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ABSTRACT  

ABSTRACT 

We propose a novel metamaterial-based broadband solar absorber and thermal emitter for 

thermophotovoltaic (TPV) applications. The designed structure consists of two concentric 

cylinders placed atop a dielectric spacer, with a manganese (Mn) layer as the bottom reflector. The 

absorber leverages the synergistic effects of plasmonic and photonic resonances to achieve high 

absorption across a broad spectrum, maximizing solar energy harvesting. The manganese backing 

enhances absorption efficiency while ensuring high thermal stability and selective thermal 

emission in the infrared range, which is crucial for efficient TPV conversion. Finite-difference 

time-domain (FDTD) simulations confirm that the proposed structure exhibits near-unity 

absorption over a wide spectral range, making it a promising candidate for next-generation solar 

energy and thermophotovoltaic systems. 

Key words: thermophotovoltaic systems, metamaterial absorber, solar energy harvesting, FDTD. 

  



ABSTRACT  

 الملخص 

المواد الفوقية الجديدة لتطبيقات أنظمة الطاقة الحرارية الضوئية ا على ما قائيحرار ومصدراعريض النطاق  ياا شمسصنقترح ما

(TPVيتكون الهيكل المصمم من أسطوانتين متحدتي المركز موضوعتين أعلى فاصل عازل، مع طبقة من .) غ( نيزMn  كعاكس )

ر طيف واسع، مما يزيد من  عب  لسفلي. يستفيد الماص من التأثيرات التآزرية للرنين البلازموني والفوتوني لتحقيق امتصاص عا

المن الخلفية من  الطبقة  إلى أقصى حد. تعزز  الشمسية  الطاقة  استقرار حراري عا غحصاد  الامتصاص مع ضمان  كفاءة    ل نيز 

وانبعاث حراري انتقائي في النطاق تحت الأحمر، وهو أمر حاسم لتحويل الطاقة الحرارية الضوئية بكفاءة. تؤكد محاكاة الفرق  

  حاشبه كامل عبر نطاق طيفي واسع، مما يجعله مرش  اظهر امتصاصي( أن الهيكل المقترح  FDTDلمجال الزمني )المحدود في ا 

 ا لأنظمة الطاقة الشمسية وأنظمة الطاقة الحرارية الضوئية من الجيل التالي.   دواع

أنظمة الطاقة الحرارية الضوئية، ماص المواد الفوقية، حصاد الطاقة الشمسية، محاكاة الفرق المحدود في   الكلمات المفتاحية:

 (. FDTDالمجال الزمني )
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INTRODUCTION 

The absorption of electromagnetic waves (EMWs) in the optical and terahertz domains is 

considered one of the leading topics in modern research fields, where metamaterials (MMs) 

emerge as a revolutionary tool for designing highly efficient absorbers. These materials are 

distinguished by their unique electromagnetic (EM) properties resulting from their precise 

subwavelength design, enabling precise control over their interaction with EMWs [15]. This thesis 

aims to explore the design and analysis of metamaterial absorbers (MMAs) in the optical and 

terahertz ranges, with a focus on their applications in solar energy absorption, as it is an area of 

increasing interest targeted by governments worldwide [16]. 

The significance of this research lies in the ability of MMAs to achieve near-perfect wave 

absorption across wide frequency ranges, opening new horizons in applications such as improving 

the efficiency of converting solar energy into heat or electricity [8], and enhancing the performance 

of communication systems by reducing electromagnetic interference (EMI) [9]. Moreover, the use 

of these absorbers lies in improving the performance of devices such as sensors and high-frequency 

wireless communication systems, contributing to the development of next-generation technologies 

[6]. 

The selection of this topic was driven by the growing need for innovative solutions to meet 

the requirements of modern communication systems and renewable energy applications [16]. MMs 

represent a promising field that combines applied physics and engineering, providing opportunities 

to develop advanced technologies that address global challenges in the fields of energy and 

communications. Furthermore, recent advancements in the design of broadband absorbers, such 

as those based on metal-insulator-metal (MIM) structures, have stimulated interest in studying 

these technologies for practical applications [13]. 

This research aims to provide a theoretical and practical analysis of MMAs, focusing on 

the design of a three-layer structure based on Mn cylinders and an aluminum oxide (Al₂O₃) 

dielectric layer. The research also seeks to study absorption mechanisms using the FDTD method 

and analyze the distribution of EM fields to understand the relationship between microscopic 

properties and the overall EM response. Additionally, the research aims to evaluate the efficiency 

of the proposed design in achieving ultra-broadband absorption compared to previous models. 

The structure of this thesis includes three main chapters: the first chapter focuses on the 

theoretical foundations of electromagnetism, explaining fundamental laws such as Maxwell’s 

equations and the interaction of waves with materials. The second chapter addresses MMs and 
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their absorbers, focusing on the optical properties of metal-insulator structures and absorption 

mechanisms. Finally, the third chapter reviews the applications of MMAs in solar energy 

absorption, proposing a new design based on an MIM structure to achieve enhanced performance. 

Through these chapters, the thesis seeks to provide a scientific contribution that advances the 

development of cutting-edge technologies in the fields of communications and renewable energy. 
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I.1 Introduction   

Electromagnetism is considered one of the fundamental pillars in both physics and electrical 

engineering, as it focuses on the study of electric and magnetic fields, as well as how they behave 

and interact in various environments. This chapter aims to establish a solid theoretical foundation 

for understanding the core principles of electromagnetism by exploring the key laws and models 

that explain the origin of electromagnetic EM fields and their interactions with matter, starting 

with Coulomb’s law, and culminating in Maxwell’s equations, which are regarded as the 

cornerstone for describing EM phenomena [1]. 

In addition, the chapter examines how EM waves propagate through different media and 

discusses the phenomenon of reflection under normal incidence. These concepts help lay the 

groundwork for understanding techniques used to control EM waves, knowledge that is essential 

for studying metamaterial-based absorbers. 

I.2 Elements of electrostatics and magnetostatics (Time-invariant fields) 

This section focuses on static fields. Stationary electric charges generate electric fields that do not 

vary with time, commonly referred to as electrostatics. On the other hand, steady currents produce 

constant magnetic fields, a phenomenon known as magnetostatics. 

I.2.1 Electrostatics 

The electrostatic field arises from the distribution of stationary electric charges, and its theoretical 

framework developed gradually over time. In 1785, Charles-Augustin de Coulomb formulated 

Coulomb’s law, which described the interaction between charges. Later, Carl Friedrich Gauss 

expanded the theoretical foundation by introducing Gauss’s law, establishing a core basis for 

studying electrostatic fields. Other scientists also contributed significantly to the field by 

presenting important findings related to the behavior of static charges [1]. 

I.2.1.1 Coulomb’s law and field intensity 

Coulomb’s law describes the mutual force between two-point charges. It states that the force acts 

along the line connecting the charges, is directly proportional to the product of their magnitudes, 

and inversely proportional to the square of the distance between them. 

The electric field intensity, also referred to as the electric field strength, represents the force 

experienced by a single positive test charge placed in the field. It is measured in newtons per 

coulomb (N/C) or volts per meter (V/m) [2]. 

I.2.1.2 Electric fields due to continuous charge distributions 

Point charges, at their core, are charges concentrated in an extremely small region of space. 

However, electric charge isn't limited to this form alone, it can also be distributed continuously 
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along a line, across a surface, or throughout a volume. The electric field intensity resulting from 

such distributions can be seen as the sum of the fields produced by the many point charges that 

make up the overall distribution [3]. 

 𝑑𝑄 = 𝜌𝑣𝑑𝑣 → 𝑄 = ∫ 𝜌𝑣𝑑𝑣
𝑣

  (I.1) 

I.2.1.3 Electric flux density 

The electric flux generated by the electric field 𝐸⃗  can be determined using the general definition 

of flux. The electric field intensity depends on the nature of the medium in which the charge is 

present. By defining a new vector field 𝐷⃗⃗  according to the relation:  

 𝐷⃗⃗ = 𝜀0𝐸⃗  (I.2) 

The electric flux 𝜓 can be expressed in terms of  𝐷⃗⃗  as follows: 

 𝜓 = ∫ 𝐷⃗⃗ ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

 (I.3) 

The constant 𝜀0  is known as the permittivity of free space (in farads per meter) and has the value 

 𝜀0 = 8.854 × 10−12 ≅
10−9

36𝜋
(𝐹 𝑚⁄ ) (I.4) 

Electric flux is measured in coulombs, and the vector field 𝐷⃗⃗   is known as the electric flux density, 

measured in coulombs per square meter (𝐶 𝑚2⁄ ) [1]. 

I.2.1.4 Gauss’s law - Maxwell’s equation 

Gauss’s law states that the total electric flux 𝜓 through any closed surface is equal to the total 

charge enclosed by that surface: 𝜓 = 𝑄𝑒𝑛𝑐 .That is: 

 𝜓 = ∮ 𝐷⃗⃗ ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

= 𝑄𝑒𝑛𝑐 ⟹ ∮ 𝐸⃗ ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

=
𝑄𝑒𝑛𝑐

𝜀0
 (I.5)  

This is the integral form of the Gauss’s law.  

 ∮ 𝐷⃗⃗ ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

= 𝑄𝑒𝑛𝑐 = ∫ 𝜌𝑣𝑑𝑣
𝑣

 (I.6) 

By applying divergence theorem   

 ∮ 𝐷⃗⃗ ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

= ∫ ∇⃗⃗ ∙ 𝐷⃗⃗ 𝑑𝑣
𝑣

 (I.7) 

Comparing the two volume integrals results in:  

 ∇⃗⃗ ∙ 𝐷⃗⃗ = 𝜌𝑣 ⟹ ∇⃗⃗ ∙ 𝐸⃗ =
𝜌𝑣

𝜀0
 (I.8)  

This is the differential or point form of the Gauss’s law [2]. 

I.2.1.5 Electric potential 

Assume moving a point charge 𝑄 from point 𝐴 to point 𝐵 in an electric field 𝐸⃗ , the work done in 

moving it by 𝑑𝑙 is:  

 𝑑𝑊 = −𝑄𝐸⃗ ∙ 𝑑𝑙⃗⃗  ⃗ (I.9) 
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The total work done is:  

 𝑊 = −𝑄 ∫ 𝐸⃗ ∙ 𝑑𝑙⃗⃗  ⃗𝐵

𝐴
 (I.10) 

When 𝑊 is divided by 𝑄, we obtain the potential energy per unit charge, denoted as 𝑉𝐴𝐵 , which 

is known as the electric potential difference between points A and B [4], therefore:  

 𝑉𝐴𝐵 =
𝑊

𝑄
= −𝑄 ∫ 𝐸⃗ ∙ 𝑑𝑙⃗⃗  ⃗𝐵

𝐴
 (I.11) 

Given that 𝑉𝐴𝐵 = −𝑉𝐵𝐴, hence:  

 𝑉𝐴𝐵 + 𝑉𝐵𝐴 = ∮ 𝐸⃗ ∙ 𝑑𝑙⃗⃗  ⃗
𝐿

= 0 (I.12) 

Applying Stokes’s theorem gives: 

 ∮ 𝐸⃗ ∙ 𝑑𝑙⃗⃗  ⃗
𝐿

= ∫ (∇⃗⃗ × 𝐸⃗ )
𝑆

∙ 𝑑𝑆⃗⃗⃗⃗ = 0  , or ∇⃗⃗ × 𝐸⃗ = 0 (I.13) 

Thus, an electrostatic field is a conservative (irrotational) field [3]. 

I.2.2 Magnetostatics 

Magnetostatic fields are governed by two fundamental laws: the first is Biot-Savart’s law, which 

serves as the general principle in magnetostatics, and the second is Ampère’s circuital law, 

considered a special case of the former. This relationship is similar to what we see in electrostatics, 

where Gauss’s law is essentially a specific application of Coulomb’s law. One of the advantages 

of Ampère’s law is its ease of use in solving problems involving symmetric current distributions. 

I.2.2.1 Biot-Savart’s law 

Biot-Savart’s law states that the differential magnetic field intensity 𝑑𝐻 produced at a point P, by 

the differential current element 𝐼 𝑑𝑙 is proportional to the product  𝐼 𝑑𝑙⃗⃗  ⃗ and the sine of the angle  𝛼 

between the element and the line joining P to the element and is inversely proportional to the 

square of the distance R between P and the element [2]. 

I.2.2.2 Ampère’s circuit law - Maxwell’s equation 

Ampère’s circuit law states that the line integral of 𝐻⃗⃗  around a closed path is the same as the net 

current 𝐼𝑒𝑛𝑐 enclosed by the path. In other words, the circulation of  𝐻⃗⃗  equals 𝐼𝑒𝑛𝑐: 

 ∮ 𝐻⃗⃗  ∙ 𝑑𝑙⃗⃗  ⃗ =
𝐿

 𝐼𝑒𝑛𝑐 (I.14) 

By applying Stokes’s theorem:  

 ∮ 𝐻⃗⃗  ∙ 𝑑𝑙⃗⃗  ⃗ =
𝐿

∫ (∇⃗⃗ × 𝐻⃗⃗ ) ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

 (I.15) 

We define 𝑗  as the volume current density in amperes per meter squared (𝐴 𝑚2⁄ ) [1]. But  

 𝐼𝑒𝑛𝑐 = ∫ 𝑗 ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

 ⇒ ∇⃗⃗ × 𝐻⃗⃗ = 𝑗  (I.16) 
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I.2.2.3 Magnetic flux density - Maxwell’s equation 

The magnetic flux density 𝐵⃗  is analogous to its electric counterpart the electric flux density 𝐷⃗⃗ . in 

free space the magnetic flux density 𝐵⃗  is related to the magnetic field intensity 𝐻⃗⃗  by the equation: 

 𝐵⃗ = 𝜇0𝐻⃗⃗  (I.17) 

 𝜇0 = 4𝜋 × 10−7(𝐻 𝑚⁄ ) (I.18) 

Where 𝜇0 represents the permeability of free space [2].  

The magnetic flux through a surface S is given by: 

 𝜓 = ∫ 𝐵⃗ ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

 (I.19) 

Where the magnetic flux 𝜓 is in webers (𝑊𝑏) and the magnetic flux density 𝐵⃗  is in Weber's per 

square meter (𝑊𝑏 𝑚2⁄ ) or teslas (𝑇) [3]. 

A magnetic flux line is a path along which 𝐵⃗  is tangential at every point on the line. Regardless of 

the current distribution, magnetic flux lines are always closed upon themselves and do not 

intersect. Consequently, the total flux through any closed surface within a M field must be zero. 

 ∮ 𝐵⃗ ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

= 0 (I.20) 

This equation is known as the law of conservation of magnetic flux or Gauss’s law for 

magnetostatic fields. By applying the divergence theorem [1], we obtain:  

 ∮ 𝐵⃗ ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

= ∫ ∇⃗⃗ ∙ 𝐵⃗ 
𝑣

𝑑𝑣 = 0 or ∇⃗⃗ ∙ 𝐵⃗ = 0 (I.21) 

I.3 Time-Varying Fields and Maxwell’s Equations 

In the previous section, we explored the basic relationships governing electrostatic and 

magnetostatic fields. We now turn our attention to time-varying fields. This section focuses on 

two essential concepts: the generation of an electric field caused by a changing magnetic field, 

which was discovered experimentally by Faraday, and the creation of a magnetic field resulting 

from a changing electric field, which was theoretically established by Maxwell [2]. 

I.3.1 Faraday’s law 

In 1831, both Michael Faraday in London and Joseph Henry in New York discovered that a time-

varying magnetic field could generate an electric current. According to Faraday's experiments, a 

static magnetic field does not produce any current, but in a closed circuit, a time-varying field 

induces a voltage (known as electromotive force or emf), which leads to the flow of electric current 

[1].  

Faraday discovered that the induced emf, 𝑉𝑒𝑚𝑓 (in volts) in any closed circuit is equal to the time 

rate of change of the magnetic flux linkage by the circuit, this is called Faraday’s law, and it can 

be expressed as:  
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 𝑉𝑒𝑚𝑓 = −𝑁
𝑑𝜓

𝑑𝑡
 (I.22) 

N is the number of turns in the circuit, and is the flux through each turn. The negative sign shows 

that the induced voltage acts in such a way as to oppose the flux producing it. This behaviour is 

described as Lenz’s law. For a circuit with a single turn (𝑁 = 1), Faraday’s law becomes: 

 𝑉𝑒𝑚𝑓 = ∮ 𝐸⃗ 
𝐿

∙ 𝑑𝑙⃗⃗  ⃗ = −
𝑑

𝑑𝑡
∫ 𝐵⃗ 
𝑆

∙ 𝑑𝑆⃗⃗⃗⃗  (I.23)  

By applying Stokes’s theorem, we obtain: 

 ∮ 𝐸⃗ 
𝐿

∙ 𝑑𝑙⃗⃗  ⃗ = ∫ (∇⃗⃗ × 𝐸⃗ )
𝑆

∙ 𝑑𝑆⃗⃗⃗⃗ = −
𝑑

𝑑𝑡
∫ 𝐵⃗ 
𝑆

∙ 𝑑𝑆⃗⃗⃗⃗  (I.24) 

For the two integrals to be equal, their integrands must be equal, that is:  

 ∇⃗⃗ × 𝐸⃗ = −
𝜕𝐵⃗ 

𝜕𝑡
 (I.25) 

This is one of the Maxwell’s equations for time-varying fields. It shows that the time-varying 𝐸⃗  

field is not conservative (∇⃗⃗ × 𝐸⃗ ) ≠ 0 [1]. 

I.3.2 Displacement current, (the Ampere–Maxwell law) 

Ampere's law, which links steady electric current to the magnetic field, had already been 

established before Maxwell began his work in the 1850s. However, it was limited to static 

scenarios. Maxwell expanded on this by introducing the idea that a changing electric flux could 

also act as a source, allowing the law to apply to time-varying situations. This key insight paved 

the way for understanding light as an EM wave and laid the foundation for a unified theory of 

electromagnetism. The need for this addition becomes clear when examining the inconsistency in 

Ampere’s law in the case of a charging capacitor [2]. 

In the circuit illustrated below (Figure Ⅰ.1), closing the switch initiates a current 𝐼 that charges the 

capacitor and creates a magnetic field around the connecting wires, as described by Ampère’s law:  

 ∮ 𝐵⃗ ∙ 𝑑𝑙⃗⃗  ⃗ = 𝜇0𝐼𝐿
 (I.26) 

The challenge lies in identifying the current enclosed by the loop, which should account for all 

currents passing through any surface bounded by path 𝐶. If we choose a flat surface that intersects 

the wire, the current 𝐼 clearly passes through it. However, if we instead use a domed surface, like 

a "stocking cap", spanning the space between the capacitor plates, no conduction current passes 

through, since charges accumulate on the plates without crossing the gap. Still, because both 

surfaces share the same boundary loop, the line integral of the magnetic field must yield the same 

result. This implies the existence of an additional source contributing to the magnetic field. That 

missing element is known as the displacement current, not a real current of moving charges, but a 

term that arises due to the changing electric field between the capacitor plates [4]. 

  



Chapter Ⅰ                                                                                                Elements of electromagnetics 

 

7 

 

 

 

 

 

 

 

 

Figure I.1 Alternative surfaces for determining enclosed current [4]. 

The displacement current is defined by the relation:  

 𝐼𝑑 = 𝜀0
𝑑

𝑑𝑡
∮ 𝐸⃗ ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

 (I.27) 

Maxwell’s equation (based on Ampere’s circuit law) for a time-varying field is given by: 

 ∮ 𝐵⃗ ∙ 𝑑𝑙⃗⃗  ⃗
𝐿

= 𝜇0 (𝐼 + 𝜀0
𝑑

𝑑𝑡
∫ 𝐸⃗ ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

) = 𝜇0 (∫ 𝐽 ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

+ 𝜀0
𝑑

𝑑𝑡
∫ 𝐸⃗ ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

) (I.28) 

And applying Stokes’ theorem:  

 ∇⃗⃗ × 𝐵⃗ = 𝜇0 (𝐽 + 𝜀0
𝑑

𝑑𝑡
𝐸⃗ ) (I.29) 

The displacement current density: 

 𝐽 𝑑 = 𝜀0
𝑑

𝑑𝑡
𝐸⃗  (I.30) 

The conduction current density 𝐽 = 𝐽 𝑑 = 𝜎𝐸⃗  , (𝜎 is the conductivity) [3]. 

I.3.3 Maxwell’s equations in final forms 

James Clerk Maxwell (1831-1879) is regarded as the founding figure of modern EM theory, as his 

research led to the discovery of EM waves. Between the ages of 35 and 40, he developed the first 

unified theory of electricity and magnetism, building upon earlier findings and introducing the 

concept of displacement current, through which he predicted the existence of EM waves. His 

equations did not gain widespread recognition until 1888, when Heinrich Hertz experimentally 

validated them by generating and detecting radio waves [1]. 

Maxwell’s electromagnetic laws are expressed through four equations, shown in the table below. 

The divergence equations remained unchanged, while the curl equations were modified. The 

integral form of these equations represents fundamental physical laws, whereas the differential 

form is commonly used to solve practical problems. For a field to be classified as electromagnetic, 

it must satisfy all of Maxwell’s equations, which collectively summarize all known principles of 

electromagnetism [2]. 
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Table I.1 Maxwell's Four Equations governing EM fields [1] 

Generalized Forms of Maxwell’s Equations 

 

Integral Form 

 

Differential Form 

 

Remarks 

 

∮ 𝐸⃗ ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

=
𝑄𝑒𝑛𝑐

𝜀0
 

∇⃗⃗ ∙ 𝐸⃗ =
𝜌𝑣

𝜀0
 Gauss’s law 

 

∮ 𝐵⃗ ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

= 0 
∇⃗⃗ ∙ 𝐵⃗ = 0 Nonexistence 

of isolated 

magnetic 

charge 

∮ 𝐸⃗ 
𝐿

∙ 𝑑𝑙⃗⃗  ⃗ = −
𝑑

𝑑𝑡
∫ 𝐵⃗ 
𝑆

∙ 𝑑𝑆⃗⃗⃗⃗  ∇⃗⃗ × 𝐸⃗ = −
𝜕𝐵⃗ 

𝜕𝑡
 

Faraday’s 

law 

 

∮ 𝐵⃗ ∙ 𝑑𝑙⃗⃗  ⃗
𝐿

= 𝜇0 (∫ 𝐽 ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

+ 𝜀0

𝑑

𝑑𝑡
∫ 𝐸⃗ ∙ 𝑑𝑆⃗⃗⃗⃗ 
𝑆

) ∇⃗⃗ × 𝐵⃗ = 𝜇0 (𝐽 + 𝜀0

𝑑

𝑑𝑡
𝐸⃗ ) 

Ampere’s 

circuit law 

 

I.3.4 From Maxwell’s Equations to the wave equation 

By applying the differential form of Maxwell's equations along with some vector calculus 

identities, we can derive the wave equation quite straightforwardly [4]. The process begins by 

taking the curl of both sides of Faraday’s law in its differential form:  

 ∇⃗⃗ × (∇⃗⃗ × 𝐸⃗ ) = ∇⃗⃗ × (−
𝜕𝐵⃗ 

𝜕𝑡
) = −

𝜕(∇⃗⃗ ×𝐵⃗ )

𝜕𝑡
 (I.31) 

 ∇⃗⃗ × (∇⃗⃗ × 𝐸⃗ ) = ∇⃗⃗ (∇⃗⃗ ∙ 𝐸⃗ ) − ∆𝐸⃗ = −
𝜕(𝜇0(𝐽 +𝜀0

𝑑

𝑑𝑡
𝐸⃗ ))

𝜕𝑡
 (I.32) 

 ∇⃗⃗ × (∇⃗⃗ × 𝐸⃗ ) = ∇⃗⃗ (
𝜌𝑣

𝜀0
) − ∆𝐸⃗ = −𝜇0

𝑑𝐽 

𝑑𝑡
− 𝜇0𝜀0

𝑑2𝐸⃗ 

𝑑𝑡2  (I.33) 

 ∆𝐸⃗ − 𝜇0𝜀0
𝑑2𝐸⃗ 

𝑑𝑡2 = ∇⃗⃗ (
𝜌𝑣

𝜀0
) + 𝜇0

𝑑𝐽 

𝑑𝑡
 (I.34) 

In a charge- and current-free region, 𝜌𝑣 = 0, 𝐽 = 0. So:   

 ∆𝐸⃗ − 𝜇0𝜀0
𝑑2𝐸⃗ 

𝑑𝑡2 = 0 (I.35) 

A similar analysis beginning with the curl of both sides of the Ampere-Maxwell law leads to: 

 ∆𝐵⃗ − 𝜇0𝜀0
𝑑2𝐵⃗ 

𝑑𝑡2 = 0 (I.36) 

This is a second-order linear partial differential equation that characterizes how the electric or 

magnetic field propagates as a wave, and also defines its speed: 

 
1

𝑣2
= 𝜇0𝜀0 ⟶ 𝑣 = √

1

𝜇0𝜀0
= 2.9979 × 108(𝑚 𝑠⁄ ) (I.37) 
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It was the fact that the calculated propagation velocity matched the measured speed of light that 

led Maxwell to conclude, "light is an electromagnetic disturbance that travels through the field in 

accordance with electromagnetic laws" [1]. 

I.4 Electromagnetic waves propagation 

Heinrich Hertz confirmed the existence of EM waves, which were predicted by Maxwell’s 

equations, by successfully generating and detecting radio waves, often referred to as "Hertzian 

waves." In general, waves are used to carry energy or information, like radio waves, television 

signals, radar beams, and light rays [2]. 

I.4.1 Waves in general 

A wave depends on both space and time, as it propagates when a disturbance at point A at a given 

time is related to what happens at point B at a later time. The wave equation is a second-order 

partial differential equation, and in one dimension, it takes the following form: 

 
𝑑2𝐸

𝑑𝑡2 − 𝑢2 𝑑2𝐸

𝑑𝑧2 = 0 (I.38) 

Here, 𝑢 represents the speed at which the wave travels [1].  

If we particularly assume harmonic (or sinusoidal) time dependence, the wave equation becomes: 

 
𝑑2𝐸𝑆

𝑑𝑧2 + 𝛽2𝐸𝑆 = 0 (I.39) 

Where 𝛽 = 𝜔 𝑢⁄ . For now, let us consider the solution to the wave equation:  

 𝐸 = 𝐴 sin(𝜔𝑡 − 𝛽𝑧) (I.40) 

A wave repeats itself after traveling a certain distance, known as the wavelength (in meters). The 

time it takes for this repetition is 𝑇, referred to as the period (in seconds). Since the wave travels a 

distance 𝜆 lambda at a speed 𝑢 within the time 𝑇, this can be expressed by the equation:  𝜆 = 𝑢𝑇 

or 𝑢 = 𝜆 𝑇⁄ = 𝜆𝑓. Also, because: 𝜔 = 2𝜋𝑓 and 𝛽 = 𝜔 𝑢⁄ , we expect: 𝛽 = 2𝜋 𝜆⁄  [2]. 

I.4.2 Wave propagation in lossy dielectrics 

The propagation of waves in lossy dielectrics represents the general case from which wave 

propagation in other media can be derived as special cases [1]. In this medium, the EM wave loses 

energy as it propagates due to the imperfection of the dielectric, making it a partially conductive 

(non-ideal) medium, where 𝜎 ≠ 0, unlike a perfect or good dielectric, where 𝜎 = 0. 

Let us consider a linear, homogeneous, and charge-free lossy dielectric medium, where Maxwell’s 

equations take the following form when the time dependence 𝑒𝑗𝜔𝑡 is neglected: 

 ∇⃗⃗ ∙ 𝐸𝑆
⃗⃗⃗⃗ = 0, ∇⃗⃗ ∙ 𝐻𝑆

⃗⃗ ⃗⃗ = 0, ∇⃗⃗ × 𝐸𝑆
⃗⃗⃗⃗ = −𝑗𝜔𝜇𝐻𝑆

⃗⃗ ⃗⃗ , ∇⃗⃗ × 𝐻𝑆
⃗⃗ ⃗⃗ = (𝜎 + 𝑗𝜔𝜀)𝐸𝑆

⃗⃗⃗⃗  (I.41) 

𝛾 in reciprocal meters, is called the propagation constant of the medium we may let 𝛾 = 𝛼 + 𝑗𝛽 

with: 
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 𝛼 = 𝜔√
𝜇𝜀

2
[√1 + (

𝜎

𝜔𝜀
)
2

− 1] , 𝛽 = 𝜔√
𝜇𝜀

2
[√1 + (

𝜎

𝜔𝜀
)
2

+ 1] (I.42) 

The solution to the wave equation is given by for both the electric and magnetic fields [1]: 

 𝐸⃗ (𝑧, 𝑡) = 𝐸0𝑒
−𝛼𝑧 cos(𝜔𝑡 − 𝛽𝑧) 𝑢𝑥⃗⃗⃗⃗  (I.43) 

 𝐻⃗⃗ (𝑧, 𝑡) = 𝑅𝑒(𝐻0𝑒
−𝛼𝑧𝑒(𝜔𝑡−𝛽𝑧)𝑢𝑦⃗⃗ ⃗⃗ ) (I.44) 

Where 𝐻0 =
𝐸0

𝜂
 , 𝜂 is a complex quantity known as the intrinsic impedance, in ohms, of the 

medium. It can be shown:  

 𝜂 = √
𝑗𝜔𝜇

𝜎+𝑗𝜔𝜀
 (I.45) 

As the wave propagates along the 𝑢𝑧⃗⃗⃗⃗  direction, its amplitude gradually decreases by a factor of 

𝑒−𝛼𝑧, therefore 𝛼 is called the attenuation constant or attenuation coefficient, measured in nepers 

per meter (Np/m), and it can also be expressed in decibels per meter (dB/m), 1 Np = 8.686 dB [2]. 

I.4.3 Plane waves in lossless dielectrics  

In a lossless dielectric, 𝜎 ≪ 𝜔𝜀, in this case: 𝜎 ≅ 0, 𝜀 = 𝜀𝑟𝜀0, 𝜇 = 𝜇𝑟𝜇0, consequently 𝛼 = 0, 𝛽 =

𝜔√𝜇𝜀, 𝑢 =
𝜔

𝛽
=

1

√𝜇𝜀
, 𝜆 =

2𝜋

𝛽
, 𝜂 = √

𝜇

𝜀
 , thus 𝐸⃗  and 𝐻⃗⃗ are in time phase with each other. 

I.4.4 Plane waves in good conductors  

A perfect, or good conductor, is one in which 𝜎 ≫ 𝜔𝜀, so that 
𝜎

𝜔𝜀
≫ 1, that is 𝜎 ≈ ∞, 𝜀 = 𝜀0, 𝜇 =

𝜇𝑟𝜇0, consequently 𝛼 = 𝛽 = √
𝜔𝜇𝜎

2
, 𝑢 =

𝜔

𝛽
= √

2𝜔

𝜇𝜎
, 𝜆 =

2𝜋

𝛽
, 𝜂 = √

𝜔𝜇

𝜎
 and 𝜃𝜂 = 450.  

 𝐸⃗ (𝑧, 𝑡) = 𝐸0𝑒
−𝛼𝑧 cos(𝜔𝑡 − 𝛽𝑧) 𝑢𝑥⃗⃗⃗⃗  (I.46) 

 𝐻⃗⃗ =
𝐸0

√
𝜔𝜇

𝜎

𝑒−𝛼𝑧 cos(𝜔𝑡 − 𝛽𝑧 − 450) 𝑢𝑦⃗⃗ ⃗⃗  (I.47) 

When an electromagnetic wave 𝐸⃗  or 𝐻⃗⃗  propagates in a conducting medium, its amplitude gradually 

decreases by the factor 𝑒−𝛼𝑧. The distance at which the amplitude drops to about 37% of its original 

value is called the skin depth or penetration depth, and it is given by 𝛿 =
1

𝛼
. In good conductors, 

where 𝛼 = 𝛽 =
1

𝛿
, the electric field can be expressed as: 

 𝐸⃗ (𝑧, 𝑡) = 𝐸0𝑒
−𝑧 𝛿⁄ cos(𝜔𝑡 − 𝑧 𝛿⁄ ) 𝑢𝑥⃗⃗⃗⃗  (I.48) 

The phenomenon in which the field intensity rapidly decreases inside the conductor is known as 

the Skin Effect. It refers to the tendency of electric charges to migrate from the interior of the 

conductor toward its surface, resulting in increased resistance. The fields and associated currents 

are thus confined to a very thin surface layer known as the skin [1]. 
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I.5 Reflection of EM plane waves  

Previously, we considered uniform plane waves in an unbounded, homogeneous medium. When 

such a wave encounters a different medium, it splits into a reflected wave and a transmitted wave, 

with their proportions determined by the properties of the two media (𝜀, 𝜇, 𝜎) [2]. 

I.5.1 Reflection of a plane wave at normal incidence 

Suppose that a plane wave propagating along the + z-direction is incident normally on the 

boundary z = 0, between medium1(z < 0) characterized by 𝜀1, 𝜇1, 𝜎1, and medium 2 (z > 0) 

characterized by 𝜀2, 𝜇2, 𝜎2, as shown in the figure below (Figure Ⅰ.2).  

 

 

 

 

 

Figure I.2 A plane wave incident normally on an interface between two different media [1]. 

The symbols 𝑖, 𝑟, and 𝑡 represent the incident, reflected, and transmitted waves, respectively. Each 

of these waves is defined as follows: 

Incident wave: 𝐸⃗ 𝑖, 𝐻⃗⃗ 𝑖 is traveling along +𝑢⃗ 𝑧 in medium1 

 𝐸⃗ 𝑖𝑠(𝑧) = 𝐸𝑖0𝑒
−𝛾1𝑧𝑢⃗ 𝑥 (I.49) 

 𝐻⃗⃗ 𝑖𝑠(𝑧) = 𝐻𝑖0𝑒
−𝛾1𝑧𝑢⃗ 𝑦 =

𝐸𝑖0

𝜂1
𝑒−𝛾1𝑧𝑢⃗ 𝑦 (I.50) 

Reflected wave: 𝐸⃗ 𝑟 , 𝐻⃗⃗ 𝑟 is traveling along −𝑢⃗ 𝑧 in medium1 

 𝐸⃗ 𝑟𝑠(𝑧) = 𝐸𝑟0𝑒
𝛾1𝑧𝑢⃗ 𝑥 (I.51) 

 𝐻⃗⃗ 𝑟𝑠(𝑧) = 𝐻𝑟0𝑒
𝛾1𝑧(−𝑢⃗ 𝑦) = −

𝐸𝑟0

𝜂1
𝑒𝛾1𝑧𝑢⃗ 𝑦 (I.52) 

Transmitted wave: 𝐸⃗ 𝑡, 𝐻⃗⃗ 𝑡 is traveling along +𝑢⃗ 𝑧 in medium 2 

 𝐸⃗ 𝑡𝑠(𝑧) = 𝐸𝑡0𝑒
−𝛾2𝑧𝑢⃗ 𝑥 (I.53) 

 𝐻⃗⃗ 𝑡𝑠(𝑧) = 𝐻𝑡0𝑒
−𝛾2𝑧𝑢⃗ 𝑦 =

𝐸𝑡0

𝜂2
𝑒−𝛾2𝑧𝑢⃗ 𝑦 (I.54) 

We now define the reflection coefficient Γ and the transmission coefficient 𝜏 as: 

 Γ =
𝐸𝑟0

𝐸𝑖0
=

𝜂2−𝜂1

𝜂2+𝜂1
 , τ =

𝐸𝑡0

𝐸𝑖0
=

2𝜂2

𝜂2+𝜂1
 (I.55) 

In the special case where the first medium is a perfect dielectric (lossless) and the second is a 

perfect conductor (with infinite conductivity), the incident wave is completely reflected at the 
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interface. This means the reflection coefficient Γ = −1 and the transmission coefficient 𝜏 = 0, 

indicating that no transmitted wave exists within the conductor, as the electromagnetic fields 

vanish inside it. As a result, the incident wave combines with the reflected wave to form a standing 

wave, which does not propagate through the medium but instead oscillates both spatially and 

temporally [2]. 

I.6 Conclusion  

In this chapter, we explored the theoretical foundations of EM radiation, beginning with the 

fundamental concepts of electricity and magnetism in both static and time-varying conditions. We 

then moved on to Maxwell’s equations, which serve as a unified framework for understanding a 

wide range of EM phenomena. The chapter also covered the propagation of EM waves through 

various media, as well as the reflection of plane waves at interfaces, concepts that are essential for 

understanding how EM waves interact with materials. 

These theoretical foundations provide the basis for understanding the operation of EM absorbers, 

particularly those based on metamaterials. Such structures rely heavily on phenomena like 

reflection, absorption, and wave propagation within precisely engineered geometries. In the 

following chapters, these principles will be applied to the analysis and design of metamaterial-

based absorbers. 
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II.1 Introduction 

As a novel class of engineered materials, metamaterials MMs exhibit unique EM properties arising 

from their precise subwavelength design, enabling unprecedented control over their interactions 

with EM fields. Among their diverse applications, metamaterial absorbers MMAs have emerged 

as one of the most extensively researched areas due to their exceptional efficiency in wave 

absorption across broad frequency ranges [5]. 

This chapter aims to provide a theoretical overview of the operational mechanisms of 

MMAs within the optical frequency range. It begins with the fundamental concepts of MMs and 

their historical development, then progresses to analyze characterization methodologies using 

effective models. The chapter also examines the optical behavior of metal-dielectric composites, 

highlighting the relationship between microscopic properties and macroscopic EM responses. 

II.2 Metamaterials 

Electromagnetic phenomena and devices fundamentally depend on how waves interact with 

materials. Engineers control these interactions by carefully designing structures using existing 

materials, though they're always constrained by the material's inherent limitations. But here's 

where it gets interesting, we can overcome these physical barriers by engineering artificial 

materials called MMs. Unlike conventional materials crafted at molecular levels, we construct 

MMs as carefully designed composite structures with sub-wavelength dimensions. This clever 

approach lets us describe their EM behaviour using effective homogeneous parameters. Our 

research specifically zooms in on structures that demonstrate extraordinary optical properties, what 

we call optical metamaterials (OMMs) [5]. 

II.2.1 Concept and evolution 

MMs represent a fascinating class of engineered structures that outperform conventional materials 

in remarkable ways. The name itself comes from the Greek "meta" (meaning "beyond"), reflecting 

their extraordinary capabilities. While the term gained traction around 2000 after scientists created 

a material with negative 𝜀 and  𝜇 at microwave frequencies (some cite 1999 as the true starting 

point), the field has since exploded, drawing experts from physics, optics, materials science, and 

engineering. Ironically, despite their popularity, there's still no consensus definition, while many 

describe MMs as having unnatural properties, nature itself offers surprising parallels, from the 

negative refraction in lobster eyes to photonic structures in butterfly wings [6]. 

What truly defines MMs is their architectural ingenuity, their properties emerge not from 

material composition, but from precisely designed sub-wavelength structures. When these 

structures are significantly smaller than the operating wavelength, we can model their EM behavior 

using effective parameters. This scale matters profoundly: as structures approach the wavelength 
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size (like in photonic crystals), diffraction effects dominate. The beauty of MMs lies in their design 

freedom, no specific arrangement is mandated, allowing endless innovation to achieve 

unprecedented EM functionality [5]. 

II.2.2 The historical evolution of MMs 

Surprisingly, MMs have been hiding in plain sight for centuries! Take the famous Roman 

Lycurgus Cup (see Figure Ⅱ.1), its color-changing magic from ancient nanotechnology (gold 

nanoparticles) predates modern physics by millennia. Long before the term "metamaterials" 

entered textbooks, researchers were already exploring similar concepts, like twisted jute fibers in 

1898 and microwave engineers tinkering with artificial dielectrics [5]. 

The field truly exploded thanks to visionary work like Veselago's theory on left-handed 

materials (proposing negative 𝜀 and 𝜇), later proven experimentally by Smith, that eureka moment 

when theory met reality. And let's not forget Pendry's perfect lens breakthrough that rewrote the 

rules. Initially focused on negative refraction (𝑛), the field rapidly expanded to engineer materials 

with once-impossible properties, giving us unprecedented EM control [5]. 

Optics researchers were quick to jump on this bandwagon, making OMMs one of today's 

hottest, and toughest, research frontiers. Sometimes called photonic MMs (same difference), 

OMMs have benefited massively from cutting-edge nanofabrication and simulation tools, enabling 

mind-bending light manipulation [5]. 

Current research is chasing optical magnetism, negative-𝑛 materials, super-resolution 

imaging, and yes, real-life invisibility cloaks. These materials are completely reinventing optical 

device design through precision EM engineering. Despite hurdles like dispersion and loss, 

scientists keep pushing boundaries in optical sensing, nano-antennas, and subwavelength imaging 

applications [6]. 

 

 

 

 

Figure II.1 The Lycurgus Cup viewed (a) in reflected light and (b) in transmitted light [5]. 
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II.2.3 Types of MMs and properties 

The study of artificial composite materials engineered to possess physical properties that surpass 

(or complement) those found in nature is the subject of an interdisciplinary research field known 

as MMs, which are frequently employed to modify the EM, acoustic, or elastic properties of 

materials. Figure Ⅱ.2 presents a discussion on the various types of MMs and their properties. 

 

 

 

 

 

 

 

 

Figure II.2 Types of MMs and their properties [7]. 

II.3 Macroscopic effective parameters  

At the heart of nearly all EM phenomena lie Maxwell's equations, those four elegant formulas that 

essentially explain how fields, charges, and materials interact. When EM waves hit a material, 

something fascinating happens: the electric fields make charges dance around while magnetic 

fields align tiny dipoles. What happens next depends entirely on the material's personality, some 

materials get electrically polarized (shifting their electron clouds), while others become 

magnetized (aligning their internal dipoles) [6]. 

II.3.1 Representation of EM properties in materials 

Every material's EM personality comes down to four key parameters: its electric permittivity (𝜀), 

magnetic permeability (𝜇), refractive index (𝑛 = √𝜀𝜇), and wave impedance (𝑍 = √(𝜀 𝜇⁄ )). These 

tell us how the material interacts with E and M fields. Zoom in to the microscopic level, and you'll 

see atoms arranged in orderly patterns, when light hits them, these atoms become tiny electric 

dipoles that create complex local field patterns. But here's the fascinating part: light itself doesn't 

"see" this intricate atomic dance or the absorption, radiation, processes happening at this scale. 

Why? Because Maxwell's equations smooth everything out at the macroscopic level [5]. 

At optical frequencies, we observe these interactions through measurable effects like 

reflection, transmission, time delays, and energy absorption. MMs play a clever trick, their internal 

structures are engineered to be so much smaller than the wavelength that, macroscopically, they 
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appear perfectly uniform despite their complex nano-architecture. Just like conventional materials, 

we can describe their behavior using effective 𝜀, 𝜇, 𝑛, and 𝑍 values. The real magic happens in 

their carefully designed "meta-atoms", typically intricate metal-dielectric structures, that give us 

unprecedented control over EM responses [6]. 

II.3.2 Exploiting the EM parameter space 

A material's reaction to EM fields boils down to its 𝜀 and 𝜇 values, creating what we might call an 

EM fingerprint that places each material in parameter space. Picture this: we plot 𝜀ᵣ on the x-axis 

and 𝜇ᵣ on the y-axis (see Figure Ⅱ.3). Your everyday transparent materials cluster in quadrant I 

where both values stay positive, while negative values flip the script, literally reversing induced 

field directions. Gold and silver pull this trick at optical frequencies (negative-𝜀), while certain 

magnetic materials go negative near resonance (negative-𝜇) [5]. 

 

 

 

 

 

 

 

 

 

 

Figure II.3 The parameter space of permittivity ε and permeability μ [5]. 

Here's the catch: quadrants II and IV? Wave propagation gets blocked there because 𝑛 turns 

imaginary. Most conventional optical materials hug the 𝜇 = 1 line so tightly (dotted line in Figure 

Ⅱ.3) they barely register. But MMs? They're rewriting the rulebook by exploring uncharted 

territory in this parameter space. Recent breakthroughs in optical magnetism finally cracked 

quadrant III with negative-𝑛 materials. As nanofabrication and computational methods keep 

advancing, we're not just mapping this space, we're learning to terraform it, opening radical new 

ways to sculpt light itself [5]. 

II.4 Optical properties of metal-dielectric composites 

MMs are engineered structures composed of periodic units known as meta-atoms, whose 

composite architecture grants them unique properties distinct from their conventional components. 

This is analogous to cooking, where the final taste surpasses the sum of individual flavors. 

Similarly, designing OMMs requires an understanding of the properties of dielectrics, semi-
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conductors, and metals, along with the study of the mechanisms governing their optical behavior, 

which this section aims to elucidate [5]. 

II.4.1 Optical materials and electronic structures 

The classification of materials into insulators and metals in optics stems from electronic principles, 

where material properties are determined by electrical resistance. Insulators possess an energy 

band gap that prevents current flow, while metals contain free electrons that move easily under 

applied voltage, making them efficient conductors. Semiconductors, with their moderate band gap, 

enable controlled electron flow [6]. 

When examining optical properties, electronic structure must be considered. Insulators 

remain transparent to visible light because photon energy cannot bridge their band gap. However, 

electronic classification alone can be misleading, as demonstrated by indium tin oxide (ITO), 

electrically conductive yet optically transparent. Similar behavior occurs in metals like tungsten. 

In OMMs, semiconductors are often treated as insulators, being either transparent or absorbing 

depending on wavelength [5]. 

The crucial distinction between semiconductors and conventional insulators lies in band 

gap width. In electronics, narrow gaps enable precise electron control, driving semiconductor 

technology advancements. For optics, electron excitation depends on photon energy relative to the 

band gap Eg, determining the critical transparency wavelength λc: 

 λc =
hc

Eg
=

1240 nm

Eg (in ev)
 (II.1) 

Where h is Planck’s constant, and c is the speed of light in a vacuum [5]. 

II.4.2 Optical properties of dielectric materials 

Dielectric materials play a pivotal role in optical devices, being integral to most conventional 

optical components except for reflective surfaces. This stems from their exceptional ability to 

transmit light efficiently, enabling precise control over its properties. The interaction of light with 

dielectrics is analyzed using Maxwell's equations and the constitutive relations that link D to the 

E and B to the H [5]. 

At optical frequencies, we typically assume the relative permeability 𝜇𝑟 equals unity, 

simplifying the description of optical materials using the refractive index 𝑛 = √𝜀. Despite the 

presence of dispersion and absorption phenomena, we often use a real value for 𝑛 as a 

simplification, with Fresnel equations determining reflection and refraction behavior based on n 

and incidence angles [5]. 

MMs composed of metal-dielectric units exhibit strong dispersion, primarily attributed to 

their metallic components, particularly in the visible and near-infrared spectra. However, when 
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examining the entire optical spectrum, the dispersion of transparent dielectrics becomes a 

significant factor that cannot be overlooked. Lattice vibrations and electron absorption determine 

the transparency range of these materials, necessitating careful selection of the dielectric in 

metamaterial design to avoid losses from electronic or photonic resonance [5]. 

The classical Helmholtz-Drude model describes the dielectric function ε(ω), which 

depends on resonance frequencies 𝜔𝑗 and damping constants 𝛾𝑗. This model shows that transparent 

dielectrics exhibit absorption peaks at phonon resonance frequencies in the infrared and electron 

transition frequencies in the ultraviolet, while remaining transparent in the visible range due to the 

stability of the permittivity curve and weak absorption between resonance regions (as shown in 

Figure Ⅱ.4). 

 

 

 

 

 

Figure II.4 The dielectric function ε(ω) for a typical dielectric material with the lattice 

resonance and electron transition resonance marked as ω_1 and ω_2, respectively [5]. 

The refractive index 𝑛 remains connected to the dielectric function through the square root 

relation and is expressed as a complex number: 

 𝑛(𝜔) = 𝑛′(𝜔) + 𝑖𝑛′′(𝜔)  =  √𝜀(𝜔) (II.2) 

For transparent dielectrics where 𝑛′′ is very small, we use the Sellmeier approximation to describe 

dispersion without accounting for damping. In weakly absorbing media, the absorption coefficient 

α describes optical wave attenuation according to Beer's law [5].  

II.4.3 Optical properties of metals 

Traditionally, the use of metals in optics has been largely confined to mirrors and thin films. 

However, OMMs incorporate metals into their structure to achieve functional responses that 

exploit the significant contrast between the properties of metals and dielectrics. Metals exhibit 

high opacity and strong reflectivity at optical frequencies, with light being absorbed within a thin 

surface layer (skin depth) while most of it is reflected from their smooth surfaces. This behavior 

stems from free electrons that enable efficient photon absorption due to the continuity of the Fermi 

level [6]. 
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Metals such as silver and aluminum demonstrate highly effective light reflection, whereas 

gold and copper display distinctive colors resulting from less efficient reflection of higher 

frequencies. These phenomena are analyzed through the dielectric functions of metals, as light-

metal interaction depends on frequency-dependent permittivity determined by fundamental 

relations and the electron gas model describing free electron behavior in an electric field [5]. 

The EM response of metals is governed by the motion of free electrons within the 

crystalline structure, as described by the Drude model which assumes electron motion without a 

restoring force, leading to zero resonance frequency. When a time-varying electric field is applied, 

electron motion follows a differential equation yielding the frequency-dependent dielectric 

function: 

 𝜀(𝜔) = 1 −
𝜔𝑃

2

𝜔2+𝑖𝛤𝜔
= 1 −

𝜔𝑃
2

𝜔2+𝛤2
+ 𝑖

𝜔𝑃
2𝛤

𝜔(𝜔2+𝛤2)
 (II.3) 

Where 𝜔𝑃 represents the bulk plasma frequency that determines electron density oscillations, 

while 𝛤 is the electron collision rate affecting optical absorption in metals. The parameter 𝛤 relates 

to the mean free path of free electrons 𝑙 and Fermi velocity 𝑣𝐹 through: 

 𝛤 = 𝑣𝐹 𝑙⁄  (II.4) 

The Drude model for the dielectric function in equation (II.3) requires refinement as it 

neglects the effect of bound electrons that become significant at higher frequencies such as those 

in the visible spectrum. Interband transitions, like the 5d to 6sp transition in gold, contribute to the 

dielectric function and can be represented using the Lorentz model, thereby complementing the 

description of free electrons in metals. Figure Ⅱ.5 illustrates how interband transitions affect gold's 

dielectric function in the visible range, distorting it toward positive values and increasing 

absorption of blue and green light. Consequently, more yellow light is reflected, giving gold its 

characteristic color. Interband electron transitions continue influencing the dielectric function even 

at wavelengths much longer than the resonance wavelength, as shown in (Figure Ⅱ.5). Therefore, 

at low frequencies, this effect can be approximated by a constant offset (1) to modify the Drude 

model for more accurate accounting of these transitions [5]. 

Noble metals exhibit negative permittivity at optical frequencies, causing most light to 

reflect at metal-dielectric interfaces. For silver's complex refractive index, the large imaginary 

component prevents deep light penetration, defining the skin depth at approximately 50 

nanometers for optical frequencies. When metals are reduced to nanoscale dimensions, the 

damping factor in the Drude model changes due to size effects as the electron mean free path 

becomes constrained by the metal's physical boundaries. This increases the imaginary part of 

permittivity, affecting the optical properties of MMs and requiring consideration in designing 

nanoscale metal-dielectric structures [10]. 
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Figure II.5 Contribution of the interband transition to the permittivity of gold at visible 

frequencies ε_ib [5]. 

II.4.3.1 Plasmonics 

Plasmonics provides profound insights into the interaction between metals and light at the 

nanoscale, serving as a cornerstone for developing advanced MMAs. When light strikes a metal 

surface, free electrons collectively oscillate, generating surface plasmon waves that concentrate at 

metal-dielectric interfaces (Figure Ⅱ.6). This unique phenomenon results in significant local E 

field enhancement and extreme concentration of optical energy within subwavelength dimensions. 

 

 

 

 

Figure II.6 EM field distribution within the nanostructure, showing strong plasmonic 

concentration areas at the edges of the nanodisk (left), and the geometric configuration of the 

system (right) [8]. 

Noble metals such as gold and silver exhibit exceptional plasmonic properties across 

visible and near-infrared spectra. These distinctive characteristics originate from the metals' 

negative permittivity, enabling researchers to overcome conventional diffraction limits and 

manipulate light at scales substantially smaller than its wavelength [10]. 

The technology finds diverse practical applications ranging from ultra-sensitive detection 

systems and precision photonic sensors to high-efficiency solar energy conversion. Current 

research is witnessing groundbreaking advancements in quantum plasmonics and dynamically 

tunable plasmonic systems [12]. 
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II.4.4 Metal-insulator-metal (MIM) structures 

MIM structures represent fundamental designs in the field of plasmonic MMs, offering an ideal 

solution for developing light absorbers in both optical and terahertz frequency ranges. These smart 

configurations consist of three integrated layers: a top layer containing an array of metallic 

nanostructures in various forms such as disks or rods, followed by a thin insulating layer, and 

finally a bottom metallic layer serving as a mirror, as illustrated in Figure Ⅱ.7. 

 

 

 

 

 

Figure II.7 Schematic representation of a unit cell of the three-layer MIM (TiN MMPA) [8]. 

The secret to these structures' effectiveness lies in the remarkable interaction between their 

components. When light strikes them, the metallic nanostructures in the top layer interact with the 

bottom metallic layer through the insulating layer, creating a unique resonant system. This system 

can effectively trap and convert light energy, thanks to the precise matching between its properties 

and the incident EM waves [12]. 

This technology boasts several exceptional characteristics that make it the optimal choice 

for numerous applications. The magnetic resonance generated between the metallic layers can 

achieve ideal light absorption conditions. The middle insulating layer plays a crucial role in 

adjusting resonance frequencies and absorption peak sharpness. Meanwhile, the bottom metallic 

layer reflects any escaping light waves, ensuring no portion of light energy is lost [10]. 

Moreover, these structures provide an ideal research platform for exploring advanced 

optical phenomena, such as surface plasmon effects and phase transitions in materials. This makes 

them indispensable tools for developing nanoscale systems requiring precise and customized 

optical responses, opening new horizons in the field of fine-tuned light control [12]. 

  



Chapter Ⅱ                                                                                                       Metamaterial absorber 

 

23 

II.5 Applications 

The origins of interest in electromagnetic wave absorption trace back to the World War II era, 

when militaries sought to conceal their ships and submarines from microwave radar detection. 

Today, these technologies have evolved to extend their applications across multiple domains 

serving modern needs [6]. 

II.5.1 Military and aeronautical 

MMAs represent the cornerstone of modern military stealth technologies, effectively reducing the 

radar cross-section (RCS) of aircraft. These applications rely on advanced designs of polymer-

based materials embedded with nanoparticles, enabling absorption of wide radar frequency ranges. 

Additionally, absorption characteristics can be adjusted according to operational requirements, 

whether for complete stealth purposes or for enhancing radar signatures in certain tactical 

scenarios [9]. 

II.5.2 Industrial and electronic 

MMAs are widely used in creating high-performance anechoic chambers that employ pyramidal 

and conical configurations for efficient EM wave absorption [9]. They also play a critical role in 

solving electromagnetic interference (EMI) problems in precision electronic devices [11], 

improving system performance by reducing EM noise and unwanted coupling between adjacent 

electronic components, as well as creating EMI free zones as shown in Figure Ⅱ.8. 

 

 

 

 

 

 

 

Figure II.8 Illustration of EM absorber [9]. 

II.5.3 Biochemical sensing 

In the field of biochemical sensing, these materials leverage changes in resonance properties with 

variations in the surrounding medium, enabling them to achieve extraordinary sensitivity reaching 

2513 nanometers per refractive index unit. Their effectiveness has been demonstrated in practical 

applications such as glucose and hydrogen detection using gold nanoplasmonics [6]. 
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II.5.4 Energy harvesting 

In the energy sector, these materials have emerged through advanced photodetection systems 

utilizing hot electrons that achieve over 90% efficiency in the visible spectrum. They have also 

contributed to innovative solutions for solar steam generation with thermal conversion efficiency 

up to 57% [6], along with thermophotovoltaic (TPV) systems that convert waste heat into 

electricity with very high efficiency in the system illustrated in Figure Ⅱ.9. 

 

 

 

 

 

 

Figure II.9 Schematic of solar thermophotovoltaic (STPV) systems [8]. 

II.5.5 Imaging 

In imaging technology, these materials have enabled the development of sophisticated systems 

including ultra-sensitive thermal imaging (37 picowatts per root hertz) and terahertz imaging with 

5 mm resolution, as well as computational imaging techniques that operate efficiently under low 

illumination as minimal as 67 nanowatts [6].  

II.5.6 Microwave and communications 

MMAs contribute to the development of advanced communication components such as smart 

filters and high-efficiency signal amplifiers. In wireless communication systems, they enhance 

antenna performance by reducing unwanted side lobes, thereby improving data transmission 

efficiency. They are also used in wearable devices to reduce exposure to harmful EM radiation 

while maintaining communication quality [9]. 

II.6 Conclusion 

This chapter concludes by presenting the theoretical foundations for understanding and designing 

MMs in the optical range. It has reviewed the historical development of these materials, 

emphasizing their unique ability to control EM response through precise structural design. 

The chapter analyzed effective EM parameters such as permittivity and magnetic 

permeability, and their use in describing material behavior. It also examined the optical properties 

of metal-dielectric composites, highlighting the influence of microscopic structure and plasmonic 

effects in MIM systems. 
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Notably, the practical applications of these materials, particularly in solar energy 

harvesting which will be detailed in the following chapter (through numerical design and study of 

a metamaterial absorber), underscore their technological significance. MMAs open new horizons 

for developing high-efficiency devices with advanced spectral precision. 

  



 

 

 

 

 

 

 

 

 

CHAPTER III METAMATERIAL ABSORBER FOR SOLAR 

ENERGY HARVESTING 
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III.1 Introduction 

In recent years, MMAs have attracted increasing attention, thanks to the unique EM properties of 

MMs, such as negative permeability and negative permittivity. These features have expanded their 

range of applications in various fields such as solar energy harvesting, wireless communications, 

and sensors [14]. Modern applications require extremely high absorption rates and ultra-wide 

absorption bandwidths, so that the incident EM radiation is efficiently converted into other forms 

of energy. Solar energy is considered a promising option in this context, being a clean and 

renewable source that can contribute to solving global energy problems [15]. 

The performance of high-temperature solar thermal systems is often described in terms of 

the efficiency of converting solar energy into heat. Therefore, it is necessary to collect as much 

solar radiation as possible and reduce the loss caused by thermal emission in order to improve 

system efficiency. Hence, the selective absorber plays a crucial role in enhancing the thermal 

performance of solar energy systems [16]. In TPV cells, the absorber converts solar radiation into 

heat, which is re-emitted toward the PV cell within a selective range, allowing high-efficiency 

electricity generation [8]. To achieve this goal, the absorber must exhibit high absorption 

efficiency within the solar spectrum, low emissivity in the infrared range, and the ability to operate 

stably at high temperatures [17]. 

Since Landy and his colleagues proposed in 2008 the first perfect absorber capable of 

achieving 100% absorption at specific frequencies, research in this field has intensified [15]. 

However, narrowband absorbers are not sufficient to meet the practical needs of some applications, 

which has driven researchers to focus on developing broadband absorbers. Many studies have 

relied on multi-frequency resonance coupling to achieve strong absorption over wide bandwidths 

[18]. Additionally, the MIM structure has contributed to improving the absorption bandwidth, and 

most studies have focused on modifying the geometric dimensions and the shape of the top metal 

layer to enhance performance. For example, a triangular prism-shaped absorber demonstrated 

outstanding performance, with an average absorption of 97.85% in the range from 200-2980 nm 

[14]. 

In the field of solar energy absorption research, broadband MMAs are of great importance. 

There are many related studies, for example, Cheng and his colleagues proposed in 2022 a 

broadband solar MMA characterized by a variable longitudinal gradient [18]. Meanwhile, Zheng 

and his colleagues explored a cylindrical three-layer MIM structure that demonstrated an ultra-

broadband solar absorber with an absorption rate exceeding 90% across the 280-3209 nm range, 

with an average absorption rate of 97.4% [19]. The four-layer disk arrangement of W/SiO2 

designed by Yi achieved full absorption with a rate exceeding 90% in the range of 420-1950 nm 

[16]. Wu and his colleagues also used the FDTD method to analyze a cylindrical three-layer MIM 
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structure composed of Ti-Al2O3-Ti, resulting in an ultra-broadband solar absorber with an 

absorption rate exceeding 90% across the range of 244-3055 nm, and an average absorption rate 

of 95.8% [19]. 

Despite the progress made using stacked structures, there are still some challenges that 

limit the practical use of these absorbers, such as the need to improve absorption in the solar 

spectrum range and reduce thermal emission at high temperatures, which necessitates further 

design improvements [19]. Based on previously proposed structures by researchers, cylindrical, 

ring, and composite disk MIM configurations have shown promising performance in solar energy 

absorption [19]. Therefore, in this work, we propose a three-layer design composed of two 

concentric manganese (Mn) cylinders placed above a dielectric layer of Aluminum oxide (Al2O3), 

with an additional Mn layer acting as a reflective back mirror. This new simplified and specific 

composite structure enables ultra-wideband and high-performance absorption. We analyzed the 

properties of this absorber using the FDTD method, and studied the absorption mechanism at 

various frequencies through analysis of the EM field distribution and structural geometry. 

Compared to other absorbers, the proposed model possesses great potential in terms of efficiency 

and reliability, making it a promising candidate for the development of effective solar energy 

absorption technologies. 

III.2 Theory 

The FDTD method is used to solve Maxwell's equations in complex environments. It relies on 

direct computations in both time and space domains, offering accurate analysis of EM and optical 

phenomena [12]. It also allows for frequency-domain solutions through Fourier transforms, 

enabling the calculation of quantities such as the complex Poynting vector, as well as light 

reflection and transmission [20]. 

FDTD solves Maxwell’s curl equations in non-magnetic materials: 

 
𝜕𝐷⃗⃗ 

𝜕𝑡
= 𝛻 × 𝐻⃗⃗ , and 𝐷⃗⃗ (𝜔) = 𝜀0𝜀𝑟(𝜔)𝐸⃗ (𝜔) (III.1) 

 
𝜕𝐻⃗⃗ 

𝜕𝑡
= −

1

𝜇0
𝛻 × 𝐸⃗  (III.2) 

Where H, E, and D, are the magnetic, electric, and displacement fields respectively, while 𝜀𝑟(𝜔) 

is the complex relative dielectric constant 𝜀𝑟(𝜔) = 𝑛2 [20]. 

Assuming the structure is infinite in the z-direction and that the fields are independent of z, 

Maxwell's equations can be reduced into two independent sets, transverse electric (TE: 

𝐸𝑥,  𝐸𝑦,  𝐻𝑧), and transverse magnetic (TM: 𝐻𝑥,  𝐻𝑦,  𝐸𝑧). In the TM case, the equations reduce to: 

 
𝜕𝐷𝑧

𝜕𝑡
=

𝜕𝐻𝑦

𝜕𝑥
−

𝜕𝐻𝑥

𝜕𝑦
, and 𝐷𝑧(𝜔) = 𝜀0𝜀𝑟(𝜔)𝐸𝑧(𝜔) (III.3) 
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𝜕𝐻𝑥

𝜕𝑡
= −

1

𝜇0

𝜕𝐸𝑧

𝜕𝑦
, and 

𝜕𝐻𝑦

𝜕𝑡
=

1

𝜇0

𝜕𝐸𝑧

𝜕𝑥
 (III.4) 

These equations are solved on a discrete spatial and temporal grid known as the Yee cell [12], 

where each field component is calculated at a specific position within the cell. The software 

automatically interpolates the results to the origin of each grid point, simplifying the analysis for 

the user [20]. 

III.3 Proposed Structure  

A schematic diagram of the unit cell and periodic array of the proposed MMA is illustrated in 

Figure Ⅲ.1. At the top, an array of Mn double rings acts as a resonator [14]. An Al2O3 dielectric 

is used to separate the upper resonator from the bottom Mn layer, thus forming an MIM structure 

[16], and can induce EM coupling between them [14].  

𝐻1 is the thickness of the Mn layer for the inner ring pattern with a width of 𝐷1. 𝐻2 is the thickness 

of the Mn layer for the outer ring pattern with a width of 𝐷2. 𝐻3 is the thickness of the separating 

Al2O3 dielectric layer, and 𝐻4 is the thickness of the Mn substrate, and 𝑃 is the periodicity of the 

absorber’s structural unit, in order to achieve ultra-broadband perfect absorption and minimal 

absorber thickness, which is a fundamental constraint in achieving a perfect absorber [14], the 

geometric parameters of the proposed design were appropriately optimized, and the setting range 

for each parameter along with its optimal value was determined in Table Ⅲ.1. 

 

 

 

 

 

 

Figure III.1 a) Schematic representation of a periodic array of the proposed broadband 

metamaterial absorber, and b) schematic representation of a single absorber unit cell. 

Mn was selected as the metallic layer due to the unique characteristics of its permittivity. 

The real part remains relatively stable across the visible spectrum, allowing good impedance 

matching with free space and enhancing EM field penetration into the structure. Additionally, the 

large imaginary part of its permittivity contributes to strong absorption. From a practical 

standpoint, Mn is also a cost-effective alternative to precious metals, which have been used in 

many broadband patterned absorbers. Al2O3 was also selected as a dielectric layer functioning as 
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a spacer to excite plasmonic resonance [10], in addition to its excellent thermal resistance and low 

infrared absorption [18], which gives the model excellent selective performance [17]. 

Table III.1 List of geometrical parameters for the proposed absorber 

Parameter Decision space (nm) Step (nm) Optimum value (nm) 

From To 

𝐻1 300 450 50 400 

𝐻2 120 180 20 160 

𝐻3 50 95 15 65 

𝐻4 50 200 50 100 

𝑃 380 500 40 460 

𝐷1 20 35 5 20 

𝐷2 20 35 5 30 

 

III.4 Results and discussion 

We use the FDTD method to study the EM resonance and absorption performance of the proposed 

structure [22], and the absorptivity A is calculated using the equation A = 1 − R − T, where R 

represents reflectance and T transmittance [15]. It is worth noting that the thickness of the Mn 

substrate was chosen to be greater than the skin depth in the investigated frequency range, which 

ensures that the incident EM waves are unable to penetrate the absorber [21], resulting in 

transmittance (T = 0) [23], and thus the equation can be simplified to A = 1 − R. The average 

absorptivity of the absorber 𝐴𝑎𝑣𝑒𝑟 is calculated by integrating the absorption spectrum using the 

following formula [16]: 

 𝐴𝑎𝑣𝑒𝑟 =
∫ 𝐴(𝜆)∙𝑑𝜆
𝜆𝑚𝑎𝑥
𝜆𝑚𝑖𝑛

𝜆𝑚𝑎𝑥−𝜆𝑚𝑖𝑛
 (III.5) 

And to verify its practical use for solar energy, the absorption efficiency 𝜂𝐴 of the absorber is 

calculated under the standard solar spectrum at AM 1.5 using the equation [21]: 

 𝜂𝐴 =
∫ 𝐴(𝜆)∙𝐼𝐴𝑀1.5(𝜆)∙𝑑𝜆
𝜆𝑚𝑎𝑥
𝜆𝑚𝑖𝑛

∫ 𝐼𝐴𝑀1.5(𝜆)∙𝑑𝜆
𝜆𝑚𝑎𝑥
𝜆𝑚𝑖𝑛

 (III.6) 

Where 𝜆 is the wavelength of incident light, 𝐴 represents the absorptivity, 𝐼𝐴𝑀1.5 denotes the solar 

spectra at AM 1.5, and 𝜆𝑚𝑖𝑛 and 𝜆𝑚𝑎𝑥 correspond to 300 nm and 4000 nm, respectively. 

To explore the thermal emission characteristics of the solar absorber system, the thermal radiation 

efficiency 𝜂𝐸  is defined by the following equation [22]: 

 𝜂𝐸 =
∫ 𝜀(𝜔)∙𝐼𝐵𝐸(𝜔,𝑇)∙𝑑𝜔
𝜆𝑚𝑎𝑥
𝜆𝑚𝑖𝑛

∫ 𝐼𝐵𝐸(𝜔,𝑇)∙𝑑𝜔
𝜆𝑚𝑎𝑥
𝜆𝑚𝑖𝑛

 (III.7) 
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Where 𝐼𝐵𝐸(𝜔, 𝑇) is the ideal blackbody spectral intensity at frequency 𝜔 and temperature 𝑇. 

III.4.1 Evaluation of absorptive efficiency 

The graphical illustrations shown in Figure Ⅲ.2 provide a comprehensive representation of the 

absorber's characteristics over the studied wavelength range, and from it, across the entire 

wavelength range, it can be observed that the transmittance equals zero, while there is slight 

reflection around the range from 700-1200 nm, with a continuous gradual increase in reflectance 

after the wavelength of 2500 nm, which is a matter of interest for efficient selective solar absorbers 

[18]. As for the absorption curve, it provides strong evidence that the solar absorber we designed 

achieves an absorption rate exceeding 95% within a wide spectral range from 300-2799 nm, and 

exceeding 99% within a range it includes from 1100-2500 nm. It is worth noting that the proposed 

absorber achieves near-perfect absorption (about 100%) within a considerable range of 1020 nm 

ranging from 1200-2220 nm, and also at wavelengths 464 nm and 643 nm. Through the average 

absorption rate (𝐴𝑎𝑣𝑒𝑟), this exceptional performance is further enhanced, according to equation 

(Ⅲ.5), where we can calculate that the average absorption reaches 98.80%, and within the range 

of 300-2500 nm, it reaches 98.24%. Accordingly, in general, these results indicate the great 

potential for achieving very high efficiency in solar energy harvesting. 

 

 

 

 

 

 

 

 

 

 

 

Figure III.2 Transmission, reflection and absorption spectra versus wavelengths. 

The reason for the extremely high absorption of the proposed structure lies in the matching 

between its impedance and the impedance of free space. This matching can be verified 

theoretically if the scattering parameters (S-parameters) are known, where 𝑆11 and 𝑆21 are used to 

represent reflection and transmittance, respectively. And due to the presence of a thick bottom 

metal layer, 𝑆21 can be considered almost zero. Based on the S-parameters, the effective input 

impedance 𝑍𝑒𝑓𝑓 can be calculated using equation (Ⅲ.8) [14]. The simulation results in Figure Ⅲ.3 

illustrate the normalized impedance 𝑍𝑒𝑓𝑓 of the absorber structure made of Mn, where it is 

observed that the real part of the impedance is close to 1, while the imaginary part is close to zero 
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within the spectral range of 300-2500 nm, indicating a strong match between the absorber 

impedance and the free space impedance [17]. 

 𝑍𝑒𝑓𝑓 = √
(1+𝑆11)2−𝑆21

2

(1−𝑆11)2−𝑆21
2 =

1+𝑆11

1−𝑆11
 (III.8)  

 

 

 

  

 

 

 

 

 

 

Figure III.3 Effective input impedance of the absorber design. 

To provide a comprehensive explanation of the exceptional absorption capabilities of the proposed 

solar absorber, it can be easily concluded from equation (Ⅲ.9) that, when the impedance of the 

absorber equals the impedance of free space, the reflectance R is zero [21]. And based on the 

previous equation A = 1 − R, it follows that the absorptance equals 1, which enables ultra-high 

absorption. 

 𝑅 = |
𝑍−𝑍0

𝑍+𝑍0
|
2

 (III.9) 

Where 𝑅 represents the reflectance of the absorber, 𝑍0 denotes the impedance of free space, 𝑍 

signifies the impedance of the absorber. 

III.4.2 Analysis of absorbed energy and radiated energy 

To more closely match the actual light conditions on Earth [18], we obtained the solar radiation 

spectrum by placing the absorber at the optimum parameters in the AM1.5 spectrum [26], as 

illustrated in Figure Ⅲ.4, where the black color indicates the AM1.5 solar radiation spectrum, the 

red color indicates the energy absorbed by the studied model, and the green color indicates the lost 

energy. By observing the spectral lines, it is evident that the solar energy absorption efficiency of 

the proposed solar absorber nearly reaches 100% of sunlight, and only a small amount of energy 

is lost, indicating that the absorber possesses ideal absorption and very high efficiency. This is 

further supported by using equation (Ⅲ.6), where calculations reveal that over the range from 300 

to 4000 nm, the average weighted absorption efficiency is 97.93%, with minimal energy loss of 

around 2.07%, once again proving that the designed absorber demonstrates a high capability of 

harvesting energy from solar radiation. 
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Figure III.4 Solar absorption spectrum and Analysis of energy loss and absorption. 

In this solar absorber system, when compared to the ideal blackbody method, illustrated in 

Figure  Ⅲ.5, the thermal emitter exhibits nearly perfect emission intensity in the wavelength region 

up to 4000 nm at a temperature of 1000 Kelvin, and it possesses an excellent thermal radiation 

efficiency according to equation (Ⅲ.7), reaching 97.76%, which is an impressive result. 

 

 

 

 

 

 

 

Figure III.5 Solar absorber energy emission diagram at 1000 K temperature. 

In Table Ⅲ.2, we present a comparison between the performance of the solar absorber we 

propose and some of the absorbers used in previous studies, with a focus on key performance 

criteria. The absorbers listed in the table demonstrated good absorption capabilities, but they failed 

to achieve an ideal balance between average absorption, bandwidth, and solar energy collection 

efficiency, as some overlooked factors such as thermal emission. In contrast, our proposed 

structure offers a comprehensive solution that combines a wide absorption range, high absorption 

rates, and high efficiency in managing thermal emission, making it suitable for applications in both 

solar energy collection and emission. Additionally, the simplicity of the design contributes to 

reducing production costs and facilitating the manufacturing process, which is closely linked to 

the materials used and the number of layers comprising the structure [14]. 
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Table III.2 Comparison of Solar Absorbers from Previous Studies with the Proposed Structure 

References Structure 

thickness (nm) 

Number of 

layers 

Bandwidth 

(nm) 

A % 𝐴𝑎𝑣𝑒𝑟% 𝜂𝐴% 𝜂𝐸% 

[14] 190 3 270 > 99 98.72 / / 

[15] 750 4 2570 95 98.10 97.90 / 

[16] 1070 4 3354 90 98.30 98.86 94 

[18] 1000 7 3720 90 94.10 94.80 / 

[22] 1155 6 1869 90 96.56 95.89 92.83 

Our work 565 3 1020 99.99 98.80 97.93 97.76 

2499 > 95 98.04 

 

III.4.3 Electromagnetic field intensity distribution 

To understand the mechanisms behind the broadband and near-perfect absorption of the proposed 

metamaterial absorber, the field distributions in Figure III.6 show that the distributions were 

analysed at wavelengths of 480 nm, 550 nm, 1400 nm, and 2000 nm, where the figures (a) and (e) 

display the electric and magnetic fields at 480 nm respectively, while (b) and (f) highlight the 

distributions at 550 nm, (c) and (g) at 1400 nm, and finally (d) and (h) at 2000 nm.  

 

 

 

 

 

 

 

 

 

Figure III.6 Electric field distributions (a-d), and magnetic field distributions (e-h) of the 

proposed unit cell at different resonant wavelength peaks. 

In figures (a) and (e) at 480 nm, a strong concentration of the electric field appears around 

the edges of the cylinders with a magnetic enhancement around the interfaces, indicating 

plasmonic and magnetic resonance that supports near-perfect absorption at 464 nm. As for (b) and 

(f) at 550 nm, the concentration continues around the edges with a slightly wider spread of both 

fields, enhancing high absorption in the visible range within the performance that exceeds 95% in 
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300-2790 nm. Regarding (c) and (g) at 1400 nm, the distribution is characterized by a more 

balanced spread and high intensity within the dielectric layer, reflecting a strong interaction that 

achieves near-complete absorption in the 1200-2220 nm range. Finally, in (d) and (h) at 2000 nm, 

the concentration remains strong around the cylinders with effective energy dissipation supporting 

high absorption within the same range. These distributions collectively highlight the mechanisms 

of light trapping and energy dissipation through plasmonic and magnetic resonances, leading to 

zero transmission, minimal reflection in 700-1200 nm, and absorption exceeding 95% across 300-

2799 nm, with 99%-100% absorption in 1100-2500 nm, making the structure highly effective for 

solar energy harvesting. 

III.4.4 Examination of microstructure 

In order to illustrate the full benefits of the absorber structure that includes two Mn rings, we 

compared the absorption performance of several configurations: an absorber without any rings, an 

absorber with only the outer ring, and the proposed two-ring design absorber, while keeping all 

other factors unchanged, as shown in Figure Ⅲ.7 a. As the absorption spectra in Figure Ⅲ.7 b 

indicate, the presence of the outer ring alone clearly contributes to improving absorption, 

especially in the visible wavelength range. Furthermore, the use of two Mn rings leads to a 

significant enhancement in absorption efficiency across the entire studied spectrum.  

 

 

 

 

 

  

 

 

Figure III.7 a) A 3-D view of two different absorber configurations with the proposed design. b) 

Absorption spectrum for the two different absorber configurations with the proposed one. 

This improvement can be explained by the dual-ring structure’s ability to excite multiple resonance 

modes, such as surface plasmon resonance (SPR), cavity resonance (CR), and magnetic resonance 

(MR) [16]. 

III.5 Effects of material on the absorption property of the absorber 

The effect of using different dielectric materials and metals on the absorption efficiency of the 

designed structure was studied. The dielectric material 𝐴𝑙2𝑂3 in the middle layer was replaced 
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with several alternative dielectric materials such as 𝐹𝑒2𝑂3, 𝑆𝑖3𝑁4, 𝑆𝑖𝑂2, and 𝐻𝑓𝑂2, while keeping 

the original structure dimensions and the used metal Mn unchanged. Figure Ⅲ.8 illustrates the 

absorption spectra resulting from these modifications, where the results show a great similarity in 

the absorption performance among all tested dielectric materials, with 𝑆𝑖𝑂2 and 𝐴𝑙2𝑂3 standing 

out as the two options offering better performance. 

 

 

 

 

 

 

 

Figure III.8 Absorption spectra of the optimized structure with different dielectric materials. 

As for the effect of replacing the metal, Mn in the top resonator layer and the bottom metallic plane 

was replaced with other metals such as nickel (Ni), titanium (Ti), and tungsten (W), while keeping 

the rest of the parameters unchanged. Figure Ⅲ.9 shows the resulting absorption curves, where it 

is clear that most metals exhibit quite similar behavior within the range of 300 to 2000 nm, 

however, manganese still provides the best performance over the studied spectrum. 

 

 

 

 

 

 

 

Figure III.9 Absorption spectra of the optimized structure with different metals. 

This distinction is attributed to the good impedance matching between the Mn-based structure 

and the free space, making it the most suitable for enhancing the properties of the proposed 

absorber [14]. 
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III.6 Adjustment of geometric parameters 

The ideal absorber for practical use should have some margin for manufacturing errors [15]. 

Therefore, an analysis of the absorption spectra of the structure is conducted by systematically 

varying a specific parameter using the single-variable control method [21], where we investigate 

the absorption characteristics by individually altering each parameter while keeping the others 

constant. 

III.6.1 Effect of top layer thickness on absorption performance  

Initially, the investigation focuses on the effects of parameters associated with the manganese 

rings. Figure Ⅲ.10 illustrates the impact of the inner ring thickness of the Mn patterned layer on 

the absorption characteristics, where it maintains the length of the optimal performance range 

while improving the performance ratio upon increasing, reaching the optimal value of 400 nm. 

Thus, increasing 𝐻1 has little effect on stimulating resonance modes. Accordingly, the height of 

the inner Mn ring layer possesses a high geometric margin for manufacturing errors. 

 

 

 

 

 

 

 

 

Figure III.10 Demonstrates the various absorption spectra of changing 𝐻1. 

Figure Ⅲ.11 displays the effect of the outer Mn ring thickness on absorption performance. As 𝐻2 

increases, we observe a broadening in the solar energy absorption spectrum, with a relative 

improvement in the absorption rate within the near-infrared wavelength range. Therefore, the 

optimal value for 𝐻2 is 160 nm, while maintaining a geometric margin for manufacturing errors. 
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Figure III.11 Demonstrates the various absorption spectra of changing 𝐻2. 

III.6.2 Effect of dielectric and substrate thickness on absorption performance  

The thickness of the dielectric layer 𝐴𝑙2𝑂3  varies from 50 to 95 nm. In Figure Ⅲ.12, we observe 

that the absorptivity remains consistent in the regions achieving optimal absorption, and with 

increasing thickness, it shows improvement in the ultraviolet, visible, and near-infrared regions, 

indicating that a thickness of 65 nm is optimal for the dielectric layer 𝐻3. 

 

 

 

 

 

 

 

 

Figure III.12 Demonstrates the various absorption spectra of changing 𝐻3. 

These results in Figure Ⅲ.13 indicate that the manganese layer, designated as 𝐻4 and functioning 

as a substrate, exhibits a slight effect on the structure's absorption capacity when its thickness 

exceeds a certain limit, with the optimal value appearing at a thickness of 100 nm. 
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Figure III.13 Demonstrates the various absorption spectra of changing 𝐻4. 

III.6.3 Effect of structure period on absorption performance  

Figure Ⅲ.14 displays the effect of the absorber's period on absorption performance. An increase 

in the value of 𝑃 beyond 2000 nm has an impact, thereby widening the bandwidth leading to 

absorptivity exceeding 95%, and subsequently, with continued increase, the bandwidth slightly 

decreases, resulting in an optimal 𝑃 value of 460 nm, which achieves the best absorption. 

 

 

 

 

 

 

 

 

Figure III.14 Absorption spectra of the absorber for different values of the overall P. 

III.6.4 Effect of ring width of inner and outer pattern on absorption performance 

Figure Ⅲ.15 displays the effect of the inner ring width of the Mn patterned layer on absorption 

performance. Good and consistent absorption performance is maintained while increasing the 

inner ring width 𝐷1, with a slight change within the visible range, resulting in an optimal value at 

20 nm. 
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Figure III.15 Demonstrates the various absorption spectra of changing 𝐷1. 

As shown in Figure Ⅲ.16, the effect of the outer ring width of the Mn patterned layer on absorption 

performance is evident. With an increase in the outer ring width 𝐷2, the absorption performance 

remains consistent from 300 to 2000 nm, after which a slight change is observed, identifying 30 

nm as the optimal value. Consequently, the widths of both the inner and outer rings can also 

tolerate a certain degree of manufacturing error. 

 

 

 

 

 

 

 

 

Figure III.16 Demonstrates the various absorption spectra of changing 𝐷2. 

Based on all this data, we find that even if some errors occur during manufacturing, the overall 

solar absorption efficiency remains high, indicating that the absorber possesses good 

manufacturing tolerance, even with slight deviations in structural parameters. This makes it 

suitable for practical applications requiring high precision, such as solar energy utilization in space 

stations and professional research experiments. 
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III.6.5 Conclusion 

 The newly developed broadband, high-efficiency solar absorber and thermal emitter has been 

designed for photovoltaic applications, utilizing a MIM (Mn_ 𝐴𝑙2𝑂3_Mn) structure crafted from 

cost-effective materials that exhibit strong resistance to high temperatures and oxidation. This 

design incorporates two concentric manganese rings with varying thicknesses and radii, 

meticulously optimized to enhance absorption performance. As a result, the structure demonstrates 

near-perfect absorption exceeding 99.99% across the wavelength range of 1200 to 2220 nm, over 

99% within the 1100-2500 nm range, and more than 95% in the broader 300 to 2799 nm spectrum, 

with an average absorption rate reaching 98.04%. Under AM1.5 solar radiation conditions, the 

designed structure maintains an average absorption efficiency of 97.93% across the full spectrum 

from 300 to 4000 nm, with a minimal solar energy loss of less than 2.07%. Notably, when 

compared to an ideal blackbody, the absorber delivers exceptional thermal emission performance 

at 1000 Kelvin, boasting an impressive thermal radiation efficiency of 97.76%. This high 

performance is attributed to the synergistic effects of lattice resonance, surface plasmon resonance, 

Fabry-Pérot resonance, and both intra-structure and inter-structure plasmon coupling within the 

array. Furthermore, the design offers tolerance to minor geometric deviations, making it well-

suited for practical manufacturing. These advantages highlight the proposed absorber’s potential 

as a promising candidate for next-generation solar energy systems and photovoltaic-thermal cells, 

while also providing clear reference value for developing electromagnetic metamaterial devices 

such as ideal absorbers, thermal emitters, and electromagnetic shielding. 
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CONCLUSIONS 

This thesis has addressed the study of MMAs in the optical and terahertz domains, focusing on the 

design of a three-layer structure based on Mn cylinders and an 𝐴𝑙2𝑂3 dielectric layer, aiming to 

achieve highly efficient absorption for solar energy applications and photovoltaic-thermal cells. 

Through the three chapters, the theoretical foundations of electromagnetism were reviewed, 

starting with Maxwell’s equations and concluding with the interaction of waves with materials. 

This was followed by an analysis of the unique properties of metamaterials and the operational 

mechanisms of their absorbers, culminating in the proposal of an innovative metal-insulator-metal 

structure that achieves near-perfect absorption exceeding 99.99% in the 1200 to 2220 nm range, 

with an average absorption efficiency of 98.04% across the broad solar spectrum. 

This research encountered some challenges, such as the difficulty of optimizing the 

geometric design to ensure integration between lattice resonance, surface plasmon resonance, and 

Fabry-Pérot resonance, in addition to the need for precise simulations using the Finite-Difference 

Time-Domain method to ensure accuracy in analyzing the distribution of electromagnetic fields. 

It also required addressing challenges related to balancing the achievement of a broad absorption 

bandwidth with minimizing thermal losses at high temperatures. Despite these obstacles, the 

results demonstrated that the proposed design possesses manufacturing flexibility and high 

tolerance to minor geometric deviations, enhancing its practical feasibility. 

Hence, it is recommended to continue research to develop diverse structures to improve 

performance in the terahertz ranges, with a focus on reducing manufacturing costs and enhancing 

thermal stability for high-temperature applications. It is also advised to study the impact of non-

perpendicular incidence angles on absorption efficiency to expand the scope of applications. 

Finally, exploration of the integration of these absorbers with sensing technologies and thermal 

cooling systems is encouraged to support the development of advanced electromagnetic devices. 

This thesis seeks to provide a modest scientific contribution that paves the way for the development 

of innovative technologies in the fields of renewable energy and communications. 
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