the ring dimensions shifts the reso-
nance frequencies and alters the absorption characteristics as illustrated in Fig. 4.2. The
observed behavior confirms the dependence of the resonance frequency on the effective

inductance and capacitance of the DSRR geometry.

4.3.2 640 THz DSRR Unit Cell

A second DSRR unit cell operating around 640 THz is investigated to demonstrate the
tunability of the structure at a higher optical frequency the sweeping of the inner and

outer radii are shown in Table 4.2.

Table 4.2: Geometrical Parameters of the 640 THz Unit Cell

Sweep 7 (nm) 7o (nm)

1 128 80
2 143 70
3 112 70

45



0.8

2
Absorption

S
=

I
1S

—4
% 0 400 500 700 800 900

600
Frequency [THz]

Figure 4.3: Reflection coefficient and absorptivity of the 640 THz unit cell for different
geometrical sweeps.

The higher frequency unit cell exhibits similar tunability characteristics as shown in
Fig. 4.3. Variations in the resonator dimensions modify the resonance locations and

demonstrate the flexibility of DSRR structures for optical frequency engineering.

4.4 Composite Cell Analysis

4.4.1 Two Cell Configuration

The first composite structure combines two geometrically scaled DSRRs within a single
unit cell. This configuration is used to investigate the initial interaction between two
resonant elements. The proposed Two-Cell’s configuration geometry is shown in Fig. 4.4,

and the sweeping parameters is proposed in Table 4.3.

Figure 4.4: Geometry of the proposed two cell composite absorber.
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Table 4.3: Geometrical Parameters of the Two Cell Configuration

Sweep r3 (nm) 74 (nm)

1 118 66
2 133 74
3 133 70
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Figure 4.5: Reflection coefficient and absorptivity of the two cells composite absorber for
different geometrical sweeps.

The introduction of a second resonator generates additional resonant modes and increases
the spectral coverage as illustrated in Fig. 4.5 compared with the individual DSRR struc-
tures. This confirms that coupling between resonators can be used as an effective mech-

anism for bandwidth enhancement.

4.4.2 Three Cell Configuration

A third resonator is incorporated to increase the resonance density and promote stronger
spectral overlap. The proposed Three-Cell’s configuration geometry is shown in Fig. 4.6,

and the sweeping parameters is proposed in Table 4.4.
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Figure 4.6: Geometry of the proposed three cell composite absorber.

Table 4.4: Geometrical Parameters of the Three Cell Configuration

Sweep 75 (nm) 76 (nm) r3 (nm) 74 (nm)

1 118 74 128 74
2 123 7 128 74
3 128 80 128 74
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Figure 4.7: Reflection coefficient and absorptivity of the three cells composite absorber
for different geometrical sweeps.

The interaction between the three resonators introduces additional coupled modes and

promotes partial overlap between neighboring absorption bands. Compared with the
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two cells configuration, the three cells structure provides a more continuous absorption

response as illustrated in Fig. 4.7 .

4.4.3 Four Cells Configuration

The final configuration consists of four geometrically scaled DSRRs with the proposed
geometry shown in Fig. 4.8. This structure represents the main wideband absorber pro-
posed in this work. Table 4.5 represents the sweep of the multiradii of the proposed

cells.

Figure 4.8: Geometry of the proposed four cells composite absorber.

Table 4.5: Geometrical Parameters of the Four Cells Configuration

Sweep 77 (nm) 7rg (nm) r3 (nm) 74 (nm)

1 106 66 118 66
2 118 66 128 74
3 120 70 128 74

49



1.0

!—4— Sweep 1
5| —@— Sweep 2
| —a— Sweep 3
0.8
_10 4
— 151 | =
% n 0.6 g
= 5l \) e
- T\ L\ S
& % z
254 \ S 0.4 <
\ \ X
\$
30R p .
0.2
=35
—40 : . : , T 0.0
300 400 500 600 700 800 900

Frequency [THz]|

Figure 4.9: Reflection coefficient and absorptivity of the four cells composite absorber for
different geometrical sweeps.

The four cells structure exhibits the strongest resonance interaction among all investi-
gated configurations. Multiple resonant modes overlap and merge, producing a signif-
icantly broader absorption as illustrated in Fig. 4.9. This behavior demonstrates that
increasing the number of geometrically scaled resonators enhances the spectral coverage
of the absorber.

4.4.4 Broadband Absorption Mechanism

The observed bandwidth enhancement originates from the interaction between resonators
of different dimensions. Each DSRR contributes a distinct resonance frequency. When
several resonators are combined within the same structure, electromagnetic coupling gen-
erates additional hybrid modes. As the number of resonators increases, the resonance
density becomes larger and neighboring resonances begin to overlap.

This resonance merging mechanism transforms the discrete absorption peaks observed in
the individual unit cells into a broader absorption spectrum. Consequently, the four cells
structure is capable of absorbing electromagnetic energy over a wider frequency range and

can therefore interact with a larger portion of the solar blackbody radiation spectrum.

4.4.5 Blackbody Radiation Harvesting Analysis

The absorption spectra presented in the previous sections demonstrate that increasing
the number of coupled resonators broadens the operating bandwidth of the metamaterial
absorber. However, broadband absorption alone does not directly indicate the capability

of the structure to harvest solar radiation. Therefore, a blackbody-weighted absorption
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Table 4.6: Blackbody-Weighted Absorption Efficiency of the Investigated Configurations

Structure Sweep 1 (%) Sweep 2 (%) Sweep 3 (%) Average (%)
400 THz Unit Cell 48.51 48.68 48.06 48.42
640 THz Unit Cell 51.35 47.78 52.84 50.65
2 Cells 58.36 02.18 54.27 54.94
3 Cells 47.03 48.35 47.82 47.73
4 Cells 60.72 57.99 56.32 58.34

analysis was performed to quantify the fraction of the incident solar radiation that can
be absorbed by each configuration. Since the Sun can be approximated as a blackbody
radiator at a temperature of 5778 K, Planck’s radiation law was employed to evaluate
the overlap between the absorber response and the solar spectrum.

First Planck’s blackbody spectral radiance:

onfE 1

B(fuT): 2 ehf/kT _

(4.5)

where h is Planck’s constant, ¢ is the speed of light, k is Boltzmann’s constant, f is the
frequency, and T is the blackbody temperature.
The blackbody-weighted absorption efficiency is then calculated as:

f
/ A(f) B(f.T) df

n = x 100 (4.6)

f2
| B
f1

where A(f) denotes the absorptivity of the proposed metamaterial absorber and f1=300
THz and f2=900 THz define the investigated spectral range.

The calculated blackbody harvesting efficiencies for the individual resonators and the
composite configurations are summarized in Table 4.6. For each structure, the efficiency
was evaluated for the three investigated sweeps and the average value was subsequently
determined. The obtained results provide a quantitative measure of the overlap between
the absorption response and the solar blackbody spectrum.

The results reveal that the blackbody harvesting efficiency generally improves as addi-
tional resonators are incorporated into the absorber design. The four-cell configuration
exhibits the highest average efficiency of 58.34%), indicating the strongest overlap with the
solar blackbody spectrum over the investigated frequency range. In comparison, the indi-
vidual 400 THz and 640 THz unit cells achieve average efficiencies of 48.42% and 50.65%,
respectively. The enhanced performance of the four-cell structure is attributed to the
generation of multiple resonant modes and the consequent bandwidth broadening, which

enable a larger portion of the incident solar radiation to be absorbed. These findings
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confirm that the proposed multi-resonator strategy is effective for improving broadband

solar-energy harvesting performance.

4.5 Chapter Summary

This chapter presented the development of a wideband multi-resonance optical meta-
material absorber based on composite geometrically scaled double split ring resonators
(DSRRs). Initially, individual DSRR unit cells operating around 400 THz and 640 THz
were investigated through parametric sweeps to verify the dependence of the resonance
response on the geometrical dimensions of the resonator.

Composite absorber configurations consisting of two, three, and four coupled DSRR cells
were subsequently introduced and analyzed. The obtained results demonstrated that in-
creasing the number of resonators within the unit cell generates additional resonant modes
and promotes electromagnetic coupling between neighboring resonators. Consequently,
the absorption bandwidth increased progressively as the number of coupled resonators
increased. The four-cell configuration exhibited the strongest resonance interaction and
achieved the broadest absorption response among all investigated structures.

The physical mechanism responsible for the observed bandwidth enhancement was also
discussed. It was shown that each DSRR contributes a distinct resonance frequency, while
electromagnetic coupling between resonators generates additional hybrid resonant modes.
The overlap and merging of these resonances transform discrete absorption peaks into a
broader absorption spectrum, thereby improving the spectral coverage of the absorber.
Finally, a blackbody-weighted absorption analysis was performed to evaluate the suitabil-
ity of the proposed configurations for solar energy harvesting applications. The obtained
results showed that the blackbody harvesting efficiency generally improves with increasing
number of coupled resonators. The four-cell configuration achieved the highest average
harvesting efficiency due to its enhanced bandwidth and stronger overlap with the solar
blackbody radiation spectrum.

The results presented in this chapter demonstrate that composite geometrically scaled
DSRR configurations provide an effective approach for realizing wideband optical meta-

material absorbers with improved solar energy harvesting capability.

Conclusion

This thesis presented the design, analysis, and optimization of optical metamaterial ab-
sorbers based on double split ring resonator (DSRR) structures for frequency-selective and
broadband electromagnetic energy harvesting applications. The research was conducted

through two complementary stages that progressively advanced the absorber performance

52



from controllable multi-frequency operation toward efficient wideband solar-spectrum ab-
sorption.

In the first stage, a geometrically scaled DSRR metamaterial absorber was developed
and investigated to establish a direct relationship between resonator dimensions and res-
onance behavior. By systematically varying the geometrical parameters of the concentric
split-ring structure, controlled absorption was achieved at multiple optical frequencies
ranging from 423 THz to 831 THz. The study demonstrated that geometrical scaling
provides a predictable and efficient tuning mechanism for resonance engineering while
maintaining near-unity absorption at the desired frequencies. Furthermore, the analy-
sis revealed the physical origin of higher-order resonances arising from electromagnetic
coupling between the inner and outer rings, providing deeper insight into the resonance
mechanisms governing optical metamaterial absorbers.

Building upon these findings, the second stage introduced composite configurations con-
sisting of multiple geometrically scaled DSRRs integrated within a single unit cell. The
objective was to transform discrete resonance peaks into a broadband absorption response
through electromagnetic coupling and resonance merging. Numerical investigations of
two-cell, three-cell, and four-cell configurations demonstrated that increasing the num-
ber of coupled resonators generates additional hybrid modes, enhances resonance density,
and promotes spectral overlap. As a result, the absorption response evolved from isolated
narrowband resonances into a significantly broader and more continuous spectral profile.
To evaluate the practical significance of the proposed structures for renewable-energy ap-
plications, a blackbody-weighted absorption analysis based on Planck’s radiation law was
performed. The results confirmed that broadband absorption directly improves the over-
lap between the absorber response and the solar blackbody radiation spectrum. Among
all investigated designs, the four-cell composite absorber achieved the highest blackbody-
weighted absorption efficiency of 58.34%, demonstrating the strongest capability for har-
vesting incident solar radiation within the investigated optical frequency range. These
findings establish a clear link between resonance engineering, bandwidth enhancement,
and solar-energy harvesting performance.

Overall, this thesis demonstrates that geometrical scaling and multi-resonator coupling
provide a unified and scalable framework for engineering advanced optical metamaterial
absorbers. The proposed designs successfully bridge the gap between frequency-selective
absorption and broadband energy harvesting, offering a versatile platform for future appli-
cations in solar energy conversion, thermal photonics, selective thermal emitters, optical
filtering, photodetection, sensing, and next-generation nanophotonic systems. The pre-
sented methodology also provides a foundation for future investigations involving adaptive
metamaterials, tunable materials, artificial intelligence—assisted optimization, and exper-
imentally realized ultrabroadband absorbers capable of approaching the theoretical limits

of solar-radiation utilization
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Future Work

Although the proposed metamaterial absorbers demonstrated excellent performance in
terms of tunable multi-frequency absorption, wideband operation, and solar-radiation
harvesting capability, several research directions remain open for further investigation.
Future work may include the fabrication and experimental characterization of the pro-
posed DSRR-based metamaterial absorbers to validate the numerical results presented
in this thesis. The influence of fabrication tolerances, material imperfections, and manu-
facturing limitations on the absorber performance can also be investigated.

Further enhancement of the absorption bandwidth may be achieved through the incorpo-
ration of additional resonators, fractal geometries, or hybrid metamaterial configurations.
Alternative resonator topologies and novel unit-cell arrangements may also be explored
to maximize resonance overlap and improve broadband absorption characteristics.

The integration of tunable and active materials such as graphene, phase-change materi-
als, vanadium dioxide (VO3), and other reconfigurable nanomaterials represents another
promising research direction. Such materials may enable dynamic control of the absorp-
tion spectrum and facilitate the development of adaptive metamaterial absorbers capable
of responding to changing environmental conditions.

In addition, optimization techniques based on artificial intelligence, machine learning,
and evolutionary algorithms may be employed to automate the design process and iden-
tify optimal geometrical configurations for specific applications. These approaches can
significantly reduce design complexity while improving absorber performance.

Future investigations may also focus on extending the proposed designs toward ultra-
broadband absorbers with enhanced overlap with the solar blackbody radiation spectrum.
Such developments could improve solar-energy harvesting efficiency and contribute to the
realization of advanced photonic energy-conversion systems.

Finally, the proposed absorber structures may be adapted and optimized for a wide range
of applications including thermal photovoltaics, selective thermal emitters, infrared cam-
ouflage, optical sensing, photodetection, thermal imaging, and next-generation nanopho-

tonic devices.
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