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ABSTRACT
A MULTIBAND METAMATERIAL ABSORBER DESIGN FOR SOLAR CELL
APPLICATIONS
Mulla, Batuhan
M.Sc. Sustainable Environment and Energy Systems Program
Supervisor: Assoc. Prof. Dr. Cumali Sabah

Solar energy is one of the most abundant energy in nature. Harvesting this energy in a
more efficient way can be realized by metamaterials. Metamaterials which are
manmade artificial materials can provide great absorption characteristics as well as
reduced material costs with their compact structures. In this thesis, unique
metamaterial absorber designs for thermo-photovoltaic and for photovoltaic
applications are proposed and numerically analyzed in terms of their absorption
capacity, polarization and incident angle stability and thermal stability. Moreover,
absorption enhancement techniques such as applying graphene or indium thin oxide
layers are discussed and implemented to the absorber design.
Keywords: Metamaterial, perfect absorber, multi- band, solar cells.
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ÖZ
GÜNEŞ PİLİ UYGULAMALARI İÇİN ÇOK-BANTLI METAMALZEME
SOĞURUCUSU TASARIMI
Batuhan Mulla
Yüksek Lisans, Sürdürülebilir Çevre ve Enerji Sistemleri Programı
Tez Yöneticisi: Doç. Dr. Cumali Sabah

Güneş enerjisi doğada en fazla bulunan enerji türlerinden bir tanesidir. Bu enerjiyi
daha verimli bir şekilde elde etme meta malzemeler aracılığıyla gerçekleştirilebilir.
İnsan yapımı, yapay malzemeler olan meta malzemeler, çok yüksek seviyedeki
emicilik kapasitelerinin yanında sıkıştırılmış yapıları nedeniyle kullanılan malzemenin
fiyatında da düşüş sağlayabilme özelliğine sahiptirler. Bu tezde, fotovoltaik ve termofotovoltaik uygulamaları için özgün meta malzeme emici tasarımları sunulmuş ve
numerik olarak, emicilik özellikleri, ışığın kutuplaşması ve geliş açısı kararlılıkları ile
termal özellikleri açısından incelenmişlerdir. Ek olarak, graphene ve indiyum kalay
oksit katmanları uygulamak gibi emicilik geliştirme teknikleri de incelenmiş ve
uygulanmıştır.
Anahtar kelimeler: Meta malzeme, Mükemmel soğurucu, çok-bantlı, Güneş pili
uygulamalar
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CHAPTER 1
INTRODUCTION

The energy requirements of human beings are increasing every day. This energy
demand is mainly provided by fossil fuel-fired power plants, hydroelectric energy
plants and nuclear fuel burning energy plants. Considering the 2014 BP Statistical
Review of World Energy report, %87 of world electricity necessity is provided by
fossil fuels [1]. These sources lead to the adverse effects to the environment, to the
atmosphere and also to the humanity when burned. Global temperature also effected
from this condition. Enhancement of the mentioned greenhouse gases causes the
increment of the temperature in globally [2]. Moreover, this enhancement can cause
many unwanted side-effects on earth and human health. In addition to these, the
instability of the prices of coal and oil is being another problem. As the main electricity
supply are these sources, this circumstance can result with the increase in the price of
electricity.
One solution for not employing the fossil fuels could be the usage of the nuclear
sources. Nuclear power plants emit less greenhouse gases to the atmosphere with
respect to fossil fuel-fired power plants. However it is an enemy of the environment.
Lastly the in secureness of nuclear power was shown by Fukushima Daiichi accident
in japan on March 2011 [3].
Hydro power is a clean source but it needs a huge amount of water to operate and
should be located on the way of this huge amount of water. Providing the energy
demand without releasing greenhouse gasses to the atmosphere can be realized by
using renewable energy sources.
1.1.Solar Energy
One of the most popular and preferred energy source is the solar energy. This source
can be used to supply clean energy by the utilization of the solar cells. There are
different forms of the solar cells being photovoltaic (PV) thermo-photovoltaic (TPV)
cells. Solar energy utilization performance of solar cells is limited due to the reason
that they cannot completely convert all solar radiation in the solar spectrum [4-5].
1

Solar irradiance whih is a wavelength depended quantity, is given in Figure 1-1 [6].
This spectrum covers the range between 100 THz to 1000 THz (100 nm to 1000 nm
as wavelength). The solar spectrum consist three different frequency regions. These
regions are: infrared region (100 THz to 400 THz) visible region (400 THz to 750
THz) and ultraviolet region (750 THz to 1000 THz). However, most of the energy is
located between 400 THz and 750 THz as can be seen from Figure 1-1[7].
The performance of the solar cells can be further improved if the losses which cause
the inefficiency of solar cell could be minimized. Some of these loses are being the
optical loses and recombination loses. In addition to loses, the production and the
fabrication cost of a unit cell of solar cells also have crucial role when the usage density
of these cells are being considered. The developed fabrication techniques open the road
for the lesser cost for the fabrication of unit cells. Material cost can be minimized by
employing the materials among the suitable ones, according to their abundancy in the
nature.
By considering the mentioned issues, metamaterials could have the critical role for
eliminating loses [8]. In addition, with the developed fabrication techniques these
devices can be produced as compact as possible so that they occupy smaller areas with
improved efficiencies.

Figure 1-1. Solar irradiance spectrum [6].

2

1.2. Maxwell’s Equations
The interaction of light radiation and matter can be well understood by studying
Maxwell’s equations in an isotropic medium. The differential form of the Maxwell
equations are represented in relations (1.1)-(1.4).
⃗ =0
∇. 𝐷

(1.1)

⃗ =0
∇. 𝐵

(1.2)

⃗
𝜕𝐵
∇ × 𝐸⃗ = −

(1.3)

⃗ = 𝜕𝐷⃗
∇×𝐻
𝜕𝑡

(1.4)

𝜕𝑡

In equation (1.1), D represents the electric flux density in C/m2 while B in equation
(1.2) symbolize the magnetic flux density. E and H are the electric field and magnetic
field (A/m) respectively.
In homogeneous isotropic medium D and B can be given by equations (1.5) and (1.6).
⃗ = 𝜀𝐸⃗
𝐷

(1.5)

⃗ = 𝜇𝐻
⃗
𝐵

(1.6)

Maxwell’s equations in isotropic medium can be rewritten as shown in equations (1.7)
-(1.10) when equations (1.5) and (1.6) are considered together.
∇. 𝜀𝐸⃗ = 0

(1.7)

⃗ =0
∇. 𝜇𝐻

(1.8)

⃗
𝜕𝐻
∇ × 𝐸⃗ = −𝜇 𝜕𝑡

(1.9)

⃗ = 𝜀 𝜕𝐸⃗
∇×𝐻
𝜕𝑡

(1.10)
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When the relations for the electric and magnetic fields (equations (1.11) and (1.12))
and Maxwell’s equations are combined together equations (1.13) and (1.14)
⃗
𝐸⃗ (𝜔, ⃗ƙ) = 𝐸⃗0 𝑒 𝑖(ƙ𝑍−𝜔𝑡)

(1.11)

⃗ =𝐵
⃗ 0 𝑒 𝑖(ƙ⃗ 𝑍−𝜔𝑡)
𝐵

(1.12)

⃗ƙ × 𝐸⃗ = − 𝜔 𝜇𝐻
𝐶

(1.13)

⃗ƙ × 𝐻
⃗ = 𝜔 𝜀𝐸⃗
𝐶

(1.14)

Where wave vector, angular frequency of electromagnetic wave and speed of light in
free space can be symbolize by ⃗ƙ, ω, and c correspondingly.
1.3. Metamaterials
In recent years, significant attentions have been attracted on the artificial materials
(namely metamaterials) as they can dramatically manipulate the incident
electromagnetic wave [9-10]. In addition to effects on the incident wave, they exhibits
exotic properties (negative refractive index [11-14], invisibility cloaking [15] and so
on) which are not possible to observe by natural materials.
The material properties are strongly dependent on their complex permittivity (𝜀) and
complex permeability (𝜇) values which are provided in equation 1.15 and equation
1.16 correspondingly [16].
𝜀(𝜔) = 𝜀′(𝜔) + 𝑖𝜀"(𝜔)

(1.15)

𝜇 (𝜔) = 𝜇′ (𝜔) + 𝑖𝜇"(𝜔)

(1.16)

These values are frequency dependent values. This means that the response is changing
with the frequency. In general, the properties of the materials according to their
electromagnetic characteristics are represented in Figure 1-2. The materials that have
positive permeability and negative permittivity is the metals at optical frequencies and
the plasmas while the dielectrics have both positive values of these quantities. The
magnetic materials have permeability lesser than zero and electric permittivity greater
4

that zero. These three types explained above are called right handed materials and they
be found in the nature. However, the ones that have both of the permittivity and the
permeability negative cannot be found in the nature [17-18].

Figure 1-2. Electromagnetic properties of materials.

Optical response of a material can be discovered by its refraction index shown with
the equation 1.17. In this relation, n is the real part while k is the imaginary part of the
index. Metamaterials show native values for this relation which cannot be come across
with the natural materials.
𝑛̃ = 𝑛 + 𝑖𝑘

(1.17)

Metamaterials dimensions should be the smaller than the wavelength of interest
wavelength especially in the lateral directions. The material composition of the
metamaterials are various. They are usually composed of different layers with various
materials. Because of this, they are inhomogeneity in the appearance. However, as they
are smaller than the wavelength, the incoming radiation point of view, they are
homogeneous. This makes them to behave as one material while being the combination
of various materials.
5

By the help of the improved fabrication techniques, the compact metamaterials can be
produced. This results with the lesser space requirement and thus the reduced material
cost. The strong ability of these materials to manipulate the light makes them the
possible future for the solar energy sector.
After the first metamaterial absorber proposed and experimental demonstrated by
Landy et al [19], there has been many researches made for single band [20] wide band
[21-23] multi band [24-26] metamaterial absorbers for different frequency realms such
as microwave [22] terahertz [23] optical [24-25] for variety of applications.

Due to these extraordinary properties mentioned above, there are many potential
application areas of metamaterial such as; sensors [27-28], switches [29], absorbers
[30] among these application areas, perfect absorption is crucial for applications like
micro-bolometers, sensors, thermal imagers, and solar energy utilization.

1.4. Metamaterials as Absorbers
One of the most critical applications of these structures is the perfect absorption.
Perfect absorption can be obtained when the transitivity and the reflectivity of these
materials are simultaneously reduced to zero so that all the incident electromagnetic
radiation is absorbed by the material [31-33]. Although metamaterial absorber
compose of different layers, they behave as an effective material as they are
subwavelength structures with respect to the incident wave [34-36]. Therefore,
effective parameters, which are permittivity and permeability, specify the properties
of the metamaterial absorbers. Especially, these parameters can be arranged so that the
effective impedance of the absorber becomes same with the impedance of the free
space [37-39]. Under these circumstances, the reflected and transmitted waves
minimized simultaneously and the perfect absorption is achieved [40]. The relation for
impedance can be calculated via equation 1.18. The resonant response of the
metamaterial absorbers are strongly dependent on to the geometric dimensions of the
structure. By varying these dimensions, the electrical and optical responses of
metamaterial absorbers can easily be tuned. If the geometrical dimensions of a
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metamaterial absorber are properly adjusted the match of the impedances might be
realized.
(𝑧(𝑤) = √µ(𝑤)⁄𝜀(𝑤) ).

(1.18)

In addition, plasmon polaritons at higher frequencies can create the plasmonic
resonances so that the incident wave is totally absorbed [41-43].

1.4.1. Metamaterial Absorbers for Thermo-Photovoltaics Applications
Heat or thermal energy can be converted into usable forms of energy (mainly
electricity) by the utilization of thermo-photovoltaics. If the appropriate material
combinations (which causes the heat generation) are selected and the metamaterial
absorber has a good absorption rate in the solar range, then, this absorber can be used
for the very efficient utilization of the solar energy. Thus, some of the energy
requirements of the human beings supplied by sun as a renewable and sustainable
sources can be increased with this original arrangements.
TPV’s are the combination of an absorber/emitter, a photodiode, and an external heat
source. [44-45]. Working mechanism of thermo-photovoltaics start with the absorption
and re-emission of the energy coming from the heat source. Re-emitted radiation can
be used by the photovoltaic cells to convert solar or heat energy into the electricity.
Therefore, the absorption property of the metamaterial absorber can be used to capture
the solar radiation by the integration of such absorbers into the photovoltaic and/or
thermo-photovoltaic systems. In this sense, a metamaterial absorber can be used to
improve the miniaturization and the efficiency of thermo-photovoltaics or
photovoltaics.

Although solar energy covers three frequency region, (visible infrared and ultraviolet)
most of the previous studies focused on only one frequency region. For example Ayas
et al. [46] worked on a metamaterial absorber structure which was designed to work
in visible frequency range. Their design has three bands in this range. Liu et al. [47]
designed an aluminum based metamaterial absorber. Their absorber designed to
operate in the ultraviolet frequency range. Moreover generally, in the literature,
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multilayered absorber designs are employed in order to absorb solar energy. Using a
multilayer design can enhance the absorption rate. On the other hand it increases the
necessary material cost and the complexity of the absorber structure. Liang et al [48]
presented a metamaterial solar energy absorber which has a pyramidal shape. They
utilized vertically cascaded metal-dielectric layers in order to obtain perfect absorption
in the solar range. Moreover, Wu et al. [49] investigated the absorption effects in
grating-based devices. Their structure is designed to operate in infrared frequencies.
They also utilized vertically cascaded metal-dielectric grating for obtaining multiband
absorption.

1.4.2. Metamaterial Absorbers for Photovoltaics Applications
The perfectly absorptivity property of the metamaterials can be utilized in the
photovoltaic cell to convert the solar energy directly into the electric energy. For
photovoltaic response, generally an active material is needed to absorb and convert the
absorbed energy into the useful forms [50]. Active material is a semiconducting
material where the light energy are transformed into electron hole pairs [51]. These
pairs are then separated to the electrodes and finally the energy can be taken as the
form of electric current from these electrodes [52].
The losses occurred within or out of the solar cell, reduce their performance and cause
the inefficiently converting the solar energy into the usable forms [53]. These losses
includes the energy lost in the metallic parts. This condition leads to the generation of
heat which is a side effect for photovoltaic application [54].
Another disadvantage could be the thickness of the active material. As the depth of
this beneficial material increases, the previously created electron hole pairs might
recombined together [55]. This result with an inefficient working. As the
metamaterials are compact structures and they are small in dimension, they can help
the preventation of these loses occurred within the cell. Moreover, the plasmonics
responses discussed above, can cause the creation of the new resonance and therefore
the absorption behaviors.
The main objective of this thesis is the employment of the metamaterials for the
utilization of the solar energy as a renewable source.
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CHAPTER 2
DESING AND ANALYSIS OF METAMATERIAL ABSORBERS
Designing a perfect absorber which shows the metamaterial characteristics (double
negativity), requires some specification with respect to the dimensions. The usage area
of the designed absorber is also an important issue while determining frequency ranges
for analysis and choosing the right materials to be used in the design. In addition to
these, numerical modelling and analyzing of the metamaterials should be done in a
correct manner in order to make sure the accuracy and the reality of the obtained
results. Therefore, in this chapter, the approaches that have been used in this thesis for
designing, analyzing, and characterizing the metamaterial absorbers are briefly
explained.
2.1. Methodology for the Design
The first step is designing the absorber. One of the most important issue while
designing is to choose of the right material for efficiently absorbing and utilizing the
solar radiation. Each particular applications of solar energy harvesting requires some
specific properties. Therefore, the key material varies from one application area to
another. Among the suitable materials for the desired application, the ones that are
abundant in nature, have no side effects to the humanity and the environment have the
usage priority in this thesis. In addition to these, the cost is another deterministic issue.
Throughout the thesis, the materials that assure the above conditions and have the
minimal cost are chosen, as long as they provide the optimum material requirements.
The reason of choice of the materials for each individual design will also be explained
in the related chapters of the thesis.
In this study, the analysis and the characterization of the designed absorbers have been
carried on through the numerical simulation method. Thus, after determining the
suitable material, selected materials are needed to be introduced to the simulation
software. The electromagnetic and optical properties of the materials relay on
frequency; especially for higher frequencies [56]. Therefore, frequency dependent
constants which can be permittivity (both real and imaginary), conductivity, and
refractive index are defined by using the empirical data in the frequency range of
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interest. If the empirical data sets will be used, the number of measurements and the
measurement intervals for frequencies are important for the reliable results. For some
of the materials, the sufficient number of data are not given in the literature. For these
materials some dispersion models like Drude Model, Drude-Lorentz [57-59] model or
some dispersion formulas like Kubo formula [60] are also employed in order to
introduce the material to the software effectively. The detailed information about the
sources of the empirical data and/or the dispersion model used for modelling and
introducing the materials are provided for every individual design in the related
sections.
After the selection of the right material and introducing it to the simulation software,
the geometrical dimensions of the model is needed to be determined. The lateral
directions of the metamaterial absorber has to be smaller than the wavelength of the
incident radiation [34-61, 62]. Therefore, when determining the geometric dimensions
of the design, the attention have been paid on this essential rule. Moreover, minimizing
the geometric dimensions also reduces the amount of material to be used in the unit
cell. Hence, as the required material amount decreases, the material cost also
decreases. However, due to the studied lengths for dimensions are in nanometer scale,
it is not practical for the real applications to design the structure as small as possible.
In addition, the complex geometric structures and smaller geometric scales increase
the necessary fabrication costs. Because of the mentioned issues, throughout this work,
these considerations are taken into account.
In addition, as explained before, the geometrical dimensions of the metamaterial
absorber have a very critical role in determining the absorption characteristics [9, 19,
and 34]. Perfect absorption takes place when the effective impedance of the absorber,
z(w), matches with the impedance of the free space [37-39]. This condition ensures
the zero reflection and transmission of the incident wave. z (w) is strongly related with
the effective permeability, µ(𝑤), and effective permittivity, 𝜀 (𝑤), of the absorber
(𝑧(𝑤) = √µ(𝑤)⁄𝜀(𝑤) ). Effective permittivity and permeability are highly dependent
on the geometric dimensions of the metamaterial absorber. Thus, impedance matching
(so that perfect absorption) occurs when the electric and magnetic resonances exist
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simultaneously. Therefore the dimensions of the structure should be determined very
sensitively.
Although the single and narrow band Metamaterial absorbers in the literature are
generally composed of three layers [5, 28, 37], for multiband and wide band
absorption, metamaterial absorber designs are generally composed of more than three
layers [63, 64, 72]. However, designing the absorber by using only three effective
layers reduce the necessary material amount and also reduce the fabrication costs in
terms of the practical applications. Therefore, in this thesis the idea of having
multiband and wide band absorption response by utilizing the combination of three
effective layers has been adopted.
In general, the mentioned three layers are made up of two metallic layers and a
dielectric plate sandwiched between these metallic plates. For the basement metallic
plate, the known terminology “skin depth” has been used to determine the thickness
[65-66]. If the thickness of the basement metallic plane is greater than the skin depth
of that material at the interested frequency ranges, then it acts like an optical mirror
and prevents the transmissions that pass through the structure. Under this
circumstances, transmission becomes negligible (approximately zero) [67]. In this
thesis, the thickness of the bottom plates are designed to be greater than the skin depth
of that material under the studied frequency intervals so that it does not transmit any
radiation through.

2.2. Analyzing Approach
In this thesis, the modelling and the characterization of the designed structure is carried
out by finite integration technique based computer simulation software. The frequency
dependent absorption response of the designed structure is analyzed by the frequency
domain solver of this simulation software. The more detailed information about finite
integration technique will be given in chapter 3.
All of the metamaterial absorber designs in this thesis is for solar cell applications.
Therefore, the frequency range is chosen as the solar frequency range (100 THz 1000
THz). The whole material selections, dimensions, material properties, absorption
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responses are analyzed under this regime. However, solar range is a very wide
frequency range and different portions serves different properties. Due to this reason,
for some of the designs, this wide frequency regime is divided into sub ranges (being
infrared, visible and ultraviolet) and the proposed structures are analyzed separately.
Appropriate boundary conditions for the simulations are used for each of the design.
In general, boundary conditions for the simulations are chosen to be periodic in x and
y-directions and open boundaries are used along z-direction (lateral direction).
Periodic boundary conditions replicates primary unit cell (designed unit cell) in x and
y-directions. This forms an endless lattice which consist of virtual unit cells along these
directions. Therefore not only the response coming from the primary unit cell are
displayed, but also the interactions between the primary cell with the adjacent virtual
cells are also considered [68]. As only the unit cell of the metamaterial absorbers are
designed in this thesis, this boundary condition is appropriate to virtualize the electrical
and optical properties of the unit cell for a complete system [69].
The Propagation direction of the incident electromagnetic radiation is assumed to be
in the z –direction for all of the simulations in this thesis. Unless it is stated, the modes
of the polarization of the incident wave is assumed to be transverse electromagnetic
mode (TEM). However, the polarization of the light can be in the other modes which
are transvers electric (TE) and transvers magnetic (TM) modes [70]. Therefore, these
modes are also analyzed for the designs. The differences between these modes is
illustrated in Figure 2-1. Here, “E” is the electric field component while “B” and “k”
represent the magnetic field and the propagation direction of the incident wave.

Figure 2-1. Illustration of the different wave modes.
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Meshing is another important issue which plays a very important role while solving
the electromagnetic problem. The simulation software divides the designed structure
into the small elements which are called mesh. The accuracy of the obtained results
are directly related with mesh type and the used mesh density. If the defined mesh
density is not enough to solve electromagnetic problem, in this case the results become
inconsistent or incorrect [71].
Through the thesis, physics controlled tetrahedral and hexahedral mesh with the
adaptive mesh refreshment are used. Adaptive mesh refreshment ensures the sufficient
mesh density generation for the accurate and reliable results. It increases the number
of generated mesh cells and simulates the structure in each time, until the difference
between the simulation results become smaller than the defined accuracy level. The
accuracy for the adaptive the mesh density generation is set to be 1×10 -6 accuracy
level.
The output of the simulation software is the scattering parameters (S – parameters).
By using the obtained scattering parameters, transmission and reflection coefficients
can be obtained. In general, optical absorption behavior of a structure can be calculated
by using Equation (2.1) where the frequency dependent parameters A(w), R(w), and
T(w) represent the absorption reflectance and transmittance, in order. As it is
mentioned before, T(w) can be neglected because of the optical preventative
characteristics of the bottom Al plate. Therefore, Equation (2.1) reduces to Equation
(2.2). Using the obtained scattering parameters (S11 and S21) from the simulations, the
absorption can be calculated via Equation (2.3) [72-74].
A (ω) = 1 − |R (ω)| − |T (ω)|

(2.1)

A (ω) = 1 − |R (ω)|

(2.2)

A (ω) = 1 − |S11 |2

(2.3)
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CHAPTER 3
PRIOR ART INVESTIGATION, PRELIMINARY DESIGN, AND
VALIDATION

3.1. Introduction
Validating the obtained results is a very essential step in order to ensure the reliability
of the results. Thus, in this chapter the accuracy of the results are proved by a prior art
investigation and a preliminary design. In order to do the mentioned analysis, two
different types of methods are employed. These methods are numerical validation
methods and theoretical validation method. Numerical validation include both
verifying by using a previously reported metamaterial absorber from literature, and
also the verification of the mainly used simulation software by another simulation
method via a preliminary design. The second validating approach is the theoretical
verification which is carried out by employing the interference theory.
In this chapter, as well as the validation analysis both for numerical and theoretical
methods which show the reliability and the accuracy of the obtained results are carried
out, the introductions of the numerical methods are also provided.

3.2. Numerical Validation
Throughout this thesis, finite integration method based software is the mainly
employed computer software for numerical simulations. For the verification of the
numerical simulation software, two types of method are performed. One of these
methods is the validating the accuracy by a previously reported metamaterial absorber
while the other is verifying the mainly used software by different numerical method
based software.
3.2.1. Prior Art Investigation
In order to validate results, firstly a previously reported design in the literature is
chosen. While determining the proper metamaterial absorber model in the literature
for verifying the results, some important steps are considered. It is important to
validate the results with the same range of the operation frequencies. Therefore, the
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selected design from the literature, has to be operate within the higher frequencies. The
metamaterial absorber design of Hao et al. [75] is selected for verification as it
provides the desired properties.

Hao et al. [74]. Have studied on a metamaterial absorber which operates in the visible
frequency ranges. Their proposed absorber is made up of three layers which is given
in Figure 3-1a. The topmost layer of their design is a silver (Ag) patch, while the
bottommost layer is composed of a continuous Ag plate. Between these plates a
dielectric plate is employed as the separation layer between the two Ag layers. The
dielectric material that they preferred to use is alumina (Al2O3). For alumina, the
optical refractive index has been taken as 1.75 while the permittivity of Ag has been
described by employing Drude model. Drude model have been utilized as it consist
the sufficient information for the introduction for the optical properties of Ag at the
operation wavelengths. The parameters that they have used for Drude model are given
as ωp = 1.37 × 1016 s−1 for plasma frequency and γ = 8.5 × 1013s−1 for the collision
frequency. They have assumed that all of the materials are not magnetic. They
performed numbers of numerical simulations to optimize the geometric dimensions of
the structure. They have used the finite-difference-time-domain (FDTD) based
simulation software for numerical simulations. After optimization, the optimized
parameters for their structures have been found as: Wx = Wy = 50 nm, t = 30 nm, d =
12 nm, h = 80 nm, and a = 250 nm. In order to discover features and the mechanism
of their proposed metamaterial absorber, they have use the known relation of A = 1 −
R – T. The results that they have obtained are given in Figure 3-1b. According to their
results, their absorber provides a single band absorption at the wavelength of 596 nm
with the absorptivity of 99.9%.
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Figure 3-1. (a) The geometric structure of the design of Hao et al. [75], (b) the reflection and
transmission results obtained by Hao et al. [75] by FDTD based solver.

The design of Hao et al. presented in Figure 3-1a is remodeled and simulated by using
finite integrating technique (FIT) based software. The obtained results for reflection
and transmission coefficients are provided in Figure 3-2. They mentioned that their
design produce the absorption response at 596 nm with the rate of 99.9%. The
redesigned and reanalyzed results indicate that the peak response is obtained at 600
nm with the absorptivity of 99.3%. The closeness of the obtained results indicate that
the verification is realized.

Figure 3-2. The reflection and transmission results obtained by redesigning and simulating the
metamaterial absorber by FIT based software.
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3.2.2. Validation of FIT Based Numerical Results with FEM Based Software
There are lots of computer modeling software which use different solver methods.
Here, the basic three of them will be introduced.
One of the powerful numerical analyzing methods is the finite element method (FEM).
This method uses the differential form of the well-known Maxwell’s equations to find
the solution for the electromagnetic study. The solver works in a way that it separates
the space into smaller parts called elements and analyses the problem over these
subdivided elements [76]. The main advantages of using this method based software
is that; it is flexible in the sense of designing the geometrical model. However the
negative sides of the solver could be the necessity of high computational performance
and therefore the necessity for the longer times for solution.
Another known numerical modeling method is the finite difference time domain
method (FDTD). This method, which firstly introduced by Yee [77], performs the
solution for the differential forms of the Maxwell equations like FEM based solver
[78]. This solver is independent from the iterative solvers while it permits the parallel
computation. This is an important property for the improved accuracy of the complex
models. The main disadvantage of the solver is that; it needs the gridding of all the
area for analysis. Due to this reason it requires very long time for analyzing. Thus, it
is not preferred to be used for the smaller structures compared to wavelength.
In 1977 a new simulation method has been introduced by Weiland [76]. This method
is being known as Finite Integration Technique (FIT) which utilizes the integral form
of Maxwell equations. Moreover, it also uses the complete vector elements of electrical
and magnetically strength [76]. This method enables the electromagnetic modeling and
analysis of complex models. Both the time and frequency domains can be used within
this solver. One of the benefit of FIT is the possible usage of the Cartesian and nonorthogonal grids. Another benefit of using this software is that; it requires lesser
memory and lesser mesh for a complex structure when compared to the other solvers
[79].
Among these methods, FIT base solver has been preferred and has been employed
throughout the thesis. However, as previously discussed, validating the obtained
results from many point of view are very crucial. Therefore, in addition to the
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validation from literature, the obtained results are also analyzed by using the FEM
based software. FEM based software is preferred instead of FDTD because, in the
previous section Hao et al. utilized the FDTD based software for their design. As that
result was validated with the FIT based software, in this part, only FEM is remained
unused. Therefore, it has been preferred to be use in this section.
In order to compare the results obtained from FIT and FEM based solvers, a
metamaterial absorber design presented in Figure 3-3 has been used. The yellow parts
in Figure 3-3 are aluminum while silicon (Si) is preferred between the metallic parts
in the design. The geometrical dimensions used for the modelling are also provided
next to the related parts in Figure 3-3. The absorption and reflection responses obtained
by simulating this structure in FEM and FIT based software is shown in Figure 3-4.
The mentioned model gives a dual band absorption response at 160.3 THz and 355
THz with the magnitudes of 99.9% and 93.8% when FIT was used. The same
resonances are provided at 160 THz and 358 THz with the absorptivity of 99.1% and
94.9% and 99.1% correspondingly by FEM based software. Both of the methods give
the similar responses with a smaller shift in the frequency especially for the second
resonance. Under this circumstances, these results ensure the verification of the
software due to the similarities in the absorption characteristics and the closeness of
the results at the peak points.

Figure 3-3. The geometry of the unit cell of a metamaterial absorber design for the validation. The
magnitude of the geometrical dimensions are provided next to the related part.
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Figure 3-4. Comparison between the FEM and FIT based solvers for the design given in Figure 3-3.

3.3. Theoretical Validation
In addition to the validation with various simulation packages, in this section the
verification is also carried out by using the theory. The well-known interference
theory, which is given in the next section, have been employed for the theoretical
investigation.

3.2.1. Interference Theory
In this part, verification of the numerical result for the design given in the previous
section is done by using interference theory model [80]. In the previous section the
design used for the simulation was composed of three layers in which the basement
layer is made up of a metallic film. The thickness of this metallic sheet had been
arranged so that it does not let the rays to pass through the model. If a metamaterial
model is arranged in a way that it has a thick metal sheet (generally thickness being
greater than the skin depth) as the basement layer, in this case it has been named as
“coupled model”. Coupled models have been used for the numerical simulations. The
interference theory that is employed for the theoretical verification, requires the
omission of the basement metal layer. In this case the model is called “decoupled
model” [81]. The coupled and decoupled models are illustrated in Figure 3-5a and
Figure 3-5b in order.
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Figure 3-5. Illustration of the unit cell of the models used for the theoretical validation (a) Coupled
model, (b) Decoupled model.

There are three possible conclusion when a wave meets with a surface. The first
condition is the reflection of the incoming radiation back by region 1 as represented in
Figure 3-6. The non-reflected portion of the received rays may transmitted from the
Region 1 to Region 2 while the others are absorbed. The coefficients of layer 1 are :
S11=|𝑠11 |𝑒 𝑗𝜃11 , S21=|𝑠21 |𝑒 𝑗𝜃21 , S12=|𝑠12 |𝑒 𝑗𝜃12 and S22=|𝑠22 |𝑒 𝑗𝜃22 Here, S11 gives the
reflection coefficient from region 1 to region 1, S21 represents transmission coefficient
from region 1 to region 2, S12 represents transmission coefficient from region 1 to
region 2 and S22 represents the reflection coefficient from region 2 to region 2.
According to these coefficients, the extended interference model, which calculates the
total S11 parameter, can be represented by Equation (3-1) [82-83].

∑ 𝑆11 = 𝑆11 + 𝑆12 𝑒 −𝑗(2𝛽+𝜋) 𝑆21 + 𝑆12 𝑒 −𝑗(2𝛽+𝜋) (𝑆22 𝑒 −𝑗(2𝛽+𝜋) )𝑆21 +
2

3

𝑆12 𝑒 −𝑗(2𝛽+𝜋) (𝑆22 𝑒−𝑗(2𝛽+𝜋) ) 𝑆21 +𝑆12 𝑒 −𝑗(2𝛽+𝜋) (𝑆22 𝑒 −𝑗(2𝛽+𝜋) ) 𝑆21 +
4

𝑛

𝑆12 𝑒 −𝑗(2𝛽+𝜋) (𝑆22 𝑒 −𝑗(2𝛽+𝜋) ) 𝑆21 +. . . . . . . . +𝑆12 𝑒 −𝑗(2𝛽+𝜋) (𝑆22 𝑒 −𝑗(2𝛽+𝜋) ) 𝑆21

(3.1)

Here β is the complex propagation phase. β=kd where k and d represents the
wavenumber in region 2 and the propagation distance of the transmitting wave from
layer 1 respectively.
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Figure 3-6. Illustration of the way of the rays and their coefficients.

If the Equation 3.1 is simplified, Equation 3.2 can be obtained and if it is arranged
according to the superposition rule, the total reflection coefficient (S11) from region 1
to the region 1 can be obtained by using Equation (3.3)

𝑛

−𝑗(2𝛽+𝜋) )
∑ 𝑆11 =𝑆11 +𝑆12 𝑒 −𝑗(2𝛽+𝜋) (∑∞
) 𝑆21
𝑛=0(𝑆22 𝑒

𝑆 𝑆 𝑒 −𝑗(2𝛽+𝜋)

12 21
𝑆11𝑡𝑜𝑡𝑎𝑙 = 𝑆11 + 1−𝑆
𝑒 −𝑗(2𝛽+𝜋)

(3.2)

(3.3)
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By bringing the S-parameters and their phases represented in Figure 3-7b, Equation
(3.3) turns into Equation (3.4)

∑ 𝑆11 = |𝑆11 |𝑒 𝜃11 +

|𝑆12 ||𝑆21 |𝑒 −𝑗(2𝛽+𝜋−𝜃12−𝜃21 )
1−|𝑆22 |𝑒 −𝑗(2𝛽+𝜋−𝜃22 )

(3.4)

Here in Equation (3.5), the magnitude of S21 could be considered as same with the
magnitude of S12 due to the obtaining same results in the absorber model similar to
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this. In this case, Equation (3.4) reduces to Equation (3.5) which can be used for the
theoretical analysis.

|𝑆

∑ 𝑆11 = |𝑆11 |𝑒 𝜃11 + 12
1−|𝑆

|𝑒 −𝑗(2𝛽+𝜋−2𝜃12)

22 |𝑒

(3.5)

−𝑗(2𝛽+𝜋−𝜃22 )

In order to apply the interference theory explained above, the ground layer of the
model introduced in the previous section has been taken out. Under this circumstances,
the newly obtained model is called the decoupled model and it is presented in Figure
3-5b. This model is then simulated by the FIT based software. The results for the
magnitude of S-parameters and the phase of these parameters provided by the model
are given in Figure 3-7a and Figure 3-7b correspondingly. These results are then used
to find the total S-parameters of the combined structure via Equation (3.5). The output
of Equation (3.5) are compared with the results obtained from the numerical validation
section. The obtained results are provided in Figure 3-8. Similar absorption responses
with almost same absorptivity levels are obtained when compared with the only
simulation based results. It can be said that the results are theoretically verified.

Figure 3-7. Obtained results from the simulation of the decoupled model. (a) S-parameters, (b) Phase
of S-parameters.
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Figure 3-8. Comparison between results obtained by FEM and FIT based solvers with the theoretical
result (red curve).

3.4. Conclusion
The numerical and the theoretical verification techniques are introduced in this
chapter. In addition, the validation of the software is provided by both validating the
previously reported design in the literature and by using the different solution methods.
The mainly used solver method FIT in this thesis, is verified by FEM method based
software. Moreover, both of the obtained numerical results are compared with the
response of the interference theory. The results indicate the reliability and the accuracy
of the results and the simulations used throughout the thesis.
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CHAPTER 4
SINGLE AND DUAL BAND METAMATERIAL ABSORBERS

4.1. Introduction
In the first chapter, the properties of the metamaterials and their ability of perfectly
absorbing solar radiation is discussed. Afterwards, the designing and analyzing
methodology and the validation technics are discussed. This chapter briefly introduces
two different metamaterial absorber designs which have the potential to be used for
utilizing the solar light striking on earth. Here, two applications of metamaterial
absorbers for solar energy harvesting are presented in different sections. Section 4.2
demonstrates a design for the photovoltaic applications while section 4.3 is designed
for the thermo-photovoltaic applications. The mentioned absorber models
demonstrated here, exhibit the metamaterial double negative characteristics and
polarization independent properties in the different portions of the visible light region.
4.2. Single-Band Perfect Metamaterial Absorber
This section introduces a single band absorber model which utilizes the metallic strips
for the generation of the surface plasmon polaritons. The proposed single band
absorber is design is suitable to be used for the photovoltaic applications. According
to the results this absorber gives perfect absorption in the visible range ant it is also
polarization independent. In addition, the fractional bandwidth (FBW) of the
absorption region is calculated and 22.2% FBW is obtained which a promising result
for a single band absorber.

4.2.1. Design and Simulation
The geometric illustration of a single unit cell of proposed metamaterial absorber is
presented in Figure 4-1a. The structure consists of aluminum plate at the bottom which
prevents the transmission through the structure. Gallium arsenide (GaAs) plate is
placed on the top of the aluminum plate as the dielectric material. In order to prevent
the reflection, two aluminum strips are put on to the GaAs plate. The Drude model
approximation is used for aluminum to calculate its electrical properties where the
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collision frequency is calculated to be fc=1074 THz and plasma frequency fp= 3812
THz [83]. The optical properties of GaAs for visible and near infrared frequency
ranges can be found in [84].

Figure 4-1. (a)The geometric structure of design, (b) the unit cell of structure with dimensions (side
view).

The boundary conditions along x and y axis are selected to be electric and magnetic in
order, whereas open boundary conditions with isotropic perfectly matched layer are
used along z –axis. When the reflected radiation from material hits to the open
boundary, it might be reflected back by the boundary. Perfectly match layer completely
absorbs the incoming radiation. Thus, it ensures that there will not be any reflection
from the boundary back to the designed material [85-86]. The frequency range for
simulation is chosen to be the visible and near infrared in order to utilize solar energy
efficiently.
The frequency dependent absorption ability of the structure is calculated by 𝐴(𝑤) =
1 − 𝑅 (𝑤) − 𝑇(𝑤) where 𝐴(𝑤), 𝑅(𝑤) and 𝑇(𝑤) are absorption, reflectance and
transmission respectively [87]. It is obvious that if one wants to maximize 𝐴(𝑤); 𝑅(𝑤)
and T(w) should be minimized. Thus in this study, ground layer of the structure is
chosen to be a metallic plate which prevents the transmission. In this case 𝑇(𝑤) = 0
and absorption will directly depend on the reflection, 𝑅(𝑤) which can be calculated
by the scattering parameters (S) gained from the simulation. 𝑅(𝑤)= |𝑆11 |2 where S11
is the ratio of power that reflects from port 1, to the power incident on port 1. The aim
of this work is to minimize 𝑆11 to get perfect absorption.
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4.2.2. Result and Discussion
Parametric studies with respect to the dimensions of the structure are carried out to
characterize the absorber. The dielectric thickness (parameter d) is one of the important
parameter for this structure. The magnitude of the absorption and the resonance
frequency as a function of dielectric thickness are separately presented in Figure 4-2a.
It is obvious from this figure that the resonance frequency and the absorption are highly
dependent on dielectric thickness. By increasing parameter d, simultaneously the
absorption enhances, reaches its maximum value, and starts to decrease. Moreover,
resonant frequency is decreasing monotonously, with the increase in parameter d.
Figure 4-2a represents that the highest absorption value (%99.99) which is obtained at
403.5 THz, when the parameter d is adjusted to be 135 nm. The other important
parameter for our structure is the length of the aluminum strips (parameter a) which
are located at the top of the structure. The dependence of the absorption and the
resonance frequency to this parameter is represented in Figure 4-2b. Here the variation
is relatively small. Meanwhile, the thickness of the aluminum plate at the bottom
(parameter h) is set to be h=20 nm which is greater than the skin depth of the
aluminum. This is needed necessarily, in order to prevent the transmission through the
structure.

Figure 4-2. (a) Dependence of absorption and resonance frequency on (a) dielectric thickness, (b) on
the length of the strips.

After carrying out parametric studies, the simulation results for each parameter to find
out the optimum parameter values for the designed structure have been combined.
Maximum absorption is obtained around 99, 99% at 403.5 THz when the parameters
26

were set to be d=135 nm w=20 nm a=12 nm h=20 nm x=420 nm and y=125 nm.
Absorption and s parameter results which were obtained from the simulation for the
final structure are shown in Figure 4-3.

Figure 4-3. Reflection and absorption results obtained from the simulation. Geometric dimensions are:
d=135 nm b=20 nm a=12 nm h=20 nm x=420 nm and y=125 nm.

The relative wave impedance of proposed MMA is also calculated and presented in
Figure 4. As can be seen from Figure 4-4, at the resonant frequency, the real part and
the imaginary part of the wave impedance are nearly 𝑅(𝑧̃ ) ≈ 1 and 𝐼𝑚(𝑧̃ ) ≈ 0
respectively. This situation ensures the matching of the wave impedance with the
impedance of free space, which results with the perfect absorption [88].

Figure 4-4. Real and imaginary part of the effective impedance.

The absorption spectra of the structure under different polarization angles have also
presented for normal incidence as shown in Figure 4-5. The polarization angle has
been changed from 0˚ to 90 ˚ with the step of 30 ˚. It is found that the proposed MMA
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has perfect absorption for all polarization angles and can be said that the design is
polarization insensitive.

Figure 4-5. Simulation results for absorption under different polarization angle, ϴ, at normal
incidence.

The results and discussion which were discussed up to now are for the normal
incidence case. On the other hand, in reality, electromagnetic wave can strike to the
absorber with an oblique angle. Because of this reason the absorption spectra under
different incident angles have presented. Figure 4-6a and Figure 4-6b shows the
transverse electric (TE) and transverse magnetic (TM) absorption curves for different
incident angles respectively. For both cases the incident angle has been changed from
0˚ to 90 ˚ with the step of 15 ˚. The magnitude of the absorption for each case is also
presented beside the corresponding angle. According to the simulation results, there
are some slight changes at the magnitude of the absorption for both TE and TM case.
However it remains higher than % 99 for all cases, which means that stability is
achieved and can be said that the structure is incident angle insensitive [89-90].
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Figure 4-6. Absorption spectra for different incident angles (a) TE mode, (b) TM mode.

Moreover, fractional bandwidth (FBW) of the absorption region of proposed MTM
absorber at resonant frequency have also calculated. FBW is the fraction of half-power
bandwidth ( Δ𝑓) to the center frequency (𝑓0 ) and gives information about the quality
of the absorber. The bandwidth of the proposed structure can be seen in Figure 4-7. In
our work Δ𝑓=89.67 THz and 𝑓0 = 403.5 THz according to that values FBW is found
%22.2 which means the quality of the absorber is good with respect to the bandwidth.

Figure 4-7. Half power bandwidth of absorber .

Electric field and surface current distributions at resonant frequency which are shown
in Figure 4-8a and Figure 4-8b respectively, will help us to understand the operation
mechanism of the structure. It can be clearly seen from Figure 4-8a that strong electric
field localized near the strips, at the top, and on the top of the aluminum plate at the
bottom. It can be said that, these are the locations which are responsible from
absorption. From Figure 4-8b, it can be seen that the strong surface current takes place
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on the two side of the structure which are antiparallel. In addition small amount of
surface current takes place on the bottom aluminum plate.

Figure 4-8. (a) Z–component of electric field distribution at 403.5 THz, (b) Surface current
distribution of the structure at 403.5 THz.

4.3. Dual-Band Metamaterial Absorber

In the previous section, a single band metamaterial absorber design which consist of
two metallic strip (source of the surface plasmon polaritons) embedded into the
semiconductor layer is introduced. In This section, a new metamaterial absorber design
which has four strips in its structure and gives dual band absorption response in the
visible range is formed.

4.3.1. Design and Simulation
The front view of the unit cell (as well as the geometric parameters) is presented in
Figure 4-9. The geometry of the presented structure is composed of two identical long
strips at the edges of the structure and other two other identical short strips located at
the inner parts of the structure. The gap between the longer and shorter strips is
represented with parameter “g” as shown in Figure 4-9. The mentioned stripes give
rise to the dual band absorption response which will be presented in the next section.
The denoted letters for the geometrical parameters in Figure 4-9, p, d, a, b, l, t and h
represent the unit cell periodicity, dielectric spacer thickness, longer strip width,
shorter strips width, length of the shorter strip, thickness of the strips and the thickness
of the basement Aluminum (Al) plate correspondingly.
For this design, the metallic parts are aluminum where the dielectric is chosen as
silicon dioxide (SiO2) because lossless characteristics. Al and SiO2 are selected as they
are low costed, abundant materials and meets the needed minimum material properties
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for this design. SiO2 is a lossless material. Therefore all the energy is absorbed in the
aluminum parts. These types of designs can be used in thermo-photovoltaic (TPV)
applications of metamaterials. The detailed information about thermo-photovoltaics
will be provided in the chapter 7.
The complex dielectric constants of the used materials are taken from [84] and
introduced into the simulation software. Periodic boundaries are used in x and y
directions and perfectly matched layer are used in the propagation axis. The operation
frequency for the numerical simulations are chosen to be the visible frequency regime.

Figure 4-9. Unit cell geometry of the proposed metamaterial absorber.

4.3.2. Result and Discussion
The design mention in the previous section, exhibits dual band absorption response at
654.9 THz and 708.3 THz respectively. The Obtained absorption and reflectance
spectrum are given in Figure 4-10. The absorption levels are 99.8 % and 99.1% at
654.9 THz and 708.3 THz correspondingly. The numerical study shows that the
optimum parameters are d=60 nm w=20 nm a=b=50 nm h=50 nm p=455 nm and l=170
nm and g=40 nm for the designed structure in order to have dual band absorption with
maximum absorption levels in the visible range.
In order to show better understanding of the absorption behavior of the design, field
distributions at resonant frequencies are obtained and presented in Figure 4-11.
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Moreover, the parametric studies in terms of the geometric dimensions of some
important parameters are also generated and given in Figure 4-12.

Figure 4-10. Reflection and absorption spectra. Geometric dimensions are: d=60 nm w=20 nm
a=b=50 nm h=50 nm p=455 nm and l=170 nm and g=40 nm

The field distributions at 654.9 THz and 708.3 THz are demonstrated in Figure 4-11.
The electric field (E-field) distribution of the structure at the place where the first
absorption response took place is represented at Figure 4-11a. Here, electric field is
concentrated under the edges of the short strips. Moreover, electric response is also
localized on two sides of the design and at the middle of the structure. These are the
places where the origin for the electric responses for 654.9 THz are formed.
Additionally, the magnetic response for the absorption for 654.9 THz is mainly
generated by the interaction between the shorter strips and the Al plate at the ground.
This condition is virtualized in the Figure 4-11c. Due to the coexisting electric and
magnetic effects, the total absorption occurred at 654.9 THz. The origin of the
resonance formed at 708.3 THz, is the interaction between the longer strips with the
short one as shown in Figure 4-11 b and d. These interactions helped generation of the
electric and the magnetic responses. So that the simultaneously generated responses
matched the impedance of the absorber with the free space and the total absorption is
fulfilled.
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Figure 4-11. Field distributions at resonance frequencies. (a) Electric field distribution at 654.9 THz,
(b) Electric field distribution at 708.3 THz, (c) magnetic field distribution at 654.9 THz, (d) magnetic
field distribution at 708.3 THz

The underlying working mechanism of the design is investigated by analyzing the
dependence of the absorption response on to the geometrical variables. In order to
reveal the effects of the geometric variables, some important parameters are selected
and the variation of the absorption spectra is analyzed.
Firstly, the thickness of SiO2 layer is varied and the absorption spectra is investigated
as shown in Figure 4-12a. The thickness of the SiO2 layer (parameter “d”) is critical as
it helps the coupling between the basement aluminum plate and the strips located on
SiO2 layers. When the thickness is increased starting from 40 nm up to 60 nm, blue
shift and the enhancement of the absorption levels are observed. However, at the
thickness of 70 nm the absorptions magnitudes of both of the bands became lower
when compared to the optimum thickness. The thickness above and below 60 nm are
not enough to couple the resonances between the strips and the Al plate. Under this
circumstances, the requirements for the generation of the magnetic response are not
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provided. So that the perfect absorption was not observed. For the perfect absorption,
the mentioned parameter are needed to spark the magnetic response so that the perfect
absorption will take place.
The other crucial parameter that determines the absorption magnitude is parameter
“g”. This parameter represents the gap between the short and the long strips. The
variance of this parameter is given in Figure 4-12b. The optimum gap distance is
observed when “g” is selected as 40 nm. Below this length, the second resonance tends
to became weaker while above the optimum length, the first resonance starts to be
weaken. The optimum distance between the strips are critical as it makes the strips to
interact with each other which couples them and creates the electric and magnetic
responses. Hence this path ends with the impedance matching and the perfect
absorption.
The width of the strips are also effects the place and the level of the absorption as
shown in Figure 4-12c. When the widths of the strips are small (a=30 nm), interaction
between the strips give rise to the weaker absorption resonances especially for the first
resonance. However, as the widths starts to become larger, the absorption behaviors
caused by the strips start to become stronger up to a=50 nm. This results with the dual
band absorption. Increasing the width more than 50 nm results with the blue shift to
the out of the spectrum. In addition, the absorption magnitudes of the resonances also
becomes lower due to the insufficient electric and magnetic resonance and mismatch
of the impedance. As a result, the absorption behavior is directly related with both of
the strips. The width of the strips are equal and denoted with the letters of “a” and “b”
(a=b).
Lastly, the absorption results under different polarization angles are analyzed and
effects are given in Figure 4-13. The demonstrated absorber model in Figure 4-9, has
four folded symmetry. Therefore, as it is expected the absorption spectra of the given
design is insensitive for various polarization directions.
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Figure 4-12. Dependence of the absorption response on a) SiO2 thickness, b) the gap between the
strips, c) the width of the strips.

Figure 4-13. Polarization spectra of the proposed absorber.

4.4. Conclusion
In this chapter, two different metamaterial absorber model are proposed. These
absorber has potential to be used for utilizing the solar light. In addition to the solar
radiation, they can be used for detecting and sensing the visible light. However, the
absorption behavior of the introduced designs are not completely meet the necessary
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standards for using them as high efficient solar cells. The wider absorption range is
crucial for solar cell applications.
Here in this chapter, the single band absorber is formed by two identical strips. For
dual band absorption two sets of identical strips are used to obtain dual band response.
However, multiband absorption mechanism is still not clear enough. Moreover, the
symmetricity of the designs are needed to be improved in order to have the less
incident angle insensitive metamaterial absorber designs.
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CHAPTER 5
MULTI-BAND METAMATERIAL ABSORBER TOPOLOGY

5.1. Introduction
In the previous chapters, designing and analyzing methodologies of a metamaterial
absorber are introduced. In chapter 4, single and dual band absorber designs are formed
by using strip shaped resonators. However, it is essential to introduce a logical way of
forming multiband metamaterial absorber designs in order to reveal the working
mechanism of the multiband absorbers.
Forming multiband or wideband metamaterial absorber for high frequencies are
mainly provided by adding multiple layers or utilizing various dielectric materials in
the lateral directions. For example, He et al.[87] numerically demonstrated an ultrabroadband, metamaterial absorber designed by combining three pairs of metaldielectric layers with different dielectric constants. They numerically show that their
polarization-insensitive design has an ultra-broadband absorption response over the
solar spectrum. Dayal et al. [91] proposed a metamaterial absorber design which
consist of, tri-layers of metal–dielectric–metal disks. Their design works between the
wavelengths range of 3-10 µm and have the multiband characteristics. In their design,
they have utilized different dielectric materials which determine the absorption bands
and forms the multiband character.

However, for infrared frequencies, there has not been any study done for three layers
of metamaterial absorber design, in order to form the multiband absorber topology.

In this chapter, a new multiband metamaterial absorber design (composed of only three
layers) is introduced and the multiband topology is formed by using the differently
sized quadruplet resonator. In order to understand, characterize and form the multiband
topology, the individual responses of each quadruplets as well as the analysis of the
geometric parameters of the structure are examined.
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5.2. Design and Simulation
The unit cell of the proposed metamaterial absorber consist of three layers; which are
aluminum layer at the bottom, resonators at the top and a silicon layer between these
metallic layers. The bottom layer is utilized in order to prevent the transmissions
through the structure as the thickness of this plate is greater than the skin depth of
aluminum in the studied frequency range. The geometric structure of the unit cell and
the geometric dimensions associated with the parameters are given in Figure 5-1 and
Table 1 respectively. The metallic parts of the structure are aluminum (Al) while
silicon (Si) is used between the Al layers. The topological formation and the
uniqueness of the design is arisen by the arrangements, dimensions and the orientation
of the resonators. There are three pairs of quadruplets with different geometric
dimensions. They are arranged so that the dimensions of each pairs of quadruplets
increases as going from the inner parts of the design through to the outer portion. This
arrangement raises to the generation of the multiband absorption resonances at
different frequency positions which will be discussed in the next section. In addition
to this arrangement, the orientation of quadruplets has 45°angle with the x-axis which
reduces the required space for the resonators and also reduces the material cost. Having
differently sized resonator pairs in a combined unit cell, gives rise to the individual
absorption response of each of these quadruplets at a certain frequency. The
contribution of the quadrupled resonators to the absorption spectrum will be discussed
in the next section.

Figure 5-1. Unit cell design of the proposed absorber.
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In order to characterize the unit cell, numerical simulations are performed. The
numerical simulations are carried out by a simulation software which is based on finite
integration technique and has great capability to solve Maxwell’s equations. In the
numerical simulations, Al and Si are modeled by introducing their frequency
dependent electrical parameters into the simulation software which were extracted
from Palik’s book [84]. Throughout the numerical analysis, appropriate boundary
conditions (periodic in x and y directions and open boundaries along z -direction) and
appropriate polarization for the incident electromagnetic radiation (E field polarized
along x-direction whereas H field polarization is in y-direction) are used. All the
numerical simulations are performed under transverse electromagnetic (TEM) wave
unless it is stated.
Optical absorption responses of the proposed structure can be calculated by using the
known equation A(w)=1-R(w)-T(w). Here A(w), R(w), and T(w) represents the
frequency dependent absorption reflectance and transmittance respectively. When the
bottom layer is thick enough i.e. thicker than the skin depth of the material, T(w) can
be neglected because the ground layer becomes optically opaque. Under this
circumstances the equation reduces to A(w)=1-R(w). Therefore the absorption can be
calculated by using the scattering parameter gathered from the numerical simulations.
Table 5-1. Geometric dimensions of the design.

Parameter

a

b

Value (nm) 150 135

c

d

e

80

65

f

100 100

g

h

t

p

100

50

15

980

5.3. Results and Discussion
The proposed metamaterial absorber design has five absorption peaks in the infrared
frequency regime which is presented in Figure 5-2. When the optimized parametric
values given at Table 5-1 are used, absorption responses are observed at 148.9 THz,
179.8 THz, 213.1 THz, 269.8 THz, and 287.2 THz with the absorption levels of 98.90
%, 99.39 %, 86.46 %, 92.80 % and 97.96 % respectively. In order to better understand
the origin of each of these resonances, the individual responses of each of the
quadruplet resonators, as well as their field distributions at resonance frequencies, are
investigated and multi-band topology in which the number of resonances depend on
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the number of the quadruplets used in the unit cell is formed. Moreover, the
dependencies of the resonant frequencies and the absorption levels on the geometric
parameters are also examined to get a better insight into the absorptivity mechanism
and verify the multiband topology.

Figure 5-2. Absorption spectrum of the proposed absorber. a=150 nm, b=135 nm, c=80 nm, d=65 nm,
e=f=g=100 nm, h=50 nm, t=15 nm and p=980 nm.

5.3.1 Multi-band Topology
In this part, the absorption characteristics of the proposed absorber and the contribution
of each of the resonator pairs to the absorption band are investigated and analyzed.
The individual absorption responses of different pairs of resonators (quadruplets) is
presented in Figure 5-3. Figure 5-3a represents the absorption result when the
resonators are not utilized in the design. Nevertheless, it is clear that the structure
exhibits a wide band absorption response with a lower absorption level. The origin of
this resonance is the interaction of the Si layer with the bottom Al layer which gives
rise to the resonance at around 262 THz [92]. In order to reveal the absorption
responses of each quadruples, each pair is included individually into the design and
the electromagnetic responses are monitored. Firstly, the inner quadruplet, which is
the smallest resonator pair, is included. When this resonator pair is added, (Figure 53b), three resonances are observed. Here, the contribution of the inner quadruplet is
occurring at 207.4 THz where the other two resonances are formed because of the
interaction of the bottom Al plate and the Si layer as explained before. It can be clearly
seen that the wide-band resonance in Figure 5-3a is splitted into two peaks and formed
a dual band response. Note that the absorption level are also enhanced because of the
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interaction. After observing the response of the inner pair, second quadruplet which is
middle in size and has the middle position on design, is individually analyzed. The
influence of this resonator pair is presented in Figure 5-3c. As it can be seen from here
that a new resonance at 180.1 THz is formed. This absorption resonance takes place
slightly left side of the response caused by the inner resonator pair. The influence of
the outer resonator pair is presented in Figure 5-3d. The outer pair, which is the largest
in dimension, gives the left most resonance at around 146.2 THz. Note that the other
provided small responses are due to the interactions between this quadruplet pair and
the other parts of the structure as happened for the other resonator pairs. Furthermore,
as the position of the resonators moved from inner to the outer with respect to the
design, the resonance frequency is also shifting to the left portion of the
electromagnetic spectrum (redshift) which can be explained by the interactions of the
metamaterial elements.
After investigating the individual responses of the metamaterial elements, all the
quadruplets are combined in one unit cell. For the final condition, the absorption
spectra is given in Figure 5-3e. It is clear that, combining all the quadruplets in one
design, combines the individual responses of metamaterial elements. Therefore, five
absorption peaks (three of them coming from the quadruplets and two of them coming
from the Al - Si interactions) are formed. If one compares the position of the resonance
frequencies of each individual quadruplets and the resonant position of the combined
structure, it can be seen that, these positions are matched with a small frequency
redshift. This is mainly because of the interaction between the resonator pairs with
each other and the other parts of the structure. This interaction not only affected the
resonance frequency, but also caused the enhancement in the absorption magnitudes
of the resonances. In addition, this situation proves the above explanations for the
multiband topology.
As discussed above, three absorption peaks are obtained by adding differently sized
three quadruplet pairs to the design. It can be concluded that, the number of absorption
resonances depend on the number of quadruplets added to the design. Hence, by
carefully designing and adding “n” number of differently sized quadruplets to the unit
cell design, will provide “n” number of absorption resonances caused by these
quadruplets (excluding the interaction resonances) [93].
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Figure 5-3. Absorption spectra for different geometric structures of the design. (a) Without resonators,
(b) only inner quadruple resonators are used, (c) only middle quadruple resonators are used, (d) only
outer quadruple resonators are used, (e) combined structure.

In addition to the above explanations, the topology can also be explained by analyzing
the field distributions of the absorber at resonance frequency. The results of electric
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field, magnetic field and surface current distributions are given in Figure 5-4, Figure
5-5 and Figure 5-6 respectively. Note that electric field and magnetic field profile are
given for Y-Z axis and X-Z axis, while surface current distributions are presented at
the center of related quadruplet. For the first resonance at 148.9 THz, electric and
magnetic field is localized around the outer quadruplet. The concentration of strong
electric field like this, separated the opposite charges which coupled the bottom Al
plate and the outer quadruplet. This coupling created a circulating current profile
around the outer quadruplet (Figure 5-6a) which formed the origin of the magnetic
response. Hence, the simultaneously observed electric and magnetic resonances yields
perfect absorption. Moreover, from Figure 5-4a and 5-5a, small interactions between
the outer quadruplet and the other resonators are observed. Although these small
interactions influenced and enhanced the absorption response at this frequency, the
origin of the first resonance is the presence of the outer (largest) quadruplet. The results
obtained for the second resonance at 178.9 THz and the third resonance at 213.1 THz
shows the same type of electric and magnetic field distributions. However, for these
resonances, the absorption responses are originated from different resonator elements.
Second resonance is manly caused by the middle quadruplets while third one is created
because of the presence of the inner quadruplet. Furthermore, not only the highly
concentrated distributions are observed, but also small interactions between the
resonator pairs can also be seen from the field distributions given at Figure 5-4 (b)-(c)
and Figure 5-5 (b)-(c). As it was discussed before, the fourth and the fifth resonances
are caused by the bottom Al and Si interactions which can also be seen by the field
distributions given at Figure 5-4 (d)-(e) and Figure 5-5 (d)-(e). Moreover, for the forth
resonance, the circulating current loop occurred not at a specific location, instead it
took place within the structure. This condition satisfies that this resonance is caused
by the structures itself. For the fifth resonance, antiparallel current profile (Figure 56e) are observed on the Si layer and the bottom al plate. These antiparallel currents
created the magnetic response. In addition, the electric and the magnetic field located
around the quadruplets causes the enhancement of the absorption level of the forth and
the fifth resonances. Due to this interaction, the absorption spectra (given at Figure 53a with the magnitude 0.37) splits into two and enhances to the levels of 0.91 and 0.98
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respectively. Therefore these results are consistent with the above results and
explanations. Hence the multiband topology is formed.

Figure 5-4. Electric field distributions of the structure at (a) 148.9 THz (b) 179.8 THz, (c) 213.1 THz,
(d) 269.8 THz, (e) 287.2 THz.

Figure 5-5. Magnetic field distributions of the structure at (a) 148.9 THz (b) 179.8 THz, (c) 213.1
THz, (d) 269.8 THz, (e) 287.2 THz.
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Figure 5-6. Surface current distributions of the structure at (a) 148.9 THz (b) 179.8 THz, (c) 213.1
THz, (d) 269.8 THz, (e) 287.2 THz.

5.3.2 Geometrical Effects on the Absorption Response

In order to understand the effects of the geometric parameters on the absorption
characteristics of the absorber, the dependencies of the absorption strengths and the
resonant frequencies on the geometric parameters are examined. To get an insight into
the absorption mechanism, the most important parameters, which are the dimensions
of the resonators (parameter a, parameter b, parameter c), dielectric thickness
(parameter d) and the periodicity of the structure (parameter p), are chosen and the
variation of the absorption spectra when these parameters are altered (while the other
parameters are kept constant) are investigated.
The dimensions of the quadruplets have the crucial role in this absorber design.
Therefore the dimensions of quadruplets are chosen carefully in order to obtain one
resonance from each quadruplets. The results for the dimension variation of
quadruplets are demonstrated in Figure 5-7a-c while Figure 5-7d represents the
variation of absorption spectrum when all the dimensions in x and y directions are
altered simultaneously with a defined ratio N. For the mentioned Figures, the red
curves represent the desired absorption results. Therefore, for the perfect absorption,
those geometric parameters are chosen as the optimum parameters.
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When the dimensions of outer quadruplet are decreased from 150 nm to 130 nm, it is
obvious that the resonance is shifting to the right portion of the absorption spectrum
(blue shift) while the others are not affecting much (Figure 5-7a). This blue shift occurs
in the way so that when the parameter “a” is selected to be 130 nm, it can be seen that
the first resonance is relocating at the position of second resonance. As explained
before, second resonance forms due to the middle quadruplets. Under this
circumstances, it is clear that the dimensions of the quadruplets are important to form
the resonances at the different position of the spectrum. The similar explanations can
be followed for Figure 5-7a and Figure 5-7b where the second resonance tends to shift
to the position of the first resonance, and where the third resonances is shifting through
the positing of the forth resonance respectively. It is certain that, when parameter “b”
is adjusted to have the same value with parameters “c”, the position of the resonances
will be overlapped. Furthermore, third resonance tends to disappear when parameter
“c” is lessen.
Maximum dimensions for the Figure 5-7a-c is selected to be the optimum dimensions
of each quadruplets, as it is not possible to make more enhancement in the dimensions
as they exceed the Si layer in x and y directions. Because of this reason, parameter “N”
is defined which simultaneously changes all the parameters in x and y-directions. The
results for this parameter are given in Figure 5-7d. Decreasing the dimensions by a
factor of 0.8, lowers the sizes of quadruplets and causes the shift in the resonance
frequency and absorption strengths. Moreover, the comprehension of the structure,
disturbs the constructive interaction occurred between the metamaterial elements.
Eventually, this situation causes with a reduction of the absorption strength and a blue
shift of resonance frequencies. In addition increasing the dimensions by the factor of
1.2, destroys the second and third resonances and reduces the absorption level of the
first resonance.
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Figure 5-7. Variation of absorption spectra for a) outer resonator pairs (parameter a), b) middle
resonator pairs (parameter b), c) inner resonator pairs (parameter c), d) when all the dimensions are
varied (parameter N).

In addition, dielectric thickness (parameter d) and the unit cell periodicity (parameter
p) are also examined and the variations are observed (Figure 5-8). The thickness of the
Si layer mainly causes the coupling between the electric responses occurred on the
quadruplet resonators with the bottom Al layer. Thus, because of this coupling, the
magnetic response is created and this condition makes the effective impedance of the
absorber to be equal to the impedance of the free-space. It is observed that not only the
absorption rates are changing with “parameter d”, but also the number of resonances
created are also effecting. Therefore, the absorption strength and the number of
resonances created are simultaneously analyzed with different thicknesses of Si layer
and represented in Figure 5-8a. It is clear from here that, second and third resonances
have their maximum when “d” is selected to be 65 nm (optimum thickness). Although
the first resonance has its maximum when “d” is around 70 nm, selecting 70 nm as the
optimum parameter would result with the reduction at the total absorption strength due
to the relatively lower absorption rate of the other resonances for this thickness.
Furthermore, fourth resonance has its minimum level around d=65 nm. Reduction in
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the absorption level of the fourth resonance at d=65 nm, caused the split in the fourth
resonance and this yields to the formation of the fifth resonance.
Lastly, Figure 5-8b represents the dependence of the absorption spectrum to the unit
cell period. When period is increased, first resonance, which is created by the outer
quadruplet, is much more affected than the other resonance. This is mainly because of
the changing of the position of these resonators relative to the structure which disturbs
the created electric and magnetic responses of the structure. Hence the maximum
absorption frequencies are effecting. Furthermore, increasing the periodicity results
with the increase in the absorption levels of the fourth and the fifth resonances. As
discussed before, this resonances are caused by the interaction of the Si layer and the
bottom Al plate. Because of this, increasing the area of these materials increases the
absorption strength. However, scaling up the dimensions also increases the material
cost. Therefore the smallest possible period which is p= 980 nm is chosen for this
metamaterial absorber.

Figure 5-8. Variation of absorption spectra for a) dielectric layer thickness (parameter d), b) period of
the absorber (parameter p).

In addition, effective permittivity (ε) and effective permeability (µ) of the absorber are
extracted. The results of frequency dependent extracted effective permittivity is given
in Figure 5-9a where Figure 5-9b represents the effective permeability results. From
these results, it is observed that the proposed absorber shows double negativity (both
the real part of ε and the real part of µ are negative) around the resonant frequency.
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Figure 5-9. Extracted effective parameters a) effective permittivity b) effective permeability.

Moreover, absorption characteristics under different polarization angles for normal
incidence are analyzed and results are given in Figure 5-10a. Due to the four-folded
symmetric geometric design of the absorber, it provides polarization independent
characteristics under transverse electromagnetic (TEM) wave mode.
In order to fully characterize performance of the absorber, the absorption spectra under
different incident angles are analyzed. Figures 5-10b represents the absorption results
for transverse electric (TE) mode while Figure 5-10c shows the variation spectra for
transverse magnetic (TM) mode. When the results for TE and M modes are compared,
one can say that the TE mode is much more sensitive to the incident angle that TM
mode. Especially, when the incident angle “θ” is 45 °, the third resonance is almost
disappeared. Furthermore, beyond 45°, absorption levels for all the resonances at TE
mode are reduces to less than 0.6. This is due to the fact that the intensity of the
magnetic field component of the incident radiation is dependent on the incident angle
“θ” and it becomes smaller as the “θ” becomes greater [31-32]. Thus, in this case the
magnetic responses are not effectively exited. Eventually the inefficient excitation of
the magnetic polaritons results with increase in the amount of reflected radiation,
impedance mismatch and finally the loss of absorption resonances. However, the
absorption strength is still greater than 0.9 (except the third resonance which is around
0.6) even when “θ” reaches to 45°. Therefore, it can be commented that the introduced
absorber exhibits the previously mentioned absorption characteristics over a vast range
of incident angles for TE and TM modes.
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Figure 5-10. a) Absorption spectra for various polarization angles for TEM mode b) absorption
spectra for various incident angles for TE mode c) absorption spectra for various incident angles for
TM mode.

5.4. Conclusions
In conclusion, in this work, a metamaterial absorber design formed by the combination
of the three effective layers is introduced. Unlike the numerous studies which are
mainly originated by the combination of the multiple layers in the literature, multiband is formed by utilizing only the three effective layers. The analysis and
characterization of the multiband resonances are carried out and the multiband
topology is formed. Moreover, the origins of the resonances are demonstrated by
analyzing the field distributions of the absorber at resonant frequencies. In addition to
better understand the absorption mechanism, the dependency of the absorption on the
geometric parameters is also presented. As a concussion, the proposed design serves
the polarization and incident angle insensitive characteristics and the introduced
multiband metamaterial absorber design can be good candidate for the applications in
solar energy, sensing applications, absorption of solar radiation, detection and imaging
in the solar spectrum.
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CHAPTER 6
MULTIBAND METAMATERIAL ABSORBER FOR THERMOPHOVOLTAIC APPLICATIONS

6.1. Introduction
In the previous chapter, the logical mechanism of forming multiband metamaterial
absorbers is introduced. However, solar energy harvesting through the metamaterial
absorbers for can be realized by two different types of applications. In this chapter, a
new metamaterial absorber design is introduced for thermo-photovoltaic application
of solar energy.
Heat or thermal energy can be converted into usable forms of energy (mainly
electricity) by the utilization of thermo-photovoltaics. These devices are the
combination of an absorber/emitter, a photodiode, and an external heat source. [2126]. The working mechanism of thermo-photovoltaics start with the absorption and reemission of the energy coming from the heat source. Re-emitted radiation can be used
by the photovoltaic cells to convert solar or heat energy into the electricity. Therefore,
the absorption property of the metamaterial absorber can be used to capture the solar
radiation by the integration of such absorbers into the photovoltaic and/or thermophotovoltaic systems. In this sense, a metamaterial absorber can be used to improve
the miniaturization and the efficiency of thermo-photovoltaics or photovoltaics.

Most of the previous studies focused on only one frequency region. For example Ayas
et al. [46] worked on a metamaterial absorber structure which was designed to work
in visible frequency range. Their design has three bands in this range. Liu et al. [47]
designed an aluminum based metamaterial absorber. Their absorber designed to
operate in the ultraviolet frequency range. In addition, some of the studies in the
literature focused on the multilayered absorber in order to absorb solar energy. Liang
et al. [48] presented a metamaterial solar energy absorber which has a pyramidal
shape. They utilized vertically cascaded metal-dielectric layers in order to obtain
perfect absorption in the solar range. Moreover, Wu et al. [49] investigated the
absorption effects in grating-based devices. Their structure is designed to operate in
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infrared frequencies. They also utilized vertically cascaded metal-dielectric grating for
obtaining multiband absorption.
In this chapter, a new metamaterial absorber design which is composed of a metallic
ground plane, a dielectric spacer layer and metallic resonators is introduced to be used
in the themo-photovoltaic applications. The characterization of the resonators and
analysis of the geometric parameters of the structure are carried out to understand the
absorption mechanism of the proposed metamaterial absorber. According to the
results, multiband (one being wide) perfect absorption is achieved in the visible realm.
6.2. Design and simulation
The geometry of the design is presented in Figure 6-1. This absorber is composed of
three layers; the continuous metallic bottom layer with the thickness “h”, dielectric
separator with the thickness “d” and the metallic resonator at the top of the structure
with the thickness “e”. The resonator itself has different geometric configurations
which can be expressed as corner patches, central patch and strips. The geometric
dimensions and the letters denoted to these dimensions are given in Figure 6-1b while
the values associated with each parameter are presented in Table 6-1. The unit cell
periodicity of the proposed design is given by “p”. Each of the resonator pairs shown
in Figure 6-1 are responsible from the resonance at different frequencies. The
contribution of these resonators to the absorption spectrum will be discussed in the
next section. The metallic parts of the structure are aluminum (Al) where the silicon
dioxide (SiO2) is used as dielectric material. Aluminum has been chosen because of its
relatively lower material cost and lower skin depth (especially when compeered with
silver and gold) which might reduce the total cost in practical applications. Frequency
dependent complex dielectric parameters of Al and SiO 2 are taken from Palik’s book
[71].
In order to characterize the unit cell and understand the absorption mechanism of the
design, some simulations are performed. Optimum parameters for the proposed
metamaterial absorber are obtained by varying and simulating all the mentioned
parameters in Table 1 simultaneously. These simulations are carried out by a
commercial simulation software which uses finite integration technique to solve the
Maxwell’s equations. Boundary conditions for the simulations are chosen to be
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periodic in x and y directions and open boundaries are used along z-direction. In the
numerical analysis, the electric and magnetic field components of the incident plane
wave are assumed to be polarized in x and y-direction, respectively. The direction of
propagation is along the z-direction, as shown in Figure 6-1b.

Figure 6-1. Geometry of the unit cell of the proposed metamaterial absorber structure. a) Perspective
view b) Front view.
Table 6-1. Values associated with each parameter in nanometer.

Parameter

p

Value (nm) 400

a

c

b

H

d

e

t

40

140

60

50

50

15

30

Solar radiation covers the range between 100 THz and 1000 THz, from near infrared
to ultraviolet region. Because of the higher solar irradiance in the visible frequency
range, simulations are mainly carried out in this range. However the reflectance and
absorption spectra of the proposed absorber in the infrared and ultraviolet regions are
also presented in the following sections.
As the bottom continuous Al metallic plate has the thickness greater than the skin
depth, it acts like an optical mirror and prevents the transmissions to pass through the
structure. Under this circumstances, transmission becomes negligible (approximately
zero).
Optical absorption behavior of the proposed structure can be calculated by using
Equation (6.1) where the frequency dependent parameters A(w), R(w), and T(w)
represents the absorption reflectance and transmittance, in order. As it is mentioned
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before, T(w) can be neglected because of the optical preventative characteristics of the
bottom Al plate. Therefore, Equation 6.1 reduces to Equation 6.2. Using the obtained
scattering parameters (S11 and S21) from the simulations, the absorption can be
calculated and plotted via Equation 6.3.
A(w)=1-R(w)-T(w)

(6.1)

A(w)=1-R(w)

(6.2)

A(w)=1- |S11 |2

(6.3)

6.3. Results and discussion
The introduced metamaterial absorber has three absorption resonances in the interested
frequency range (visible region due to the high solar radiation level). The first
absorption resonance occurred at 445.85 THz while the second and the third
resonances take place at 624 THz and 658.3 THz, respectively. Note that, because the
second and the third resonances are very close to each other, they formed a wide-band
absorption with the bandwidth of 34.3 nm where the absorption rate is more than 99.4
% in this wide-band region. The absorption levels are 98.2 %, 99.8 % and 99.9 % for
the first, second, and third resonances, correspondingly. The absorption and
reflectance spectra for the visible region are given in Figure 6-2. The inside graphic
represents the zoomed form of the absorption bands for the second and the third
resonances.

Figure 6-2. The reflectance and absorption spectra of the structure in the visible frequency region.
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In addition to visible frequency range, the absorption behavior of the metamaterial
absorber is investigated in the ultraviolet and infrared frequency ranges. The obtained
results for these ranges are given in Figure 6-3. Figure 6-3a represents the spectra for
infrared region while Figure 6-3b displays the spectra for ultraviolet region. For
infrared region, the absorption peak is obtained at 201.4 THz with the percentage of
81.4%. This resonance can further be improved by altering the geometric dimensions
of the structure as it is performed for the visible range in the following sections. For
the ultraviolet region, the absorber does not provide any significant resonance peak.
However, at the beginning of this region, the magnitude of the absorption is around 78
% and it is decreasing to 40% at the end of this region. Therefore, it can be concluded
that, the proposed absorber not only absorbs the radiation in the visible range, but also
absorbs the radiation almost in all solar spectrum with different magnitudes.

Figure 6-3. The reflectance and absorption spectra of the structure a) in infrared frequency region b)
in ultraviolet frequency region.

In this part, the resonators of the structure have been divided into two groups in order
to perform the characterization of these elements; first group consists of the square
patches at the corner and the second group composed of the combination of the strips
and the square patch at the center of the unit cell. The individual responses of the
mentioned groups are given in Figure 6-4 (the first group is shown in Figure 6-4a while
the second group is in Figure 6-4b). First group is responsible from the dual-band
absorption alone with perfect absorption in the visible regime caused by the interaction
between the resonators and the bottom metallic plate (Figure 6-4a).Although, the
resonators in the second group also provide two absorption bands alone (one being in
the infrared and the other in visible range). The absorption rate provided by this group
is nearly 80% (Figure 6-4b) for both of the resonances. However, when all of the
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resonators are combined, the absorption strength increases because of the coupling and
plasmonic effects of the resonances. Here, the central square patch is added to the
second group because it enhances the magnitude of the resonance provided by the
strips in the visible range. Moreover, it also causes the shift in resonance wavelength
as can be seen in Figure 6-4c. Magnified resonance peaks can be seen in the inset of
the Figure 6-4c. The resonance wavelength takes place at 599.5 THz with the strength
of 0.73, when only strips are used. However, when the strips and central patch are
combined the, the wavelength shifts to 603.7 THz and the strength increases to 0.78.

Figure 6-4. The contribution of the resonators to the absorption spectrum. a) Represents the
contribution of the patches at the corners and b) represents the contribution of the strips and the patch
at the central of the structure. c) Comparison of the effects of the central patch on the absorption
spectrum.

56

Figure 6-5. (a1)- (c1) X-component of the electric field distributions. (a2)- (c2), Z-component of the
electric field distributions. (a3)- (c3), Magnitude of the electric field distributions on the dielectric
layer. (a4)- (c4) Y-component of the magnetic field distributions. (a5)- (c5) Surface current
distributions. All the Figures are given for the first second and third resonances respectively. The
scales of the corresponding distributions are given at the bottom of each group.

In the next step, the dependence of the absorption peaks to the geometric parameters
are examined. Keeping the other parameters fixed, dielectric layer thickness
(parameter d), resonator thickness (parameter e), strip length (parameter c), and strip
width (parameter t) are altered for characterization and better understanding the
mechanism of the absorber. In order to obtain the optimum parameters for the proposed
metamaterial absorber, all the mentioned parameters are changed and simulated
simultaneously. Results for the mentioned parametric studies are given in Figure 6-6.
Note that the red curves in all plots indicate the desired results with respect to the
absorption rate and those parameters can selected as the optimum parameters for the
perfect absorption.
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First, the thickness of the dielectric layer is examined. The effect of the dielectric
thickness to the resonant frequency and absorption rate is observed by altering
parameter d. the response is given in Figure 6-6a. The optimum thickness for the
dielectric layer is found to be d=50 nm. The dielectric thickness mainly helps the
coupling between the electric resonance occurred on the metallic resonators with the
bottom metallic layer. Thus, this coupling creates a magnetic response and finally
makes the effective impedance of the absorber to be equal to the impedance of the
free-space (impedance matching). This situation was also verified by the electric and
magnetic distributions given in Figure 6-5. Although, the thickness of the dielectric
separation is enough to create a magnetic response for the d smaller and greater than
50 nm, it does not provide the impedance matching for some thicknesses. Thus the
selection of the dielectric thickness for such structures is very important to have perfect
absorption.

Figure 6-6. Variation of absorption spectra for a) dielectric layer thickness (parameter d), b) resonator
thickness, (parameter e), c) strip length (parameter c), d) strip width (parameter t).
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Resonator thickness (e) is one of the other important parameter that determines the
absorption strength/rate and resonant frequency. The variation can be seen in Figure
6-6b. As it is obvious from here, the structure gives only one resonance at around 650
THz when thin resonators are used. However, when the thicknesses are increased, the
magnitude of the absorption is enhanced at three different frequency locations of the
visible frequency region for different thicknesses. When “e” is adjusted to the small
values (like 5 nm), the thickness of the resonator becomes not enough to generate the
perfect absorber response caused by the metallic resonators. However, when the
thickness is higher than a certain value (such as 20 nm), the structure reflects some
part of the incident wave. If the thickness continued to be increased, the metallic parts
starts to behave like an optical mirror (results not shown here). Therefore, for the
proposed structure, e=15 nm can be selected for the perfect absorption which has a
good harmony between the transmitted and reflected waves (almost zero reflection and
transmission) and also creates the desired electric and magnetic responses.
As can be seen from Figure 6-6c, the resonances are also dependent on the length of
the strips (parameter c). Although the first resonance at 445.85 THz doesn’t affected
from the changes at parameter c, the second and the third resonances are strongly
dependent on this parameter. This is expected because the electric and magnetic
responses depend on the resonators of the first group (not the strips: second group) at
the first resonance as can be seen in Figure 6-5a1-a4. As discussed in the previous
section, the third resonance is contributed by the square patches at the corner when all
the resonators are qualified separately. However when all the resonators combined in
a unit cell, the individual resonators or the groups of resonators can affect each other.
Therefore, in Figure 6-6c, it can be seen that the third resonance is affected from the
strip length. This is mainly because of the interactions between the resonator elements
Therefore, by altering the length, the ideal case for the perfect absorption can be found
when the length is adjusted to be c=140nm.
In addition, the absorption spectra for the variation of the strip width is also presented.
As it is obvious from Figure 6-6d, the variation of this parameter (parameter t), does
not affect the first and the third resonances (except t= 40nm). As discussed before, the
first and the third resonances are mainly caused from the resonators of the first group
(square patches at the corner) while the second resonance is caused by the second
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group resonators (strips and the central patch). Therefore, the variation of the
geometric dimensions of the strips mostly reduces the second resonance.
As discussed in the previous sections, perfect absorption takes place when the effective
impedance of the absorber, z(w), matches with the impedance of the free space. This
condition ensures the zero reflection and transmission of the incident wave. z(w) is
strongly

related

with

the

effective

permeability,

µ(𝑤),

and

effective

permittivity, 𝜀(𝑤), of the absorber (𝑧(𝑤) = √µ(𝑤)⁄𝜀(𝑤) ). Thus, impedance
matching occurs when the electric and magnetic resonances exist simultaneously. The
calculated normalized impedance of the proposed absorber is given in Figure 6-7. The
real part, Re (z), and imaginary part, Im (z), of the impedance at resonance wavelength
are given in the inset of Figure 6-7. In order to fulfil the matching condition, the
normalized impedance should satisfy the conditions of: the Re (z) ≈ 1 and Im (z) ≈
0. At 624 THz and 658.3 THz, which have more than 99% absorption rate, the
conditions for Re (z) and Im (z) are satisfied. For the first resonance which has
relatively lower absorption strength with respect to the other resonances, Re (z) =1.24
which is a little bit higher than the matching condition and Im (z)=-0.19 which is a
little bit lower than the matching condition. This is mainly because of the relatively
higher reflection rate (98.2 % absorption rate) occurred at this resonance.

Figure 6-7. Normalized effective impedance of the absorber. The inner table shows the real and
imaginary parts of the impedance at resonant frequencies.

For the next exploration, under transverse electromagnetic (TEM) polarization mode,
the polarization angle θ is changed in order to visualize the polarization dependency
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of the absorber in the visible frequency range. The results are given in Figure 6-8. As
Figure 6-8 represents, the absorber is completely polarization insensitive under TEM
mode due to its four folded symmetric design.

Figure 6-8. The absorption spectra under for various polarization angles.

6.4.

Theoretical Verification

In this section, verification of the numerical result (given in the previous sections) for
the visible frequency range, is done by using interference theory model. As the main
operation frequency range is defined to be visible range, the theoretical calculation is
carried out only in this range. The theoretical and numerical results are compared in
Figure 6-9. According to Figure 6-9, it can be commented on that, the numerical and
theoretical results are in a good agreement.

Figure 6-9. Comparison of the Theoretical and simulation results for absorption.
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6.5. Conclusion
In conclusion, in this chapter, a metamaterial absorber design formed by the
combination of the three effective layers are introduced. Unlike the most of the studies
based on multiple layers presented in the literature, the combination of only three
layers are used to obtain the multiple and wide-band perfect absorption. The
characterization of the multiband resonances is carried out by identifying the responses
of each resonators and discovering the origins by using the electric and magnetic field
distributions at resonant frequencies. The investigation of the dependency of the
geometric parameters on the metamaterial absorber is also presented. As a conclusion,
the introduced polarization insensitive, multiband metamaterial absorber can be used
for the harvesting of solar energy, sensing applications, absorption of solar radiation,
detection and imaging in the solar spectrum.
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CHAPTER 7
MULTIBAND METAMATERIAL ABSORBER FOR PHOTOVOLTAIC
APPLICATIONS

7.1. Introduction
The perfectly absorptivity property of the metamaterials can be utilized in the
photovoltaic cell to convert the solar energy directly into the electric energy. For
photovoltaic response, generally the active material is needed to absorb and convert
the absorbed energy into the useful forms. Active material is a semiconducting
material where the absorbed energy is transferred into the electron hole pairs. These
pairs are then separated to the electrodes and finally the energy can be taken as the
form of electric current from these electrodes.
The losses occurred within or out of the solar cell reduce their performance and cause
the inefficiently converting the solar energy into the usable forms. These losses include
the optical loses, and thermal loses. This condition leads to the generation of heat
which is a side effect for photovoltaic application.
Another disadvantage of current solar cells is the thickness of the active material. As
the depth of this beneficial material increases, the previously created electron hole
pairs recombined together. This result with an inefficient conversion of the solar
energy. As the metamaterials are compact structures and they are small in dimension,
they can help preventing of these loses occurred within the cell. Moreover, the
plasmonics responses discussed above, can cause the creation of the new resonance
and therefore the absorption behaviors.
In this chapter, a new metamaterial absorber design is introduced for photovoltaic
applications of metamaterial absorbers.
7.2. Design and Simulation
The geometric model of the unit cell as well as the dimension parameters and the
electromagnetic field polarization are is given in Figure 7-1. Two metallic layers and
an ultrathin semiconductor plate sandwiched between to metallic layers are employed
for this design. The four isosceles triangle resonators at the top are embedded in the
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semiconductor layer so that they can easily support surface plasmon polaritons. The
materials which were utilized to form the proposed metamaterial absorber are silicon
(Si) for semiconductor, and silver (Ag) for the metallization. Silicon is chosen as it is
low costed and abundant in the nature and silver is selected as it has a good
conductivity in these frequencies ad support surface plasmon polaritons [94].
Moreover Ag can also be used as the front contact for the photovoltaic applications.
The parameters shown at Figure 7-1, a, d, p, h and t represented the length of the
isosceles triangular resonators, the thickness of the Si layer, the period of the unit cell,
the thickness of Ag plate, ant the thickness of the isosceles triangular resonators
correspondingly. The optimum values for these parameters for higher absorption rates
are: a=250 nm p=590 nm h=50 nm t=10 nm d=10 nm.

Figure 7-1. Proposed metamaterial absorber design.

7.3. Results and Discussion
The outputs of the numerical simulation software for absorption and reflectance are
represented in Figure 7-2. The given frequency ranges include the visible and the
ultraviolet regions. These results indicate that the introduced absorber model has a dual
band absorption response only in the visible regime. Therefore, throughout this
chapter, the metamaterial absorber will be analyzed only in the visible frequency
regime.
In general, the photovoltaic response of a photovoltaic cell is related with the
absorption rate occurred in its active material which generates the electron hole pairs.
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Here, the active material is amorphous silicon. Under these circumstances, the
absorption rate in Si is important rather than the absorption in Ag. Thus, unlike the
other chapters, the selection criteria for this chapter are the total absorption rates in aSi material over the simulated frequency range.
The two absorptions peaks are located at 439.95 THz and 508.35 THz with the rates
of 99.69% and 96.25% in order. Additionally, between 420.5 THz and 541.7 THz, the
absorption rates are higher than 85% which corresponds for more than 121 THz
frequency range.

Figure 7-2. Absorption and reflectance response of the proposed absorber. The values taken for the
parameters are: a=250 nm, d=10 nm, h=50 nm, t=10 nm and p=590 nm.

The underlying resonance mechanism can be understand explained by examining the
field distributions which are demonstrated in Figure 7-3. At 439.95 THz, the electric
field is mainly confined at the corners of the structure and between the triangular
resonators in y-direction. These places are the main source of the electric effect for
this resonance. The differences between the resonances at 439.95 THz and 508.35 THz
is visible when Figure 7-3a and Figure 7-3b are compared. Unlike to the electric effect
at first resonance, at 508.35 THz electric effect is localized in x-direction. In addition
to the compressed fields between the isosceles triangles, electric effects are also
generated at the edges of the triangular resonators.
The magnetic effect at 439.95 THz is initiated by the isosceles triangles. This is
obvious from Figure 7-3c. However, the magnetic effects at the regions near both sides
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of the structure between the triangular resonators in the x-direction, are almost nonexisting. This exhibits a very big contrast when the strong magnetic effect just near
that regions are considered. This type of concentration and the localization of the
magnetic response strongly couples with the basement Ag plate so that the reverse
directional currents between these two mentioned regions occurs which is
demonstrated in Figure 7-3e. Note that Figure 7-3a, Figure 7-3b, Figure 7-3c and
Figure 7-3d are given on x- y while Figure 7-3e and Figure 7-3f are given on y-z plane.
Unlike the resonance at f=439.95 THz, at f=508.35 THz the magnetic density is
confined between the isosceles in x-direction. In addition, the localization also took
place at the edges of these triangular elements similar to the electric effect occurred at
this frequency. This strong concentration produces the rotating current loop at the
middle portion of the structure (Figure 7-3f).
For both of the resonances, magnetic effect together with the electric effect, provide
the ideal condition for the matching of the impedance and at the end, this condition
results with the perfect absorption.
In order to reveal the functional parameters for absorption, the parametric sweep is
carried out and the variation spectra are shown in Figure 7-4. For all the plots, the
absorption marked with red color indicates the chosen and the best option in terms of
the absorption rate in a-Si. As mentioned before, the absorption rate of the individual
materials are important for photo-voltaic applications. For this design the photo active
material is Si. Therefore, the absorption rate in a-Si is decisive rather than the total
absorption rate and due to this reason, the absorbance spectrum of amorphous silicon
is also given in the inset of all the graphical representations in Figure 7-4.
The variation of the total absorption spectra when parameter “p” is altered are given
in Figue7-4a. Here, total absorption includes the absorption in both a-Si and absorption
in Ag. as all the other dimensions are fixed and they are all independent from the
variation of “p”, the enhancement or the reduction of this value only changes the used
material amount and the gap between the isosceles triangles. The variation mainly and
significantly affected the resonance at 508.35 THz while the resonance at 439.95 THz
is not affected much. This situation can be explained by the field distributions given
in Figure 7-3. The peak point at 508.35 THz is mainly created by the interaction of the
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isosceles triangles between each other. As explained before, this condition caused the
electric and magnetic responses occurred at the position between the isosceles triangles
which is visible from Figure 7-4b and Figure 7-4d. The surface current distribution
which demonstrate the rotating current loop at the middle portion of the structure also
proves this condition. Increasing the gap causes the changes of the electrical character
(capacitive effect occurred between the triangles) and so that it enhances the absorption
rates and changes the resonant frequency [80]. Although the enhancement of the
absorption rates of the second resonance, the absorption spectrum becomes narrower.
In order to clarify this circumstances, total absorption rates in a-Si layer is also figured
out and represented in Table 7-1. Notice that the optimum parameters are given in bold
in Table 7-1. It is clear that the highest absorption rates are observed at p=590 nm.
Hence the “p” is defined as 590 nm.
The depth of a-Si (parameter “d”) in other words the separation distance between two
Ag plates, is one of the critical variable. Figure 7-4b indicates the variation of the
spectrum in the case that “d” is altered with the steps of 5 nm. When the basement Ag
plane and the isosceles triangular Ag layers are close enough to each other, this cause
the coupling between these two silver plates. When these layers are close enough to
each other, this sufficient distance induces the magnetic resonances as realized here.
Moreover, the calculation of the total absorption rate of amorphous silicon layer
suggest that this material has the highest rate of 48.0% when “d” is in its optimum
value (d=10 nm).
The critical role of the properly selected dimensions of the isosceles triangular
resonator (parameter “a”) are analyzed in Figure 7-4c. The explanations for “a” goes
similar to the parameter “p”. The alteration of both of these parameters varies the gap
between the isosceles triangular resonators in the same way. The amount of the total
absorption rates in a-Si material are also given in Table 7-1. Note that the absorption
rates of the a-Si is same when a=250 nm and a=260 nm. However when a=260 is
selected the absorption rate of the Ag increases by 7.7% when compared to a=250 nm.
Therefore a= 250 is chosen as the optimum parameter. Because, enhancement in the
absorption rate of the Ag causes some side effect like heat generation [95].
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Figure 7-3. Distributions at resonance frequencies. (a) electric field at 439.95 THz, (b)electric field at
508.35 THz, (c) magnetic field at 439.95 THz(d) magnetic field at 508.35 THz, (e)surface current at
439.95 THz (f) surface current at 508.35 THz. Electric and magnetic field distributions are given on
x-y plane where surface current distributions are given on y-z plane at x=295 nm.
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Figure 7-4. The dependence of the absorption spectra on the geometric variables. (a) Dependence on
the unit cell period. (b) Dependence on the semiconductor height. (c) Dependence on the side length
of the isosceles triangular resonators. The variation of the absorption spectra of amorphous silicon are
represented in the inset of each of the figures.

Table 7-1. Total absorption rates of a-Si over the whole spectrum for various geometric dimensions.

Parameter "p"

Parameter "a"

Parameter "d"

Value
(nm)

Absorption
rate (%)

Value
(nm)

Absorption
rate (%)

Value
(nm)

Absorption
rate (%)

550
570
590
610
630

47.6
47.7
48.0
47.1
47.0

230
240
250
260
270

46.8
47.1
48.0
48.0
47.4

-----

-----

5
10
15
20

47.7
48.0
42.3
36.6

The simplicity and symmetricity of the model causes a significant advantage especially
for the polarization independent property of the design. As demonstrated in Figure 769

5, this design serves a polarization insensitive behavior under normal incidence case
of the radiation.

Figure 7-5. Dependence of the absorption on polarization angle under normal incidence mode of the
electromagnetic radiation.

Figure 7-6 virtualize the response of the design under the various incident angles for
TE and TM cases. Both For TE case (Figure 7-6a) and TM case (Figure 7-6b) the
consistency in the absorption is achieved for a wide incident angle ranges. In fact, TM
mode has a better and a wide absorption as the angles are increase up to 60°. This is
mainly due to the influencing of the magnetic effect of the structure with the external
magnetic field [96].

Figure7-6. Absorption response under various incident angles (a) TE mode (b) TM mode.
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As the mentioned designed is proposed for photovoltaic application, the direct effect
of the sun will heat the structure. Furthermore, not only the sun, environment
conditions may cause the working of the structure under low temperatures. Therefore,
in addition to the results given above the thermal characterization of the introduced
absorber is also studied between 300 THz and 750 THz with temperatures varying
between 0° C and 60 ° C. the thermal and frequency dependent optical parameters for
Ag is taken from [97] and a-Si is taken from [98-99]. The optical properties these
materials are not much varying under different temperatures. As it is clear from Figure
7-7 in which the dependency on temperature is presented, the absorptivity mechanism
of the absorber is not much effected remained stable. Under this circumstances, the
mention structure is suitable for the photovoltaic applications.

Figure7-7. Thermal characterization of the absorber between 0° C and 60 ° C.

7.4. Conclusion
In this part a dual band metamaterial absorber is designed for photovoltaic application
in which the geometric dimensions, polarization and thermal, characterizations are
discussed. The photovoltaic response is mainly provided by the photo active material
(a-Si). The increased absorption levels of the Ag is an adverse effect which reduces
the photovoltaic response of the design. Moreover, the enhancement of the absorption
band for utilizing the wide solar spectrum is essential for an enhanced photovoltaic
effect.

71

CHAPTER 8
APPLICATIONS OF THE ABSORPTION ENHANCEMENT TECHNIQUES

8.1.Introduction
Recently there are ongoing trends about improving the efficiencies of the metamaterial
absorbers and the solar cells. These techniques include using graphene in the structure
of absorber, changing the geometric structure of the back metallic plate, and utilizing
Indium Tin Oxide (ITO) in the design. These techniques open a rod for the new
interactions which causes the generation of the plasmonics. Hence, the newly occurred
plasmonics contribute to improve the absorption rates of the design. In addition, they
may act as an interference film so that the reflected radiation can be utilized in the
absorber. However, the absorption rates and the performance of the absorber are
extremely rely on the geometric structure, as mentioned in the previous chapters. Thus,
for some of the designs these polaritons may not be generated to form the enhanced
absorption if the geometric dimensions are not set properly.
In this chapter, some improvement techniques will be introduced, explained, and
applied to the design analyzed in the previous chapter.

8.2.Hole at The Back Metallic Plate
For this section the shape of the back metallic plane is reformed by opening holes in
different geometrical shapes. In this case the newly formed metallic Ag hole shaped
resonator, supports the plasmon polariton at these frequencies. Thus, this method is
capable to enhance and improve the absorption rates. As the back Ag plate acts as an
optical mirror, reshaping it may increase the transmission which results with the
reduction of the overall absorption rate. Therefore, in this study both the reflection and
the transmission are also included into the calculations.
Three different geometrical shapes are designed and applied to the back metallic plate.
The illustration of the reshaped silver plates are given in Figure 8-1. The first one
(Figure 8-1a) is the square shape hole which takes place at the middle of the plate. The
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second and the third ones are the cross shape and the isosceles triangular shaped holes
and are represented in the Figure 8-1b and Figure 8-1c respectively.

Figure 8-1. Illustration of the reshaped back silver plate. (a) Square shaped hole, (b) cross shaped
hole, (c) triangular hole.

Although the absorption reaches to more than 96% at the peak points, it is hard to
predict the absorption performance of the design due to the variations (enhanced levels
for some regions and decreased levels for other regions for one parameter) of the
absorption levels over the solar spectrum. Therefore, the total absorption rates of the
design are calculated over the studied frequency spectrum. These rates represent the
ratio of the absorbed energy to the total energy provided by the solar energy spectrum.
For each of the design, the total absorption rates of the absorber are analyzed for
various dimensions of these shapes. The analyses and the calculations are carried out
over the whole spectrum between 300 THz and 1000 THz.
For the square shaped hole, the absorption rates when the side lengths of the square
are altered are calculated and given in Table 8-1. Here, the zero side length represents
the condition which there is no hole on the silver plate and this value is accepted as the
reference value. The magnitude of the absorption increases until the dimension of the
square hole equals to 120 nm. The absorption rate reaches to 57.5% which is the
maximum absorption level obtained for this geometric shape. The enhancement in the
absorption was calculated as 3.2% with respect to the reference value. When the
dimensions was increased above 120 nm, the rates start to become lower as can be
seen from Table 8.1.
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Table 8-1. The absorption rates over whole spectrum for various square hole dimensions

Side length of
square (nm)
Absorption
Rate (%)

0

20

40

60

80

100

120

140

160

180

200

55.7 55.7 55.8 56.3 56.8 57.1 57.5 57.4 57.1 56.7 56.1

The effects of cross shaped hole resonator (Figure 8-1b) are given in Table8-2. For
this investigation, the length of the strip has been varied. The maximum absorptivity
is observed when the length becomes to 90 nm. However the rate is almost constant
between 90 nm and 100 nm. The dependence of the absorption rate to this geometric
shape and the strip length dimensions are not high. The enhancement in the absorption
at its highest value is 1.3% with respect to the reference value.
Table 8-2. The absorption rates over whole spectrum for various strip lengths.

length of strip
0
50
90 100 150 200 250 300
(nm)
Absorption Rate
55.7 56.0 56.4 56.4 56.3 56.2 55.9 55.4
(%)

Lastly the triangular shape is applied for reshaping method. Triangular shape is
preferred as it has the same shape with the front resonators. The results of the
calculations for various side length of the triangles are represented in Table 8-3. When
compared with the reference absorption rates the total absorption rates are constantly
increasing until the side length dimension reaches to 140 nm. The newly occurred
shape causes new interaction between the back metallic plate and the silicon layer so
that the total absorption rates increases. The highest absorption rate is obtained when
the side length is 140 nm. At this length, the enhancement in the absorption is 2.9%
with respect to the reference absorption rate. However, when the side length of the
triangular hole is 150nm and above, the transmission increases due to the enlarged hole
dimensions. This increment give rise to the decreasing of the absorption rates.
According to the results obtained in this section, square shape hole provides the highest
enhancement in the absorption rate. The enhancement rates provided by square, cross
and triangular hole shapes are 3.2%, 1.3%, and 2.9 % respectively.
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Table 8-3. The absorption rates over whole spectrum for various side lengths of triangles.

Side Length of
Triangle (nm)

0

20

40

60

80

100

120

140

150

160

180

Absorption Rate
55.7 55.9 56.1 56.5 56.8 56.9 57.1 57.3 56.6 56.0 54.4
(%)

8.3. Graphene
Graphene is special form of the carbon atoms which exhibit strange and promising
properties [100]. After the discovery of this material in the year 2004, electrical
properties, optical characteristics thermal features and mechanical properties shows
promising results for the application in optical an terahertz realms [101]. This material
is composed of properly arranged carbon atoms with the depth of one atomic height.
Hence it shows 2 -dimensioned structure and can be obtained as layers. One layer of
this material has about 0.335 nm height [102].
Graphene supports plasmonics. Thus it can be a good candidate for the applications at
higher frequencies where the surface plasmon polaritons are useful and necessary. For
photovoltaic applications, the stimuli of these plasmonics can create new responses
and can enhance the currently occurred absorption responses. Therefore, in this
chapter, it has been decided to be apply and analyze the performance of graphene for
photovoltaic applications. However as mentioned before, the suitably of graphene for
this applications rely on the structure of absorber itself and the place of the structure
that it has been utilized.
For introducing the graphene material into the simulation software, the surface
conductivity of

this material has been used which can be found by the known

formulae of Kubo [60]. This relation gives both the real and imaginary parts of the
conductivity where the contributions of inter and intra band relations are considered
(equation (8-1)). The surface conductivity presented in Equation (8-1) depends on the
angular frequency, 𝜔, Fermi energy, 𝐸𝐹 , the rate of scattering, 𝜏, and the temperature,
T. The expanded from of Equation (8-1) is represented in Equation (8-2). Here 𝑓𝑑 is
being

the

Fermi-Dirac

distribution

and
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can

be

calculated

by 𝑓𝑑 (𝜀) =

(1+𝑒 𝜀−𝐸𝐹)⁄
𝑘𝐵 𝑇 )
(𝑒

−1

. In this study the temperature of graphene sheet is assumed to be the

room temperature of 300 K.

𝜎(𝜔, 𝐸𝐹 , 𝜏, 𝑇) = 𝜎𝑖𝑛𝑡𝑟𝑎 (𝜔, 𝐸𝐹 , 𝜏, 𝑇) + 𝜎𝑖𝑛𝑡𝑒𝑟 (𝜔, 𝐸𝐹 , 𝜏, 𝑇)

σ(ω,EF ,τ,T)=

je2 (ω-j2τ)
πℏ2

1

∞

𝑑𝑓

((ω-2jτ)2 ∫0 𝜀 ( 𝑑𝜀𝑑 −

𝑑𝑓𝑑 (−𝜀)
𝑑𝜀

(8-1)

∞ 𝑓𝑑 (−𝜀)−𝑓𝑑 (𝜀)
𝜀 𝑑𝜀)
(ω-2jτ) 2 −4( 2)

) 𝑑𝜀 − ∫0

(8-2)

ℏ

In order to investigate the effects of graphene, it is applied to the different regions of
the structure as given in Figure 8-2. Firstly, graphene is applied on the top of the
structure covering all the areas (Figure 8-2a). Later, in order to investigate the
differences between the effects of applying graphene onto silicon and applying it onto
the silver, it is applied only on the a-Si layer on the top of the structure. (Figure 8-2b).
For each of the cases, the number of applied graphene layers are altered and the
variation of the absorption spectrum and the absorption rates are observed.
As mentioned before, the thickness of one sheet of graphene layer is 0.335 nm.
Therefore the used layers here will be the multiply of 0.335 nm. In this study, the
analyses is carried out for maximum 10 layers of graphene sheets.

Figure 8-2. The place and the geometric structure of the applied graphene. (a) First design, (b) Second
design.
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The results for the structure given in Figure 8-2a are provided in Table 8-4. This table
represents the absorption rates for various number of graphene sheets. All of the rates
are calculated over whole absorption spectrum which takes between 300 THz and 1000
THz. The rates before graphene layers have been applied is indicated by the “zero
graphene layer” in Table 8-4. These rates are the reference numbers and will be used
for the indication of the enhancement in the absorption rates when graphene layers are
applied. The result indicates that the total absorption rates are constantly increasing up
to 8 layers. However, the rates are almost constant for 9th, and 10th layers. When above
10 layers was applied, the rates start to decrease. This is because of the damping of the
plasmonic responses provided by the graphene sheets up to the 8th layer. The
enhancement capability of graphene for this application is 15.9% when 8 layer was
applied. The analysis show that, it is not practical to use more than 8 layers of graphene
for this application as the highest rate is obtained at 8 layers. The enhancement
capability onto the absorption spectrum of the graphene layers are visible in Figure 83. It is observed that applying graphene layer does not much affect the dual band
resonances. However it enhanced the absorption level of the spectrum at around 300350 THz and also it provided a new resonance at around 830 THz.
Table 8-4. The absorption rates over whole spectrum for various number of graphene layers. The rates
are given for the fully graphene covered structure (Figure 8-2a).

# of
graphene
layers

0

1

2

3

4

5

6

7

8

9

10

11

12

Absorption
55.7 58.9 60.9 62.0 62.4 63.0 63.4 63.6 64.6 64.4 64.4 64.3 64.0
rate (%)

The second investigation for graphene is the analysis of structure given in Figure 82b. The only difference from Figure 8-1a is that: there is no graphene layer onto the
isosceles triangular silver resonators. This type of graphene structure is used in order
not to prevent the plasmonic response provided by the silver. The Variation of the
absorption spectra according to the number of graphene layer used as well as data for
the absorption rates for various number of graphene sheets are presented. The
enhancement capability onto the absorption spectrum of the graphene layers are visible
in Figure 8-3. It is observed that applying graphene layer does not much affect the dual
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band resonances. However it enhanced the absorption level of the spectrum at around
300-350 THz and also it provided a new resonance at around 830 THz. The absorption
rates for this application are provided in Table 8-5. Similar behaviors in terms of the
absorption characteristics and absorption rates are obtained by the previous graphene
application. The enhancement capability of graphene for this application is 15.9%.

Figure 8-3. Variation of the absorption spectra according to the number of graphene layer used.

Table 8-5. The absorption rates over whole spectrum for various number of graphene layers. The rates
are given for the partially graphene covered structure (Figure 8-2b).

# of
graphene
0
1
2
3
4
5
6
7
8
9
10
11 12
layers
Absorption
55.7 58.8 60.4 61.2 62.4 63.1 63.5 63.9 64.6 64.5 64.5 64.3 64.1
Rate (%)

8.4.Indium Tin Oxide
The usage of the Indium tin oxide (ITO) acts as an interference layer for the incident
radiation. Under this circumstance, the incident radiation finds new places to interfere
with the absorber structure. Moreover, it also supports the surface plasmon polariitons
[103]. ITO is a low loss material in the visible frequency region which means that it is
optically transparent in the mentioned range [104]. Due to The optical characteristics
(being transparent) and, electrical properties (high conductivity) of ITO, it is a
preferred material for many application [105,106]. It has been using for solar cells as
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transparent conductive oxides (TCO), solar collectors, windows etc. Therefore ITO
might be a promising candidate for the applications for photovoltaic for enhancement
of the absorption rates.
ITO was applied to the mentioned structure for two different cases which are illustrated
in Figure 8-4. First case is the application of the ITO only at the top of the design (see
Figure 8-4a). The observations are achieved by varying the depth of this material for
the mention case. The second condition includes both the usage of the ITO by
replacing the a-Si layer just near the triangular Ag plate and applying the ITO layer at
the top of structure. The second condition is illustrated in Figure 8-4b. Note that, only
the a-Si layer with the thickness of “t” (t=10 nm) has been removed. The a-Si layer
which takes place under the Ag resonators are remained as it was.
The variation of the absorption spectrum for the first case (Figure 8-4a) is
demonstrated in Figure 8-5. The results indicates that the ITO has the grate
enhancement capacity to the total absorption. As the thickness of applied layer are
increase, the absorption response also get higher for absorption. However, in order to
analyze the results in a more detailed way, it is better to check the absorption rates.
The calculated rates for this conditions are presented in Table 8-6. In this case the great
enhancement are observed in the total absorption when compared with the previously
analyzed graphene and the reshaping methods. Moreover, the obtained values are also
much higher than the reference rates. The optimum thickness for the ITO layer for this
condition is 35 nm. For this case the interference and plasmonic occurred in a
contractive way so that the maxima in the results are obtained.
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Figure 8-4. Illustration of the design after the usage of ITO layer. (a) Presence of ITO only the top of
the design, (b) Simultaneously presence of ITO between the resonators and on the top of the design.

Moreover, the analysis of the absorption band given in Figure 8-5, show that when the
depth of the ITO is 35 nm, 111 THZ of wide absorption band with more than 90% is
obtained in the visible frequency realm while in the ultraviolet range 205 THz of wide
absorption band with more than 90% is obtained
The results for the second case where ITO was applied both near the silver resonators
and on the top of the design are presented in Figure 8-6 and Table 8-7. Note that the
depth of ITO layer provided in these results represent the thickness of the ITO which
is placed on the top of the structure. It does not consist the thickness of the “t=10 nm”
which takes place between the silver resonators. According to the obtained results, the
greatly enhancement in the absorption rates are obtained especially when the thickness
of ITO is selected to be 30nm.
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Among all of the techniques used in this chapter, ITO is the best option when the
absorption rates are considered. The results show the best absorption rates when ITO
is only applied to the top of the design (Figure 8-4a). The total absorption rate is found
81.5% where the optimum thickness of the ITO layer is obtained as 35 nm. Applying
a 35 nm ITO layer, enhanced the absorption by 48.5% with respect to the reference
rates.

Figure 8-5. Variation of the absorption spectra according to the depth of ITO layer when ITO was
utilized only the top of the design (Figure 8-4a).

Figure 8-6. Variation of the absorption spectra according to the depth of ITO layer when ITO was
utilized both on the design and between the resonators (Figure 8-4b).
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Table 8-6.The absorption rates over whole spectrum for various ITO layer thicknesses. The rates are
given for the design presented in Figure 8-4a.

Thickness of ITO
15
20
layer (nm)
Absorption Rate
67.57 73.3
(%)

25

30

35

40

45

50

78.2

81.5

82.2

82.2

80.6

78.7

Table 8-7. The absorption rates over whole spectrum for various ITO layer thicknesses. The rates are
given for the design presented in Figure 8-4b.

Thickness of
ITO layer (nm)
Absorption
Rate (%)

15

20

25

30

35

40

45

50

69.0

73.5

76.0

76.5

75.5

73.9

71.8

69.9

8.5. Conclusion
As a conclusion, in this part, some of the absorption enhancement techniques are
applied for the design provided in the previous chapter which can be utilized for
photovoltaic applications. The results shows that each of the methods applied here has
the capacity to enhance the absorption rates.
Among all the methods reshaping the back metallic plate has the minimal effects of
increasing the total absorption rates.
Using graphene in the structure of the design also provides same improved results.
However, the place of the application and the shape of the graphene is very important
and directly effects the absorption rates of the absorber.
Among all the techniques, ITO provides the best absorption rates. It increased the
absorption by 48.2%.
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CHAPTER 9
CONCLUSION

9.1. The Conclusion of the Thesis
One of the most popular and preferred energy source is the solar energy. This source
can be used to supply clean and energy by the utilization of the solar cells.
Photovoltaics and termo-photovoltaics being the two different forms of the solar cells
which can be harvest the solar energy. However, the cost of these cells and the
efficiency of these devices are the major difficulties that hinder this technology of
becoming widespread. Metamaterial absorbers with their compact structure offer high
efficiencies with the smaller unit cell dimensions and hence the lesser material costs.
The existing metamaterial absorbers in the literature are general single and narrow
band absorbers. In addition, there not much effort have been spent for the utilization
of the higher frequencies (visible and ultraviolet).
In the beginning of the thesis, a single band absorber is introduced which is the
combination of the strip type resonators. Although being a single band absorber, it has
a wide half power bandwidth of 22.2%. Later, the dual band absorption is obtained by
improving the strip type resonator. The main aim of the thesis which is obtained
multiband absorption is formed by setting the topology in the solar spectrum is
presented in chapter 5.
Two types of solar cell technology used in thesis to harvest energy is the PV and TPV.
A multi band metamaterial absorber for TPV is introduced in chapter 6. The analysis
of this device show that it has a polarization insensitive characteristics over the solar
spectrum and it shows triple band response in the solar spectrum with the absorption
rates higher than 90%. Moreover the theoretical validation is also carried out in order
to validate the numerical results.
Dual band metamaterial absorber which has the capability to be used for PV
applications is discussed and a new design is introduced in chapter 7. The polarization
characteristics are analyzed while the geometric parameter dependencies and partial
absorption rate of active material are also provided.
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The enhancement of the absorption capacity of the devices is a critical issue for the
improving the efficiencies of the designed structures. Therefore, in chapter 8 the
improvement techniques are introduced and implemented to the design given in
chapter 7. The results show that the improvement technologies have the functionality
for improving the total absorption capability of the metamaterial absorber. The best
improvement technique is found as applying ITO layer on to the top of the design. For
the design presented in chapter 7, the enhancement of ITO is found as 48.5% when
compared to the initial design.
Some of the results reported in this thesis have been presented in Turkish Physical
Society 31th physic conference. Two journal papers from this thesis were published in
Waves in Random and Complex Media journal and Plasmonics journal.
9.2. Future work
In this thesis, numerical and theoretical analysis of metamaterial absorber designs were
carried out. However, efficiency analysis of the designed metamaterial absorber
models, implementation of the designed models into the solar cells for practical
applications, and the experimental characterizations should be done as the future work.
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