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ABSTRACT 

THE USE AND INVESTIGATION OF TWO-DIMENSIONAL MATERIALS 

IN SOLAR CELLS 

KORKMAZ, Hüseyin 

M.Sc. in Electrical and Electronics Engineering 

Supervisor: Prof. Dr. Uğur Cem HASAR 

September 2019 

78 pages 

Solar cells do not have ability to absorb the majority of the electromagnetic waves 

that are coming towards them. Our aim is using MXene which is a new member of 

two-dimensional (2D) materials family to increase the solar cells efficiency by 

increase the absorption coefficient. We designed, simulated and analyzed MXene 

metamaterial absorber in the visible frequency region for solar cell applications. 

Titanium carbide (Ti3C2Tx) was used as a dielectric layer of proposed solar cell 

absorber. Electromagnetic response of the proposed design is computationally 

analyzed using a full-wave electromagnetic solver simulation program. Geometric 

parameters of design were carefully analyzed to show absorption behavior of 

proposed design. The proposed design provide maximum of 96.8 % absorption and it 

is independent from normal incidence (transverse electromagnetic mode), so 

proposed design can be good candidate for the solar cell applications.  

 

 

 

Key Words: Mxene, Solar Cell, Efficiency, Wide Band Absorber, Visible 

Frequency  

 

 



 

 

ÖZET 

GÜNEŞ HÜCRELERİNDE İKİ BOYUTLU MALZEMELERİN 
KULLANILMASI VE İNCELENMESİ 

KORKMAZ, Hüseyin 

Yüksek Lisans Tezi, Elektrik Elektronik Mühendisliği 
Danışman: Prof. Dr. Uğur Cem HASAR 

  

Eylül 2019 

78 sayfa 

Güneş pilleri, kendilerine gelen elektromanyetik dalgaların çoğunu emme 

yeteneğine sahip değildir. Amacımız iki boyutlu malzeme ailesinin yeni üyesi 

olan MXene malzemesini kullanıp soğurma katsayısını artırarak güneş 

hücrelerinin verimliliğini arttırmaktır. Solar hücre uygulamaları için görülür 

frekans bölgesinde MXene metamalzeme emicisini tasarlayarak simulasyon ve 

analizini yaptık. Titanyum karbür (Ti3C2Tx) önerilen güneş pili emicisinin 

dielektrik tabakası olarak kullanılmıştır. Önerilen tasarımın elektromanyetik 

tepkisi, bir tam dalga elektromanyetik çözücü simülasyon programı kullanılarak 

hesaplamalı olarak analiz edilmiştir. Tasarımın geometrik parametreleri, önerilen 

tasarımın soğurma davranışını göstermek için dikkatlice analiz edildi. Önerilen 

tasarım geniş bantta  maksimum 96.8 % soğurma ve enine elektromanyetik mod 

etkisinde bağımsız geniş bant saglamaktadır. Önerilen tasarım güneş pili 

uygulamalar için iyi bir adaydır. 

 

 

 

Anahtar Kelimeler: Mxene, Güneş Pili, Verimlilik, Geniş Bant Sogurucusu, 

Görülür    Frekans 
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CHAPTER 1 

1.INTRODUCTION 

 

1.1.Background and Motivation of Thesis 

The technological developments that we have in the 21.century offer us a more 

comfortable life with increased energy demand day by day. This situation is 

expressed by many countries, institutions, and researchers in every platform. 

Energy plays an important role in the industrial and financial development of each 

country. Researchers take attention to the production and usage of sustainable and 

renewable energy and protection of the environment and natural resource [1]. 

Energy source is a lead of source that can be obtained with economic purposes by 

using various methods and techniques. Renewable (alternative) energy sources are 

defined by the ability to renew itself at the same rate as the energy from the source, 

or faster than the rate of depletion of the source. Hydroelectric energy, wind energy, 

solar energy, biomass energy, geothermal energy, wave energy and tidal energy can 

be listed as renewable energy sources. Although the techniques of use of nature as 

fuel can change, basically all sources of energies are the sun. The most striking 

feature of non-renewable (fossil, conventional, traditional) energy source is that 

they cannot be renewable, that is, they can be used once and they are depleted [2]. 
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Figure 1. 1 Types of Energy Sources [2]. 

 

 

Figure 1.2 The photovoltaic power potential of the world. 
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Turkey is located between 36° - 42° north parallels and 26° - 45° east meridians [54]. 

Due to the geographical location of Turkey, the potential to benefit from solar energy 

is quite high. According to data that taken from T.C Ministry of Energy and Natural 

Resources, Turkey has 7.5 hours sunshine duration per day, and 1.527 kWh/m2 total 

annual incoming solar energy in a year. It was determined according to 4,2 kWh/m2 

(daily total) per year. Turkey has solar energy potential for approximately 114 days 

[55]. These values show that Turkey has a high potential among Europe and other 

countries. 

People have needed energy since the world existed. However, people are not content 

with what they have and always be in search of a new energy source. Although fossil 

fuels are limited and environmentally harmful, fossil fuels have an important rate 

among consumed energy sources. Despite, many countries are focusing on renewable 

energy, trying to reduce environmental pollution and research on alternative energy 

sources are promising for the future of energy [4]. 

In this section, you will find information about the different energy sources and 

quantities consumed in some years. The following figures in Figure 1.3 show that the 

amount of energy consumed in the world is increasing by years. There is also a 

noticeable increase in renewable energy consumption. 
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Figure 1.3 Percentage Share of Each Resource in Total Energy Consumed [3]. 

 

The percentage of total energy consumed in the world is compared with the years. 

According to this graph, the percentage share of renewable energy (solar, wind, other 

renewable and hydropower) in total energy consumption has increased compared to 

2010 and 2017. In addition, if we compare the values between 2010 and 2017, the 

share of non-renewable energy (nuclear, natural gas, coal, and crude oil) in total 

energy consumption has decreased. The result is that the world's interest in 

renewable energy has increased over the years. 
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Figure 1.4 Total energy consumption of the world with different energy sources 

distribution [3]. 

 

The share of the total energy consumed in the world compared to the years in Terra 

Watt (TWh) is indicated in Figure 1.4. We can do analysis by taking the values 

between 2010 and 2017 as a reference. Firstly, while solar energy consumed 33.83 

terawatt-hours in 2010, in 2017 it consumed 442.62 terawatt hours. From this point 

of view, solar energy consumption in the world increased nearly 13 times within 

seven years. While wind energy was consumed in 2010 at 341,57 terra watt hours, in 

2017 this amount increased to 1122,75 terra watt hours. (approximately 3,3 times). 

Other renewables (biofuels, geothermal, wave and tidal energy) were consumed 

378,04 terra watt hours in 2010, it has increased at 586,17 terra watt hours 

(approximately 1,6 times) were consumed in 2017. While hydropower energy 

consumed 3435.991 Terra Watts in 2010, it reaches 4059.87 terra watt hour energy 

consumed in 2017 (increased approximately % 18). 

In addition, nuclear energy consumed 2767,51 Terra Watts hours in 2010, while 

265,56 terra watts were consumed in 2017 (decreased approximately %4,8). 

Traditional biofuels (fuelwood, forestry products, animal and agricultural wastes) 

2010 2011 2012 2013 2014 2015 2016 2017

solar 33,83 65,21 100,93 139,04 197,67 260,01 328,18 442,62

  wind 341,57 436,80 523,81 645,72 712,41 831,83 959,47 1122,75

 other renewables 378,04 397,45 430,36 463,98 504,39 538,21 556,99 586,17

nuclear 2767,51 2651,77 2472,45 2491,71 2541,03 2575,66 2612,83 2635,56

natural gas 31759,1 32410,4 33270,5 33714,9 33986,8 34741,8 35741,8 36703,9

crude oil 48949,7 49455,2 50065,8 50698,3 51109,9 52053,2 53001,8 53752,2

coal 41932,7 43948,9 44129,6 44953,0 44916,8 43786,8 43101,2 43397,1

traditional biofuels 11666,6 11553,3 11441,1 11330,0 11220,0 11111,1 11003,2 10895,3

 Hydropower 3435,91 3503,23 3671,30 3797,95 3887,93 3891,41 4036,07 4059,87

0,00

10000,00

20000,00

30000,00

40000,00

50000,00

60000,00

Te
rr

a
 W

a
tt

 

 (
T

W
h

) 

Total Energy Consumptions of World 



6 

 

consumptions are decreased by approximately % 6,6 in case of taking reference 2010 

and 2017 years. 

 

 

Figure 1.5 Total renewable energy consumption of Turkey with different renewable 

energy sources distribution per years [3]. 

Information about the consuming of renewable energy in Turkey between  2005 and 

2016 is indicated in Figure 1.5. Until 2010 we can say that the production and 

consumption of solar energy were inactive. Solar energy rapidly becomes widespread 

since 2015 and consuming of wind energy has the largest share among renewable 

energy in Turkey 
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Figure 1. 6 Global investment in renewables technology by years [3]. 

In 2016, 47 % of investments were invested in solar and wind energy. This rate is 

equal to % 94 of global finance. The share of these two technologies especially in the 

last five years has increased. In 2006, bioenergy ( biomass and liquid biofuels ) rose 

to 36 percent by taking a large share of global investment. However, in 2016, it 

decreased by less than 4% of the investments. These data and analyses show that 

investors have idea about solar and wind energy is the dominant renewable 

technologies of the future. 

The data obtained from various sources and the analysis in the light of the data 

above, it is understood that the tendency towards worldwide about solar energy 

consumption is increasing day by day. However, the use of photovoltaic panels is 

limited due to the fact that the solar cell, which is one of the main components of 

photovoltaic energy, has not yet reached a sufficient level of efficiency [5]. There are 

several reasons why the solar cells and solar panels have not yet reached a sufficient 

level of efficiency. These can be listed as reflection and shadow effect losses, long 

electromagnetic wave radiation with low energy losses, short electromagnetic wave 

radiation with high energy losses, recombination losses and ohmic losses in 

transition region. Long electromagnetic wave radiation with low energy losses, short 
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electromagnetic wave radiation with high energy losses are important in the overall 

losses that reduce solar cell efficiency. From this point of view due to solar cells do 

not have the ability to absorb great majority of solar radiation coming towards them, 

the efficiency of solar cells remains low [6]. So what can we offer as a solution?  

Solar cell absorber absorbs the sun's rays and produces more energy to increase 

efficiency of solar cells. Solar cell absorber is as important to the solar cell as it is to 

which material it is made. Recently emphasized that two-dimensional (2D) materials 

have the potential can solve this problem. Since the exploration of graphene a decade 

ago, 2D materials have been an important materials in research and engineering 

because of their properties such as outstanding electrical properties with a high 

carrier-mobility, high durability and high electrical conductivity [7]. Graphene, 

Carbon nanotube, TMDs, and MXene are member of two-dimensional materials. 

Graphene and carbon nanotube were used as active materials in solar cell absorber. 

Rufangura et al. designed metamaterial absorber with a graphene monolayer sheet 

located top of GaAs dielectric layer under circular concentric ring resonators and 

analyzed in 500-700 THz frequency region [8]. Obaidullah et al. designed a single-

walled carbon nanotube metamaterial absorber consisting of a ground plate with 

metallic aluminum, carbon nanotube used as dielectric layer and aluminum resonator 

at the top of the dielectric and working in visible and ultraviolet frequency regions 

[9]. Since MXene has just been discovered, there are not so many scientific 

publications on MXene [10]. Therefore, it is a material open to scientific researches 

and investigations. MXene as the last member of two-dimensional materials has 

previously been applied to different types of solar cells as  high electrical conductor 

in perovskite solar cells and used as  electrodes for dye-sensitized solar cells 

[11][12]. However MXenes have not been studied in visible frequency for solar cell 

absorbers. Although solar radiation range between 100 and 1000 THz, much of 

energy being localized between 400 and 750 THz [13]. It shows that visible 

frequency region is important for solar cell applications. 
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Figure 1.7 Publication plots for 2D TMDs including MoS2, MoSe2, black 

phosphorus, MXenes and total 2D TMDs in the period of 2004–2015 

[10]. 

To our best knowledge, Titanium Carbide ( 𝑇𝑖3𝐶2𝑇𝑥) MXene absorbers have been 

applied to optimize maximum absorption capacity of solar cells. In this study, we 

design a new solar cell absorber with 𝑇𝑖3𝐶2𝑇𝑥 MXene sandwiched between an 

aluminum resonator and an aluminum ground plate. The optical properties of the 

proposed design has been simulated in visible frequency region for incident wave 

with TE, TM, and TEM modes with different polarization angles. It has been 

demonstrated that the proposed design has high absorption capacity and thus can be 

considered as a good candidate for solar cell applications. 

The remaining part of this thesis is as follows: 

The aim of Chapter 2 is to explain the fundamentals of solar cells and 2D materials. 

In addition classification and application of an engineered material are described. 

Physics behind absorption, TE, TM and TEM mode are explained.  

Chapter 3 presents how we obtain dielectric constants of Titanium Carbide( Ti3C2Tx) 

MXene, the details of the proposed design and its implementaition steps, simulation 

results of proposed absorber such as absorption-reflection curves, plots of TE, TM 

and TEM modes with different polarization angles and fields distribution of proposed 

design. Main goal of this chapter is to understand design steps of the new proposed   

absorber from implemented in simulation to discuss results of simulation. 

In the Chapter 4, we briefly summarized the studies done during this thesis and 

mentioned about the some contributions to the scientific literature. Also we give 

information about the further studies that could be conducted the future. 
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CHAPTER 2 

MATERIALS AND METHOD 

 

2.1 Solar Cells 

 A solar cell is an electronic device working as a semiconductor diode which    

transform the energy of sunlight directly into electrical energy by utilizing the 

internal photoelectric reaction. The other name of the solar cell is photovoltaic (PV) 

cells. Photo process is related to light and voltaic action is related to electricity [46]. 

2.1.1 History of Solar Cells 

Edmund Becquerel was a French physicist who first mentioned about the physical 

phenomenon of converting light to electricity. He claimed that voltage will be 

produce when two identical electrodes are immersed into a weak conducting solution 

and one electrode is illuminated. In the 1870s, the topic of photovoltaic effect was 

first studied in selenium. 1%-2% efficiency selenium photovoltaic cells were built to 

converting light to electricity. Thanks to selenium which converts visible light of 

solar spectrum, it was applied in the field of photography for light measuring 

devices. Using the method of Czochralski, highly pure crystalline silicon was 

produced in the 1940s and early 1950s. In 1954, researchers at Bell laboratories 

product silicon photovoltaic cells with an efficiency of 4 %. Silicon photovoltaics 

solar cells are later applied for the industrial field in the 1950s. In 1958, Vanguard 

space satellite used an array of cells which is less than one watt to power its radio 

[14]. 
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2.1.2 Operation and PN Junction of Solar Cells 

PN junction is a composition of n-type semiconductor and p-type semiconductor to 

reach the practical utility of both of them. P-type semiconductor has holes which are 

positively charged and n-type semiconductor has electrons which are negatively 

charged. The medium region as indicated in the Figure 2.1 is pn junction where the 

p-type and n-type are joined, R(0) represent resistive load and sun rays are the source 

of system.   

 

Figure 2. 1 Representation of pn junction of solar cells [15]. 

Electrons near the junctions jumped from n-type semiconductor towards p-type 

semiconductor and holes near the junctions jumped from p-type semiconductor 

towards n-type semiconductor. This phenomenon creates a depletion region at the 

junction. Electrons are available in p region at depletion region and holes are 

available in the n region at depletion region. The electric field is created in the 

depletion region because of the movement of the holes and electrons. The direction 

of the electric field is from the n-type region towards the p-type region. Some 

electrons move back from p region to n region in the depletion region, some holes 

move back from n region towards p region in the depletion region. This will continue 

until reaching the equilibrium at the depletion region. These movements of electrons 

and holes in the depletion region give rise to diffusion current.  

In forward biasing positive terminal of battery connected to p region of the pn 

junction and the negative terminal of battery connected to n region of the pn junction. 
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Positive terminals repels the holes in the p region and the negative terminal repels 

electrons toward the junction in the n region. Due to this repulsion, the depletion 

region narrows down. When the voltage in the forward bias, the electrons in the n 

region flows through the junction and pass to the p region and the holes in the p 

region flows through the junction and pass to the n region. On the other hand, in 

reverse biasing, the battery is connected with the negative terminal to n region and a 

positive terminal connected to p region. Holes get away to the negative side of the 

battery and electrons get away to the positive side of the battery. This situation 

resulted in an increase of the depletion layer and pn junction act as an insulator 

which does not allow any current to flow in the circuit. If the battery voltage above 

the particular limit, electrons and holes breakdown through the pn junction and 

resulted with current flowing through the circuit. During this process, the current 

through the pn junction is very high and due to overheating caused by the excess 

flow of current the pn junction gets damaged [16]. 

When a solar cell is illuminated, electron hole pair is generated in the depletion 

region. This electron hole pair when separated from each other across junction 

produces a current 𝐼𝐿 flowing in external circuit by photovoltaic effect. This photo 

current 𝐼𝐿 creates a voltage drop across resistive load and this voltage will forward 

bias the pn junction. Forward bias voltage produces forward current 𝐼1, so the net 

current shown in equation (2.1) and kT is product of Boltzmann constant k and 

temprature T, eV is short term of electron volt that is approximately equal to 

1,6x10−19  joule [2].  

 

 

i= 𝐼𝐿 – 𝐼1                                                   (2.1) 

 

𝐼1= I(0)[exp (
𝑒𝑉𝑘𝑇) -1]                                (2.2)                      

            

i=𝐼𝐿­I(0)[exp (𝑒𝑉𝑘𝑇) -1]                             (2.3) 
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2.1.3 Parameters of Solar Cells 

When R=0 and V = 0 then  𝐼1 =0, so 

i = 𝐼𝐿 = 𝐼 𝑠𝑐                                               (2.4) 

Open circuit voltage  (𝑉𝑜𝑐)  of solar cell can be found as following 

 

 When R=∞ , then i = 0 so, 

 

0= i=𝐼𝐿­I(0)[exp ( 
е𝑉𝑘𝑇 ) -1]                    (2.5) 

𝐼𝐿= I(0)[exp ( 
е𝑉𝑘𝑇 ) -1]                (2.6) 

𝑉𝑜𝑐  = 𝑘𝑇𝑒  [ln (1+ 
𝐼𝐿𝐼(0) )]                      (2.7) 

 

Since power delivered to load is the multiplication of V and i, we obtain i from 

equation (2.5) and substitute in equation (2.8) 

 

P=V.[ 𝐼𝐿­I(0)[ exp ( 
е𝑉𝑘𝑇 )-1]]                (2.8) 

 

Figure 2. 2 I-V characteristics of solar cells [15]. 



14 

 

for maximum power delivered to load we should write 𝑑𝑝/𝑑𝑣= 0 by solving,  

1 + 
𝐼𝐿I(0) = exp ( 

е.Vm𝑘𝑇  ).[1+ 
е.Vm𝑘𝑇 ]                   (2.9) 

 

As shown in Figure 2.2, Vm is the voltage which produces maximum power, the 

maximum value of current 𝐼𝑚 can be find if we substitute the value of exp ( 
е.Vm𝑘𝑇  ) in 

all equations. 

The maximum power is obtained by multiplying Vm and Im so,  

 𝑃𝑚  =Vm. 
е.Vm [𝐼𝐿+I(0)]/kT 1+e.Vm/kT                         (2.10) 

 

Ratio of output power to incident optical power is defined as the conversion 

efficiency of solar cell. For maximum power output, 

 

Ƞ % = 
𝑃𝑚𝑃𝑖𝑛 x 100                                  (2.11) 

 

Ƞ % = 
𝑉𝑚.𝐼𝑚𝐼.𝐴    x 100                    (2.12) 

 

Where, Pm is maximum power,Pin is input power Vm is maximum voltage, Im is 

maximum current, I solar intensity (watt/ 𝑚2), A area (𝑚2) 

 

Fill Factor (FF) is the ratio of maximum power to the product of 𝑉𝑜𝑐 and 𝐼𝑠𝑐    [15] 

 

 

FF= 
𝑉𝑚𝐼𝑚𝑉𝑜𝑐𝐼𝑠𝑐                                         (2.13) 
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2.1.4 Types of Solar cells 

Over the years, the researcher  have tried to find a new solar cell based on different 

material and improve the efficiency of various solar cell technologies. When we 

classify the solar cells by the years there are three generations of solar cells as shown 

in Figure 2.3 along with their efficiencies in Table 2.1. Monocrystalline and 

polycrystalline belong to the first generation type of solar cells. Amorphous silicon, 

cadmium telluride and copper indium gallium selenide are the second generation 

types of solar cells. Third generation types of solar cells consist of solar cells which 

are recent solar cells and their research and development still continue in 

laboratories. These are copper zinc tin sulfide, dye-sensitized, organic perovskite and 

quantum dots solar cells. Here we briefly present a few solar cell technologies and 

describe the challenges confronted [17]. 

 

 

 

Figure 2.3 Classifications of solar cells. 
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2.1.4.1 Monocrystalline Solar Cells  

 

Simple light harvesting properties are already utilized in commercial cells. 

Multilayer antireflection coatings and a surface texturization make easy to provide 

light scattering. Due to their high costs, people have looked into the possibility of not 

relying on expensive monocrystalline wafers. Si, GaAs or other III-V materials are 

used for monocrystalline solar cells. Because of nearly 200 μm wafer used for typical 

commercial Si monocrystalline cells, it has a high cost. 

 

2.1.4.2 Polycrystalline Solar Cells  

 

Polycrystalline solar cell wafer is based though not monocrystalline so it is cheaper 

than monocrystalline solar cells. The size of a polycrystalline solar cell typically in 

the mm range and it has a thickness less than 200 μm. Since it is cheaper than 

monocrystalline solar cells, it has a significant role in the photovoltaic markets. 

Optical optimization may be manipulated but is usually not considered because of 

the high cost. 

 

 

 

Figure 2.4 Monocrystalline and polycrystalline silicon solar cells, respectively [47]. 
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2.1.4.3 Amorphous Silicon 

 

Silicon and germanium based solar cells are also another important member of this 

type of solar cells. Amorphous solar cells can be combined with microcrystalline Si 

solar cells. The thickness of these cells is typically 200 nm, but can be increased to 

500 nm for several reasons related to the electrical characteristics. 

2.1.4.4 Cadmium Telluride 

The thickness of cadmium telluride solar cells is typically 5-10 μm. These cells 

require only minimal optical sophistication due to strong absorption in these 

materials. Researchers not considered on their photonic sophistication because it 

performs quite well. They consider decreasing the cost of solar cells. One of the 

results for the development of this type of solar cells is a new class of solar cells with 

a thin thickness less than 10 μm. 

2.1.4.5 Copper Indium Gallium Selenide 

 

These cells require only minimal optical sophistication due to strong absorption in 

these materials. Researchers not considered on their photonic sophistication because 

it performs quite well. The thickness of the copper indium gallium selenide solar 

cells is typically 2 μm with grain size on the order of 1μm. 

2.1.4.6 Dye-sensitized Solar Cells 

 Dye-sensitized solar cells typically utilize extremely thin dye layers which act as an 

active layer that is coated on a random or rough nanostructured conducting surface, 

which provides for the charge separation and light trapping effect. 

 

2.1.4.7 Organic Polymer Solar Cells 

 

The main function of organic polymer solar cells is to address the fact that photon 

absorption leads to exciton instead of free carrier generation. This type of solar cells   

are often narrowband absorbers and they are typically found in a bulk heterojunction 

structure with two different materials mixed in the active bulk excitons. Typically, 

they have a very limited diffusion length and require a heterojunction in order to 

dissociate [18]. 
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Table 2. 1 Efficiency table of solar cells under the global AM 1.5 spectrum (1000 

W/m^2) at a cell temperature of 25° [19]. 

 

 

 

Classification 

(type) 

 

Efficiency 

(%) 

 

Area 

(𝒄𝒎𝟐) 

𝑽𝒐𝒄 

 

(V) 

 

Isc 

(A) 

 

FF 

(%) 

 

Test Centre 

 

 

Date 

 

Description 

Si (crystalline) 24.4± 0.5 13177 

(da) 

79.5 5.04 80.1 AIST (9/16) Kaneka 

(108 cells) 

multicrystalline 19.9 ±0.4 15143 

(ap) 

78.87 4.795 79.5 FhG‐ISE (10/16) Trina solar 

(120 cells) 

GaAs (thin film) 25.1 ± 0.8 866.45 

(ap) 

11.08 2.303 85.3 NREL (11/17) Alta 

devices46 

CIGS (Cd free) ) 19.2 ± 0.5 841 (ap) 48.0 0.456 73.7 AIST (1/17 Solar 

frontier 

 (70 cells) 

CdTe (thin‐film 18.6 ±0.5 7038.8 

(da) 

110.6 1.533 74.2 NREL (4/15) First solar, 

monolithic 

a‐Si/nc‐Si (tandem) 12.3 ± 0.3 14322 (t) 280.1 0.902 69.9 ESTI (9/14) TEL solar, 

Trubbach 

labs 

Perovskite 11.6 ± 0.4 802 (da) 23.79 0.577 68.0 AIST (4/18) Toshiba  

(22 cells) 

Organic 8.7 ± 0.3 802 (da) 17.47 0.569 70.4 AIST (5/14 Toshiba 

InGaP/GaAs/InGaAs 31.2 ± 1.2 968 (da) 23.95 1.506 83.6 AIST (2/16) Sharp  

(32 cells) 

CIGS (large) 15.7 ± 0.5 9703 (ap) 28.24 7.254 72.5 NREL (11/10) Miasole 
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2.2 Metamaterials 

Metamaterials (MMs) are a new concept of interdisciplinary research which is 

related to artificial material for displaying physical properties not available in 

nature. Firstly, they were proposed for tailoring electromagnetic of media and 

optical properties, then they have been started to be use for elastic, acoustic, and 

thermal properties. Since 1999, metamaterials have taken enormous attention from 

the scientific community and use in the field of the antenna, waveguide 

engineering, imaging, microscopy, sensing and light manipulation [21]. 

 

 

Figure 2.5 Electromagnetic metamaterials [21]. 

2.2.1 Classification of Metamaterials 

According to continuous media theorem, electromagnetic properties of the materials 

determined by parameters of permittivity ε and permeability μ. Metamaterials are 

classified into four groups on the basis of permittivity ε and permeability μ  as shown 

in figure 2.6. 
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Figure 2.6 Classification of metamaterials [22]. 

 

2.2.1.1 Double Positive Materials   

 

Double positive materials (DPS) which have both permittivity and permeability 

greater than zero (ε > 0, μ > 0). Dielectric media fall under this category.  

 

2.2.1.2 Epsilon Negative Materials  

 

A plasma environment carries this characteristic in a certain frequency spectrum. 

Epsilon negative materials (ENG) have permittivity less than zero and permeability 

greater than zero (ε < 0, μ >0). 

 

2.2.1.3 Mu Negative Materials   

 

Some gyrotropic materials present this characteristic in a certain frequency spectrum. 

Mu negative materials (MNG) have permittivity greater than zero and permeability 

less than zero (ε > 0, μ < 0). 
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2.2.1.4 Double Negative Materials  

 

The member of this type of materials can only be produced artificially. A double 

negative material (DNG) has both permittivity and permeability less than zero (ε < 0, 

μ < 0). 

2.2.2 Types of Metamaterials 

2.2.2.1 Electromagnetic Metamaterials  

Electromagnetic MMs are used for microwave and optical applications which have a 

new subject within electromagnetism and physics. Microwave couplers, beam 

steerers, antenna radomes, band-pass filters and lenses are some applications of the 

electromagnetic metamaterials. 

2.2.2.1.1 Single Negative Metamaterials  

Single negative materials (SNG) have negative permittivity or permeability. Due to 

their dispersive nature with the change in frequency, single negative materials can 

change their parameters such as refractive index n, permittivity ε  and permeability μ. 

2.2.2.1.2 Double Negative Metamaterials   

These MMs (negative refraction index or backward wave media) have both negative 

permittivity and permeability with negative refraction index. 

2.2.2.1.3 Electromagnetic Band Gap Metamaterials 

Electromagnetic bandgap metamaterials have a function that can control and 

manipulate the propagation of electromagnetic waves which have artificial structure. 

2.2.2.1.4 Bi-isotropic and Bi-anisotropic Metamaterials 

This types of metamaterials is described by the permittivity and permeability 

parameters based on the independent electric and magnetic responses which are 

categorized into the single or double negative metamaterials. In some samples of 

electromagnetic metamaterials, electric field creates magnetic polarization and 

magnetic field induces an electrical polarization like magneto-electric coupling. 

These media are known as bi-isotropic media because it present magneto-electric 

coupling and if it is anisotropic, it is called as bi-anisotropic [22]. 
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2.2.2.2 Chiral Metamaterials  

 

Series of dielectric gammadion or planar metallic on a substrate can be chiral 

metamaterials. When light is coming through the series linearly, it transforms 

elliptically polarized on coaction by the gammadions with the same way as the 

gammadion itself [22]. 

 

 

Figure 2.7 Chiral metamaterials [22]. 

 

2.2.2.3 Terahertz Metamaterials  

Combining of artificial materials which interact at terahertz (THz) frequencies and 

still in research process known as terahertz metamaterials. They are passive materials 

that have negative permeability can achieve a desired magnetic response. Terahertz 

waves starts with microwave band and end with an infra-red band [22] 

 

Figure 2. 8 Wave formation of Terahertz metamaterials [22]. 
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2.2.2.4 Photonic Metamaterials  

 

One of the other electromagnetic materials is a photonic material that used to interact 

with optical frequencies. They radiate the source at optical wavelengths. Also, the 

period of subwavelength separates photonics metamaterials from photonic bandgap 

structure. This is because optical properties originate sub-wavelength interaction 

with the light spectrum do not from photonic band gaps. Photonic metamaterials 

have large research area with capability of zero indexes of refraction and negative 

values for index of refraction [22]. 

 

 

Figure 2.9 Photonic Metamaterials [22]. 

 

2.2.2.5 Tunable Metamaterials  

 

Changing the frequency of the refractive index is the main properties of the tunable 

metamaterials. An incident electromagnetic wave can manipulate with these 

metamaterials. They can be arranged from index of negative values to zero or 

positive values. Due to changeable  the permittivity of liquid crystal, tuning in the 

near infrared range is reached. Also, negative values can be increased or decreased 

[22]. 
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Figure 2.10 Tunable Metamaterials [22]. 

 

2.2.2.6 Frequency Selective Surface Based Metamaterials  

 

Frequency selective surface based metamaterials can alter the frequencies in a single 

medium however  impossible to change in stable frequency response. This types of 

metamaterial is first developed materials that can control the transmission and 

reflection behaviour of an incident radiation wave. Particular geometrical shapes of 

frequency selective surface based metamaterial can be fabricated as periodic series 

by elements of two dimensional planar [22]. 

 

2.2.2.7 Nonlinear Metamaterials  

Nonlinear metamaterials are artificial materials that can be made by some kind of 

metamaterials that have properties to change the power of the incident wave. The 

electromagnetic response of this type metamaterials described with permeability and 

permittivity. Also, they are artificial materials in which the nonlinearity appear 

because microscopic electric field of the inclusions greater than macroscopic electric 

field of the electromagnetic source [22]. 

2.2.3 Applications of Metamaterial 

There are many application fields of metamaterial including solar power 

management, high-frequency field communication, improving ultrasonic sensors, 

public safety, sensor detection high gain antennas, remote aerospace, public safety, 

and sensor detection applications. In this part, we will give some examples of 

applications of metamaterials [22]. 
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2.2.3.1 Detectors  

 

Detectors have used in many applications like cargo and screening passenger, 

biological agent, contamination, detection of the presence of chemical explosives. 

 

2.2.3.2 Revolutionary Electronics 

 

Due to future circuits made with the use of light rather than electricity, army 

engineers use the metamaterials as a switching device for building fast and small 

photonic equipment. Harvesting of light can be turned on and turned off a 

combination of metamaterials and semiconductor in the device [22]. 

2.2.3.3 Light and Sound Filters 

Nano scale wrinkles of metamaterials are used to control light and sound that 

increase ultrasound resolution and to change the color of the material. Selected 

frequencies created by compressing materials scatter by the precise wrinkles spacing. 

These are used in nondestructive material testing, sound suppression, medical 

diagnostics. Light and sound filtering can be made with high precision and multilayer 

deposition. Control of each thickness of layer is possible by using a fraction of 

wavelength [22]. 

 

2.2.3.4 Biosensors  

 

Using the biosensor in the areas of food safety, disease diagnostics, environmental 

monitoring shows that they are very important tools. The researcher used this type of 

metamaterials in terms of fluorescence based methods because of biosensor have 

high ability of detection of label free biomolecules and efficient cost than 

fluorescence based methods [22]. 

 

2.2.3.5 Metamaterial Absorbers  

 

Metamaterial absorber absorbs electromagnetic radiation. Supplementary 

miniaturization, wider adaptability, and increased effectiveness are the benefits over 

the conventional absorbers. Effective medium design, permittivity, and permeability 
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are the requirements for the generate a high ratio of electromagnetic radiation 

absorption [22]. 

 

2.2.3.6 Metamaterial Antennas  

 

Metamaterials antennas increase the performance of the miniaturized antenna 

systems which has a original band gap properties and periodic structures. This 

structure increases the gain of an antenna. On the contrary of small conventional 

antennas, metamaterials antenna has a structure that can store and re-radiate energy 

which makes its size small and behaves like a larger antenna [22]. 

2.3 Two-Dimensional (2D) Materials 

The space we are in is three-dimensional. Solids, liquids and gases formed by the 

combination of atoms occupy a volume in this space. One of the active research areas 

of today is two-dimensional materials, also known as single-layer materials. The 

structure of these materials is similar to that of crystalline solids. However, like 

ordinary crystalline solids, they are not three-dimensional, but two-dimensional. In 

crystalline solids, atoms form a three-dimensional and regular structure that occupies 

a volume in space. The material is multi-layered and there are strong or weak bonds 

between the different layers. For example, graphite and diamond as shown in Figure 

2.11 and Figure 2.12, respectively formed by the combination of carbon atoms are 

examples of three-dimensional crystalline solids. Carbon atoms in graphite with a 

very soft structure are connected to each other in layers to form hexagons. The 

softness of the material is due to the weak bonding between the different layers [42].  
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Figure 2. 11 Atomic structure of graphite [42]. 

Diamond, which is one of the hardest materials in nature, builds strong bonds with its 

four closest neighbors, located in layers above and below carbon atoms in a layer. 

The first sample of monolayer materials obtained in the laboratory was graphene as 

shown in Figure 2.13. Andre Geim and Konstantin Novoselov used a sticky tape to 

remove a layer of graphite in 2004 and then transfer it onto a silicon plate [42]. 

 

 

Figure 2. 12 Atomic structure of diamond [42]. 
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Figure 2.13 Atomic structure of graphene [42]. 

       

Graphene, carbon nanotube, MXene (2D carbides/nitrides), transition metal 

dichalcogenides are well known types of 2D material. Transition metal 

dichalcogenides include molybdenum disulfide ( mos2), molybdenum diselenide 

(mose2), tungten diselenide (wse2), hexagonal boron nitride (h-BN), borophene (2D 

boron), silicene (2D silicon), germanene (2D germanium) [42]. 

2D materials offers many promising properties compared to traditional photonic 

material such as gallium arsenide and silicon. Firstly, surface of 2D material 

naturally passivated without any bond. It means that integration of 2D materials with 

photonic structures is possible [42]. Many 2D materials have ability to interact with 

light strongly despite being atomically thin. Also 2D materials have diverse 

electronic properties that can cover wide electromagnetic spectrum [43]. 

Ability of strong interaction with photon in a broad energy range encourage the 

researchers to investigate graphene for photodetection applications. Also graphene 

has high carrier mobility to be candidate for high speed applications in a wide 

frequency region [44]. 

2.3.1 Carbon Nanotube 

Carbon is the chemical element and has six electrons in its orbital with atomic 

number 6. It has ability to hybridize in sp, sp
2
, or sp

3
 forms to produce constant 

nanometer sp
2 

carbon bonded materials such as carbon nanotube, fullerenes and 

graphene [27]. 
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Carbon nanotubes take most of the physical properties from graphene. Carbon atoms 

regularly organized with sp
2
 connected atomic scale hexagonal model in graphene. 

Hexagonal model is also basic structure model for carbon nanotubes and fullerenes 

whichs are allotropes of graphene [28]. 

Carbon nanotube is a cylinder made of rolled graphene sheet and theorically different 

as shape from graphene. Single walled carbon nanotube and multi walled carbon 

nanotube are types of carbon nanotube as shown in Figure 2.14 and Figure 2.15, 

respectively. Nanotubes with single wall was reported in 1993 as first time while the 

ones more than one wall are multiwall carbon nanotube were first discovered in 1991 

by Lijima [28]. 

 

 

 

Figure 2.14 Single walled carbon nanotube molecular structure [29]. 

 

 

Figure 2.15 Multi walled carbon nanotube molecular structure [29]. 

 

There are three different forms of SWCNTs depend on wrapping to a cylinder path 

such as armchair, chiral, and zigzag shown in Figure 2.17. The structure of SWCNT 

https://cheaptubes.com/wp-content/uploads/2015/09/single-walled-carbon-nanotubes-molecular-structure.jpg
https://cheaptubes.com/wp-content/uploads/2015/09/single-walled-carbon-nanotubes-molecular-structure.jpg
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is characterized by a pair of indices (n,m) that known as chiral vector that can 

directly effect on electrical properties of nanotubes.The integer n and m represent 

directions of graphene in honeycomb crystal lattice. Well known opinion, if m=0 the 

name of nanotube is zigzag, when n=m, nanotubes called armchair and in other 

stuations called chiral [29]. 

 

 

 

Figure 2.16 Different forms of single walled nanotubes [29]. 

Carbon nanotube has promising properties such as 1/12.9 𝑘𝑊−1 thermal 

conductance, 1.40 g/𝑐𝑚3 density, 10−4W /cm at 300 K resistivity, 107 A / 𝑐𝑚2 

conductivity. This properties take reseracher attentions, and so applied in energy 

storage and medical applications.[30] 
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2.3.2 MXene 

Two dimensional materials like graphene and TMDs have unique properties as 

mentioned before. MXene is a new member of 2D materials family with wide range 

of chemistries offering the way for better understanding of differences between 

properties of 2D and 3D structure, lead to description of useful properties of 2D 

nitrides, carbides, oxycarbides and end up with new applications. 

The basic structure of MXene is MAX phase which have been researched for years 

and many samples of carbides, nitrides and carbonnitrides have been synthesized 

with various properties. Discovery of Mxene date back to 2011 when a research team 

from Drexel university they removed unwanted layers of aliminum from layers of 

titanium carbide by applying etchant of fluoride salt and hydrochloric acid on bulk 

MAX phase. General Formula that determine name of mxene 𝑖𝑠  𝑀𝑛+1A𝑋𝑛, where 

n=1, 2, 3, M states a transition metal, A is an element such as aliminum or silicon 

and X is carbon and nitrogen. MXenes exhibit an unusual, unique, combination of 

properties. For example they are elastically stiff, strong, brittle and heat tolerant like 

ceramics, while they conduct heat and electricity like metals. Sometimes they are 

resistant to chemical attack, thermal shock, damage, tolerant and sometimes creep, 

fatique and oxidation resistant [31]. 

 

Figure 2.17 Scanning electron micrograph of MXene particle. 

Figure 2.17 Scanning electron micrograph of MXene particle.Thanks to this 

properties of MXene, researcher focus on the investigation of MXene in different 
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applications such as thermoelectricity [32], superconductivity [33], photocatalysis 

[34], ion batteries [35], gas sensors [36] and hydrogen storage [37]. 

2.3.3 Photovoltaic Applications of MXene 

 

The aim of this part is to mention about publications related to photovoltaic 

applications that use MXene materials. As we mentioned before, since MXene is a 

new member of 2D materials family discovered in 2011, the study or publications 

about MXene is not too much.  

 

Kang et al. studied the optoelectronic properties of 𝑇𝑖3𝐶2𝑇𝑥 with n-type silicon of 

vertical Van der Waals heterostructures. Investigation of temprature and ilumination, 

applied voltage on 𝑇𝑖3𝐶2𝑇𝑥 / n-si schottky junction heterostructure shows that 

MXene has excellent photoelectric properties to use in the photoelectrical field [38].  

 

Chaudhuri et al. fabricated plasmonic absorbers using a MXene film that has strong 

localized surface plasmonic resonances and achieved nearly % 90 absorption [39]. 

 

Guo et al. studied on integration MXene film with the perovskite absorber layer for 

efficiency enhancement of perovskite solar cells. Device performance is achieved 

%12 enhancement by 0.003 wt% amount of MXene additive, after optimizing key 

parametrs. Also solar cell parameters analyzed after additive of MXene [11]. 

 

 Yang et al. used MXene nanosheets as a conductive additive in the Sn𝑂2 to prepare 

Sn𝑂2-mxene electron transport layers for perovskite solar cells. Proper addition 

mxene to Sn𝑂2 layer can increased the conductivity, which is beneficial for higher 

short circuit current density (Jsc) and fill factor (FF) values [40]. 

2.4 Basics of TE, TM and TEM Modes 

The electrical and magnetic field lines are always perpendicular to each other and 

they travel in the waveguide as electromagnetic waves [23]. The simplest waveform 

in the waveguide is shown in Figure 2.18. 
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Figure 2.18 The most common electromagnetic waveform in a rectangular 

waveguide. 

 

The straight lines in Figure 2.18 are voltage lines and E indicates the direction of the 

electric field. The dashed lines indicate the magnetic field H. These field lines are 

field lines at one time and change their form over time. As can be seen from the 

cross-sectional view of the guide in the Figure 2.18, there is a voltage parallel to the 

upper and lower faces, i.e, between the major faces, and has the largest value in the 

center. On the side face, the voltage is short circuited and the electrical field is zero 

along these edges. A waveguide usually consists of two waveforms. 

 First, the electrical field is perpendicular to the direction of propagation as shown       

in Figure 2.18. This waveform called Transverse Electric (TE), in the second type  

waveform, the magnetic field lines are perpendicular to the direction of propagation,   

as shown in Figure 2.19 and Figure 2.20 which is called Transverse Magnetic (TM). 

In other words, there is no projection of electrical field lines in the direction of 

propagation in TE form waves [23]. 
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Figure 2.19 Representation of modes in rectangular waveguide. 

 

 

Figure 2.20 Representation of modes in circular cross-section waveguide 

 

 In order to describe a particular shape in TE or TM waves, two sub-digits indicating 

the change of the electric field are placed. The first shows the number of half wave 

changes on the wide edge of the electric field and the second shows the number of 

wave changes on the narrow side of the electric field. If we examine the waveform of 

Figure 2.18, on the wide edge, the electric field starts at zero at the end and becomes 

maximum when it reaches center. It becomes zero again when it reaches other edge. 

That is, the electric field varies by a half wave along the wide edge. On the narrow 

side, the number of voltage changes is zero because the voltage is zero across the 

entire edge. Accordingly, this wave is a TE1,0 waveform. Figure 2.19 shows that 
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cross-sectional and longitudinal cross-sectional views of four different waveforms 

[23]. 

The propagation where the electric and magnetic field lines are all limited to 

directions normal to the direction of propagation is called Transverse 

electromagnetic (TEM) mode. Transverse electromagnetic mode is characterized by 𝐸𝑍 = 𝐻𝑍 =0 

 

 

Figure 2.21 Directions of propagation [24]. 

 𝐻𝑥 = 
ⅉ𝑘𝑐2 ( ωԑ ∂E𝑧∂y  – 𝛽 

∂H𝑧∂x  )                            (2.14) 

 𝐻𝑦 = -  
ⅉ𝑘𝑐2 ( ωԑ ∂E𝑧∂x  + 𝛽 

∂H𝑧∂y  )                      (2.15) 

 𝐸𝑥 = -  
ⅉ𝑘𝑐2 ( 𝛽 

∂E𝑧∂x  + 𝜇𝜔 
∂H𝑧∂y  )                              (2.16) 

 𝐸𝑦 =   
ⅉ𝑘𝑐2 (−𝛽 

∂E𝑧∂y  + 𝜇𝜔 
∂H𝑧∂x  )                                                (2.17) 

 

When we apply the 𝐸𝑍 = 𝐻𝑍 =0 condition we will obtain equations shown in below, 
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∂E𝑧∂y  + ⅉβ𝐸𝑦 = -ⅉ𝜔𝜇𝐻𝑥                                   (2.18) 

 

- ⅉ𝛽𝐻𝑥 - 
∂H𝑧∂x  = ⅉ𝜔ԑ𝐸𝑦                                 (2.19) 

 𝛽2𝐸𝑦  = 𝜔2 μԑ𝐸𝑦                                       (2.20) 

 𝛽= 𝜔√μԑ = k                                            (2.21) 

 

The cutt of wave number 

 𝑘𝑐 = √𝑘2 − 𝛽2 =0                                    (2.22) 

 

 

for TEM waves [24]. 

2.4.1 Cut-off Wavelenght and Cut-off Frequency 

The waveguides have a wavelength cut-off values for each waveform. This value is 

defined by c = 2a. For example, for a rectangular waveguide, the 𝑇𝐸1,0 waveform is 

c = 2a. Where a is the wide edge of the rectangle, b is the narrow edge as shown in 

Figure 2.19. At frequencies greater than 2a wavelength, there may be no transmission 

in the waveguide. c is briefly referred to cut-off wavelength and it is possible to use 

same term for frequency as cut-off frequency. Table 2.2 shows the cut-off 

wavelengths for several commonly used waveforms. A careful examination of Table 

2.2 shows that 𝑇𝐸1,0 is the waveform with the largest cut-off wavelength [25]. 
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Types of Wave 

(mode) 

c 

TE1,0 2a 

 

TM1,1 or TM 1,1 
22

2

ba

ab


 

TE2,0 a 

TE0,1 2b 

 

 

TEm,n or TMm,n 

22

2
















b

n

a

m

 

Table 2.2 Cut-off wavelenghts in rectangular waveguide [25]. 

 

If two or more waves pass through a waveguide at the same time, they may interfere 

unintentionally. Therefore, only a dominant form is required in a waveguide. Any 

point of absence in the grid may also produce contradictory forms, but these are often 

sub-cut and will soon fade away [25]. 

For waveguides with circular cross-sections, as with rectangles, each waveform has a 

definition of cut wavelength. In this definition, the cut-off wavelenght value is given 

as a function of the inner diameter d of the guide tube. Table 2.3 shows the cut 

wavelengths for some of the most common waveforms in circular cross-section 

waveguides. It can be seen from the Table 2.3 that the form of 𝑇𝐸1,1 is the dominant 

form. 

Types of Wave (mode) c 

TE1,1 1,706d 

TM0,1 1,306d 

TE2,1 1,028d 

TE0,1 0820d 

TM1,1 0820d 

Table 2.3 Cut-off wavelengths in circular waveguide [25]. 
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2.4.2 Wavelength in Guide 

Wavelengths in a waveguide and in the air have different values. The equation (2.22)  

gives the connection between the wavelength in guide, cut-off wavelength of any 

wave. 

 

22

0

2

111

cg 
                                           (2.23) 

 

Here g gives the wavelength in guides, 0 wavelength in gap , c gives the cut-off 

wavelength. From the equation (2.22) we can solve the g, 

 

2

0

0

1 











c

g




                                                      (2.24) 

 

This equality is true for any wave that is transmitted in any waveguide, c must be 

the correct value for the given waveform and guide section. If we examine the 

equation (2.23) carefully, when 𝑒 is too small relative to  𝑐, it remains only 1 in the 

denominator, which is the guide wavelength equal to the gap wavelength. If value of 

0  approaches 𝑐, then 𝑔  will increase. If 0 is equal to   𝑐, 𝑔is infinite. Finally, 

if 0 is greater than 𝑐, 𝑔 will be the imaginary number [25]. 

2.4.3 Solution for TE, TM and TEM Modes 

A wave travels through a waveguide (dielectric) 

E(x, y, z)=𝐸0(x,y)𝑒−𝛾𝑧                              (2.25) 

 

H(x, y, z)=𝐻0(x,y) 𝑒−𝛾𝑧                               (2.26) 

 

Ampere and Faraday laws for a source-free region are shown in equation (2.26) and 

(2.27) 
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 ▽×H=jωϵE                                                   (2.27) 

 

         ▽×E=−jωμH                                                 (2.28) 

 

Equation (2.27) and (2.28) produces some equations for the x, y and z directions 

shown in equations below, 

 

∂Ez∂y  + γ𝐸𝑦 = − jωμ𝐻𝑥                                          (2.29) 

  

∂E𝑧∂x  + 𝛾𝐸𝑧 = jωμ𝐻𝑦                                    (2.30) 

 

∂Ey∂x   - 
∂Ex∂y  = − jωμ𝐻𝑧                                  (2.31) 

 

∂Hz∂y  + 𝛾𝐻𝑦 = jωϵ𝐸𝑥                                   (2.32) 

 

∂Hz∂y  + 𝛾𝐻𝑧 = − jωϵ𝐸𝑦                                    (2.33) 

 

∂𝐻𝑦 ∂x  - 
∂Hz∂y  = jωϵ𝐸𝑧                                       (2.34) 

 𝐻𝑥 = - 
𝛾
ℎ2 

∂𝐻𝑧∂x  + 
ⅉ𝜔ԑ
ℎ2  

∂E𝑧∂y                                (2.35) 
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𝐻𝑦 = - 
𝛾
ℎ2 

∂𝐻𝑧∂x  -  
ⅉ𝜔ԑ
ℎ2  

∂E𝑧∂x                                           (2.36) 

 

𝐸𝑥 = - 
𝛾
ℎ2 

∂E𝑧∂x  - 
ⅉ𝜔𝜇
ℎ2  

∂𝐻𝑧 ∂y                                   (2.37) 

 

Ex = 
𝛾
ℎ2 

∂E𝑧∂y  + 
ⅉ𝜔𝜇
ℎ2  

∂𝐻𝑧 ∂x                                         (2.38) 

 

and   

 

ℎ2
=𝛾2+𝛽2                                                        (2.39) 

  

where    

 

 β=ω√𝜇ԑ                                                             (2.40) 

 

Ez =0, Hz ≠ 0 for TE mode, Ez≠0, Hz=0 for TM mode and Ez = Hz = 0 for TEM 

mode. Solve the partial differential for TE and TM modes we need Helmholz 

equation shown in equation (2.41), 

 ▽2A + 𝑘2A = 0                                             (2.41) 

 

In TE mode we need 𝐻𝑧 which is our A in the Helmholtz equation and our factor 𝑘2 is 𝛽2.Then, 

  

 

 

 ▽2 𝐻𝑧+ 𝛽2𝐻𝑧 = 0                                                (2.42) 
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∂2∂x2 𝐻𝑧 + 
∂2∂y2 𝐻𝑧 + 

∂2∂z2 𝐻𝑧 + 𝛽2𝐻𝑧 = 0                        (2.43) 

 ∂2∂z2 𝐻𝑧= - 𝛾2𝐻𝑧0 (x, y) 𝑒−𝛾𝑧                                         (2.44) 

 ∂2∂x2 𝐻𝑧0 + 
∂2∂y2 𝐻𝑧0 + ( 𝛾2+𝛽2) 𝐻𝑧                               (2.45) 

 

Since 

 

ℎ2
=𝛾2+𝛽2                                                                (2.46) 

   ∂2∂x2 𝐻𝑧0 + 
∂2∂y2 𝐻𝑧0 + ℎ2𝐻𝑧 = 0                                 (2.47) 

 

Repeat the same steps for TM mode where we need 𝐸𝑧 

 ▽2 𝐸𝑧 + 𝛽2𝐸𝑧 = 0                                                   (2.48) 

 

and therefore  

 

∂2∂x2 𝐸𝑧0 + 
∂2∂y2 𝐸𝑧0 + ℎ2𝐸𝑧 = 0                               (2.49) 

 

2.5 Physics of Absorption for Solar Cells 

 

Basically, when electromagnetic radiations reach the surface of solar cells, three 

diffrent parameters affect their efficiency. Some of radiations absorbed by the cell 

while others are reflected back, remain parts of radiation transmitted through the 

cells to the space. Scattering parameters which are the function of electric fields ease 

the understanding the physics behind absorption for high frequencies range [26]. 
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2.5.1 Scattering Parameters (s-parameters) 

The parameters related to electromagnetic Scattering are called S-parameters. These 

parameters are used for description of the reflection and transmission phenomena 

that occur due to the reflected and transmitted wave. Figure 2.23 shows the diagram 

for a two-port system. The left side of the system is named as port 1 while right side 

is named as port 2. 

 

Figure 2.22 Representation of two-port scattering parameters system 

 

Mathematical representation of the two-ports s-parameters network is shown in 

equation 2.50. Here, 𝑆11 is named as a return loss or reflection coefficient. 𝑎1 and 𝑎2 feed the system through port 1 or 2 or express the incident waves in the case of 

wave transmission. 𝑏1 and 𝑏2 express the reflected waves in the case of wave 

transmission. 

 

[𝑏1𝑏2] = [𝑆11 𝑆12𝑆21 𝑆22]   [𝑎1𝑎2]                                           (2.50) 

 

In case of power supply from port 1, 𝑎2 = 0 and 𝑆11  is calculated as  

 𝑆11 = 𝑏1/𝑎1                                             (2.51) 

 𝑆21 expresses forward transmission coefficient which can be calculated with 

condition 𝑎2 = 0 as    
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𝑆21 = 𝑏2/𝑎1                                             (2.52) 

 

The calculation of backward transmission coefficient (𝑆12) can be determined 

by  𝑎1 = 0 as                   

          𝑆12 = 𝑏1/𝑎12                                            (2.53) 

 𝑆22 is called the return loss or reflection coefficient for the port 2 and is calculated 

as 

   𝑆22 = 𝑏2/𝑎2 , 𝑎1 = 0                                  (2.54) 

 

Determination of how much power a solar cell gains depends on ability of solar cell 

absorption from incoming electromagnetic radiations. According to general formula 

of the absorption (A=1-R-T) shown in equation (2.55), high transmission and 

reflection coefficient decrease the power gained by the solar cells. 𝐴 (𝜔) =1- |𝑆11(ω)|2 - |𝑆12(ω)|2                (2.55) 

 

𝑆11(ω) =√𝑝𝑜𝑤𝑒𝑟 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑓𝑟𝑜𝑚 𝑝𝑜𝑟𝑡 1√𝑝𝑜𝑤𝑒𝑟 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑜𝑛 𝑝𝑜𝑟𝑡 1                (2.56) 

 

𝑆12(ω) =√𝑝𝑜𝑤𝑒𝑟 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑡𝑜 𝑝𝑜𝑟𝑡 2√𝑝𝑜𝑤𝑒𝑟 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑜𝑛 𝑝𝑜𝑟𝑡 1                       (2.57) 

 𝑆11(ω) and 𝑆12(ω) are the scattering parameters which are functions of power flow 

from reflected and transmitted radiations respectively. 𝐴 (𝜔) is power gain by solar 

cell. Our aim is optimize the power gain which is possible with minimize reflected 

and transmitted radiations. In this context, transmission losses are reflected by 

employing metalic ground plate for the proposed solar cell absorber. The equation 
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of the the absorption (A=1-R-T) replaced by the terms that shown in equation  

(2.58) 

 𝐴 (𝜔) =1- |𝑆11(ω)|2                                        (2.58) 

 

 

 

 

 

 

 

 

 



45 

 

CHAPTER 3 

 

RESULTS AND DISCUSSION 

 

3.1 Electromagnetic Spectrum 

 

The electromagnetic spectrum is the concept that expresses all the electromagnetic 

radiation made possible by the laws of physics in the universe and the relative 

locations of these spectra according to the wavelengths or frequencies of different 

radiation derivatives. The radiation types in the electromagnetic spectrum, starting 

from high energy to the low energy region. 

 

Our study is about investigation of MXene as a dielectric layer of solar cell absorber 

in 420 -1000 nm that cover visible frequency range. Visible light covers the rays 

between 400 and 700 nanometers wavelength. This small part of the electromagnetic 

spectrum, called light, can be seen by humans. The visible light spectrum has some 

colors depends on frequency or wavelength as shown in Figure 3.1. From high 

energy (frequency) to low energy (frequency) it can be listed as purple, blue, green, 

yellow and red. 

 

Figure 3. 1 Representation of electromagnetic spectrum. 
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Although the wavelengths and so the frequencies of the electromagnetic waves are 

different, the propagation velocities are the same. This velocity is equal to the speed 

of light in the space and is approximately shown in equation (3.1) 

 

       c = 300000 km/h                                                                     (3.1) 

 

The relation between frequency and wavelength is   

 

 c = λ .f                                                                                    (3.2) 

 

It is known that distance is the product of velocity and time. When this formula is 

applied to the electromagnetic wave, it can be replaced by λ (wavelength) instead of 

distance, T (period time) instead of time, c light speed instead of velocity. There is an 

inverse proportionality between wavelength and frequency. This means that the 

wavelength of the high-frequency is short and the wavelength of the low frequency is 

long [47]. 

3.2 CST Microwave Studio  

Computer simulation technology microwave studio is a software that can provide 

electromagnetic design and analysis in the high frequency range by a powerful 

graphical solid modeling. An important feature of CST microwave studio is options 

that choice of simulator or mesh type for a particular problem, integration into one 

user interface smoothly. 

The CST microwave studio software include various different simulation techniques 

such as time domain solvers, frequency domain solvers, asymptotic solver, integral 

equation solver,  multilayer solver and eigenmode solver for specific suit various 

applications. The frequency domain solvers are more efficient than time domain 

solvers for structures that are much smaller than the shortest wavelenght of interest. 

Also the frequency domain solver is method of choise for narrow band problems 

such as filters. Frequency domain solvers generate broadband results by using fast 

reduced order model techniques. The frequency domain solver support tetrahedral 

and hexahedral meshes. One of the other important feature of software is full 

parameterization of the structure modeler that offers using of variables in the 

description of all geometrical and material properties of component. As a result, CST 
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microwave studio is built-in optimizer and parameter sweep tools and capable of the 

design and analysis of electromagnetic devices. 

3.3 Thin Film (6,5) Semiconducting Single Walled Carbon Nanotube 

Metamaterial Absorber for Photovoltaic Applications 

As we mentioned before there are some publications about using of two dimensional 

material for solar cell applications. In this section we explained the article of thin 

film (6,5) semiconductıng single-walled carbon nanotube metamaterial absorber for 

photovoltaic applications is one of the example for this publications that we taked 

reference during process of this study. Obaidullah et all. design and analyzed solar 

cell absorber in visible and ultraviolet frequency region. Single-walled carbon 

nanotube with chiral  (6,5) used as a two dimensional material [9]. 

3.3.1 Introduction 

Electromagnetic response of (6,5) semiconducting single-walled carbon nanotube as 

an dielectric material between top aluminum resonator and bottom aluminum ground 

plate numerically simulated and analyzed in this publication. In order to check 

absorption values for geometric parameters of structure changed and observed that 

reflection of proposed design changes with changing geometric parameters. 

3.3.2 Material properties extraction 

First step for the designing carbon nanotube absorber is to determine the frequency 

dependent material properties such as permeability and permittivity for single wall 

carbon nanotube in the frequency range of interest. Experimental or measured 

scattering parametres (s-parameters) are required for determine permeability and 

permittivity. Nicolson Rose Weir (NRW) technique is used for determine the 

effective permittivity and permeability of single walled carbon nanotube with 

different chiralities. The s-parameters plots of the given permeability and permittivity 

for carbon nanotube film in Reference 48 are digitized and used in NRW algorithm 

to find dielectric constant of carbon nanotube as shown in Figure 3.2. 
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Figure 3. 2 Real and imaginary part of the permittivity for (6,5) chirality. 

 

3.3.3 Design and Analysis 

 

The proposed single walled carbon nanotube metamaterial absorber consist of three 

layers. These are aluminum metalic bottom ground plate with thickness ‘‘h’’, (6,5) 

single walled carbon nanotube as a dielectric layer on the top of ground plate with 

thickness ‘‘d’’ and aluminum resonator at the top of dielectric layer with thickness 

‘‘t’’ as shown in Figure 3.3. The dielectric constant of aluminum is taken from study 

of palik. Optimal dimensional values of proposed design are achieved by changing 

and simulating all parameters together shown in Table 3.1. 
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Figure 3.3 (a) View of proposed design and geometric parameters of (6,5) SWNT 

metamaterial absorber, (b) top view of the design, and (c) complete 

proposed absorber design [48]. 

 

Parameter Value (nm) 

a 50 

d 100 

h 50 

l 80 

t 20 

w 50 

x 400 

Table 3. 1 Dimensional values of proposed absorber design. 

 

 

 



50 

 

Generation of the wide band absorption in frequency of interest depend on geometric 

configuration of resonator which consist of a central patch and four identical strips. 

Full wave electromagnetic solver used for computationally analysis of proposed 

design and solve maxwell equation. All simulations are executed with a transverse 

electromagnetic (TEM) waves and proposed design operates in 350 to 1000 THz 

frequency region. 

3.3.4 Results and Discussion 

Absorption and reflection plots of proposed design that obtained after simulation in 

visible and ultraviolet frequency region are shown in Figure 3.4. The combination of 

resonant frequencies generate a wide band absorption. High absorption occur with 

result of spectral matching of single walled carbon nanotube with the metamaterial 

resonance. Four different frequencies was emphasised such as 450 THz, 500 THz, 

627 THz and 750 THz which absorption rate are 97.4 %, 98.3 %, 99.2 % and 98.4 %, 

respectively. 

 

 

Figure 3.4 Absorption and reflection plots of proposed design in the visible and 

ultraviolet frequency region. 

 

 

Strong coupling of each strip resonator and central patch with the ground plate and 

the dielectric layer generate wide band absorption. In order to understand mechanism 

of the wide band absorption, numerical simulation for a single, double, triple and 

quadruple strips with center patch were done. The absorption plots of single, double, 
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triple and quadruple with the center patch shown in Figure 3.5, respectively. From 

the Figure 3.5 it can be clearly observed that absorption rate is increase when number 

of strips increase double and triple. Also maximum absorption (99.2 %) at 627 THz 

is achieved in case of quadraple strips. 

 

Figure 3.5 Absorption behavior of the single, double, triple and quadruple strips with 

the center patch. 

3.3.5 Polarization and Incident Angle 

In order to further analysis the absorption behavior of proposed design related to 

radiation sources, simulations under different incidence angles for transverse electric 

(TE), transverse magnetic (TM) modes and for different polarization angles (TEM 

mode) are executed. Simulation results of absorption spectra for TE mode given in 

Figure 3.6 and Figure 3.7 shows difference in absorption spectra for TM mode. From 

the Figure 3.6 and 3.7 it can be observed that the incident angles for TE mode highly 

sensitive than TM mode, especially for 60 degree and 75 degree whichs have 

minimum absorption rates. Incident wave which dependent of strength of magnetic 

field component has angle of incidence θ which becomes smaller in case of  θ 

increases. Thus, at larger incident angles such as 60 degree and 75 degree, the 

magnetic polaritons are not efficiently excited which increase reflection of incident 

waves and decrease amount of absorption by impedance mismatch.  
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Figure 3. 6 Absorption spectra of different incident angles for TE mode. 

 

 

Figure 3. 7 Absorption spectra of different incident angles for TM mode. 
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Symmetric characteristics of proposed design provides independency of polarization 

angles from 0 degree to 90 degree under normal incidence (TEM mode) illustrated in 

Figure 3.8. 

 

 

Figure 3.8 Absorption spectra of different polarization angles for TEM mode. 

3.3.6 Conclusion 

(6,5) single walled carbon nanotube metamaterial absorber investigated in the visible 

and ultraviolet frequency. The proposed design achieved 99.2 % absorption rate as a 

result of strong electric and magnetic fields between the ground metalic plate and the 

resonator strips. Absorption simulations are executed under different polarization and 

incident angles to show proposed design is independent from polarization angles.  

3.4 The Proposed MXene Based Metamaterial Absorber for Solar Cell 

Applications 

3.4.1 Introduction 

In the previous sections, we explained that (6,5) semiconducting single walled 

carbon nanotube used as active layer for solar cell absorber in the visible and 

ultraviolet frequency region. Here, for the first time, MXene ( Ti3C2Tx) based 

metamaterial absorber for solar cell applications designed and simulated in visible 

frequency region via CST microwave studio software. Basically, we used MXene 
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( Ti3C2Tx) as active layer in this study instead of (6,5) semiconducting single walled 

carbon nanotube to demostrated that MXene as a novel member of 2D material 

family has high absorption potantial for solar cell applications. The thickness of the 

materials that we used in our structure are less than (6,5) single walled carbon 

nanotube. In this section we explained some steps such as material properties 

extraction of  MXene, design and simulation of proposed structure with its 

geometrical parameters, simulation result of absorption and reflection, absorption 

spectra of different incident for TE and TM mode, absorption spectra of different 

polarization angles for TEM mode, fields and current distributions of proposed 

design. 

3.4.2 MXene based metamaterial absorber for solar cell applications 

3.4.2.1 Structure Design and Simulation 

 

In this section, a MXene based metamaterial absorber is designed. First of all due to 

MXene is a new material, CST microwave studio is not include dielectric constant of 

MXene material in its material library. Thus, we have to obtain MXene dielectric 

constants for adding simulation program. After long literature research, we found a 

publication about experimentally measured real and imaginary permittivity of 

MXene ( Ti3C2T𝑥) film that measured with a variable angle spectroscopic 

ellipsometry (VASE) set up. On the purpose of extract the parameters of dielectric 

constant and fit the measured raw VASE, two lorentz oscillators and one drude term 

are used. Two Lorentz oscillators used for the inter-band electron transition and the 

drude term represent the metal-like behavior. The result of measured, plots of real 

and imaginary parts of permittivity for ( Ti3C2T𝑥) film versus wavelenght (nm) are 

obtained [49]. We digitized plots of real and imaginary parts of permittivity for   

( Ti3C2T𝑥) film and converted wavelenght (nm) to frequency (THz) for adding 

material library of CST microwave studio software. 
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Figure 3.9 Digitized plots of real part of permittivity for Ti3C2T𝒙  film. 

 

 

Figure 3.10 Digitized plots of imaginary part of permittivity for  Ti𝟑C𝟐T𝒙 film. 
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Figure 3. 11 Exracted real and imaginary part of the permittivity for  Ti3C𝟐T𝒙. 

  

The proposed MXene based metamaterial absorber unit cell consist of three basic 

parts: aluminum resonator at the top of the structure, aluminum metalic bottom 

ground plate and MXene as a dielectric layer in between metalic top resonator and 

bottom ground plate as shown in Figure 3.12. 

 

 

Figure 3. 12 Perspective view of unit cell. 
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Figure 3.13 Top view of the design. 

 

 

Figure 3. 14 Complete proposed absorber design. 

 

The MXene layer with thickness ‘’m’’ is coupled with aluminum bottom ground 

plate with thickness ‘’a’’ and the aluminum metalic top resonators with thickness 

‘’r’’ in order to enhance the resonance frequencies. Aluminum is selected for low 

skin depth, low cost, resistance to high temprature, have ability to reflect in high 

frequency radiations [50]. The dimensional characteristic of the proposed design is 

given in Table 3.2. The maximum absorption achieved with arrangement, orientation 

and geometric configuration of resonators in the proposed design. The resonator 

geometric configuration consist of the four identical strips and a central patch which 
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is in the middle of the four strips. The lateral dimension of the structure ( a + m + r ) 

must be less than the wave lenght of the incident radiations [51].  

 

Parameter Value (nm) Explanation 

a 32 Thickness of aluminum ground plate 

b 8 Width of resonators 

d 80 Length of strips 

e 25 Length of central patch 

k 400 Peridiocity of structure 

m 55 Thickness of MXene layer 

r 5 Thickness of resonators 

Table 3. 2 Geometrical dimensions of the proposed absorber design. 

The simulation for the oriented MXene based metamaterial absorber is operated with 

full wave electromagnetic software established on Finite Integration Technique 

(FIT), with frequency domain solver. The proposed design operated at frequency 

ranging from 300 THz to 714 THz. The direction of incident electromagnetic 

radiations is E-field along x-direction and H-field along y-direction and both E-field 

and H-field propagate paralel to the structure plan. In addition, wave vector (k) is 

perpendicular to the absorber [52], the boundary conditions selected periodic in both 

x- and y- plane and open add space in the z-plane. Mesh type of simulation was is 

selected tetrahedral mesh, the minimum and maximum number of passes per 

wavelength selected 4 and 10, respectively. 

3.4.2.2 Results and Discussion 

The optical absorption depends on its reflection and transmission coefficient that can 

be formulated as A=1-R-T. The bottom aluminum metalic plate behave like a mirror 

and block transmission [53]. We observed that transmission plots of design is almost 

zero, so we assumed that A=1-R for our design to calculate absorption. We taked 

free-space impedance as 377 Ω is match with impedance of proposed design. This 
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calculation and simulation process results in achieving the minimum reflection rate 

which leads to higher absorption in the frequency range of interest.  

 

Figure 3. 15 Absorption and reflection curves of the proposed absorber design in 

300 THz to 714 THz frequency region. 

 

Strong coupling of each strip resonator and central patch with MXene and aluminum 

layer is provided electromagnetic response of wide band absorption. Simulation 

result for absorption and reflection of the unit cell absorber design in frequency 

ranging from 300 THz to 714 THz shown in Figure 3.15. Absorption rate is more 

than 90 % in between 360 THz to 603 THz frequency region. Proposed design that 

we simulated achieved 96.8 % maximum absorption at 450 THz. 

3.4.2.2.1 Geometric parameters study 

Geometric arrangement of structure effect the absorption rate of design inevitably. 

For this reason parametric analysis is done to show the effect of the geometry on the 

absorption behaviour. Consider that best chosen results are shown with black color in 

all plots in this section. First, dielectric thickness ‘‘m’’ investigated by keeping other 

parameters constant. The thickness of dielectric increased and decreased from 55 nm 

with 10 nm steps as shown in Figure 3.16 (a). The absorber design is sensitive to 

increasing or decreasing of dielectric thickness especially for frequency between 300 

THz to 500 THz range for m<55 nm and m>55 nm. The maximum absorption 

achieved with thickness m=400 nm.  
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 The maximum absorption achieved by the impedance matching at resonance 

frequency in case of magnetic resonance generate by electric resonance from the 

between the top aluminum resonator and bottom metalic layer.  

The behavior of increasing and decreasing the thickness of resonator by 1 nm steps 

as shown in Figure 3.16 (b) shows that  proposed design have high absorption at r=5 

nm than the other thickness  around 450 THz frequency.     

The length of strips ‘‘d’’ is an important parameter for configuration of resonators 

which effects absorption ratio with small difference at around 450 THz as shown in 

Figure 3.17 (b). The maximum absorption achieved with thickness d=80 nm. The 

peridiocity of the proposed design with thickness ‘‘k’’ investigated by increased and 

decreased by 10 nm steps to show behavior of absorption as shown in Figure 3.17 

(a). Proposed design have low absorption at 300 THz to 500 THz when k<400 nm 

and k>400 nm thickness. The maximum absorption achieved with thickness k=400 

nm.  

The absorption behavior for  width of resonators with length  ‘‘b’’ and length of 

central patch ‘‘e’’ are shown in Figure 3.18 (a) and (b), respectively. Nearly same 

absortion behaviour was observed  at frequency range of interest. The length of ‘‘b’’ 

increased and decreased by 1 nm steps and observed that best absorption achieved 

with b=8 nm. The length of central patch achieved peak absorption with e=25 nm in 

result of increased and decreased the length by 5 nm steps. 
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a) 

 

b) 

 

Figure 3. 16 Simulated absorption result for (a) thickness of MXene ‘‘m,’’ (b) 
thickness of the resonators ‘‘r. ’’ 
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a) 

 

b) 

 

Figure 3. 17 Simulated absorption result for (a) absorber peridiodicity ‘‘k,’’ (b) 
length of strips ‘‘d. ’’ 
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a) 

 

b) 

 

Figure 3. 18 Simulated absorption result for (a) width of the resonators ‘‘b,’’ (b) 
length of the central patch ‘‘e. ’’ 
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3.4.2.2.2 Fields and Surface Current Distributions Analysis 

In order to realize the physics behind absorption mechanism of proposed MXene 

based metamaterial design, electric and magnetic field distribution and surface 

current distribution at four resonant frequencies 380 THz, 450 THz, 525 THz, 600   

THz are investigated and illustrated in Figure 3.19, Figure 3.20 and Figure 3.21 

respectively. It can be seen from the results, the strong electric field is localized 

around center patch and resonator strips show importance of coupling of resonators.  

The electric field distribution almost proportional with the absorption at specified 

resonant frequency. The intension of electric fields localized around the resonators 

promote charge on the surface of structure that lead to generate circulating current. 

The circulating current induce with the coupling between resonator strips and bottom 

plate. Magnetic field distribution at 380 THz localized between two horizantal strips 

and bottom layers. Also the strong magnetic field distribution can be seen in surface 

of structure at 600THz. Although surface current represent that parallel current is 

moving through the MXene layer, a minimum amount of circulating current is seen 

at the resonator strips.  

The result of simulation for electric and magnetic field and current distribution refer 

that impedance of proposed design accord with free space impedance. This matching 

lead to maximum absorption of electromagnetic waves at wide band frequency 

region.   
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a)

             

b) 

 

c)         

 

d) 

 

Figure 3. 19 Electric field distribution of the absorber design at (a) 380 THz, (b) 450 

THz, (c) 525 THz and (d) 600 THz. 
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a) 

b)

c) 

 

d) 

 

Figure 3.20 Magnetic field distribution of the absorber design at (a) 380 THz, (b) 

450 THz, (c) 525 THz and (d) 600 THz 
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a) 

 

b) 

c) 

d) 

 

Figure 3.21 Surface current distribution of the absorber design at (a) 380 THz, (b) 

450 THz, (c) 525 THz and (d) 600 THz 
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3.4.2.2.3 Polarization and Incident Angle Analysis 

 

In order to further analysis absorption behavior of proposed design regarding the 

radiation sources, numerical simulations under different incident angles for 

transverse electric (TE), transverse magnetic (TM) modes and for different 

polarization angles (TEM mode) are carried out. Absorption spectra for TE and TM 

modes with respect to frequency range of interest illustrated in Figure 3.22 and 

Figure 3.23.  

 

 

Figure 3.22 Simulated absorption spectra for different incident angles for TE mode. 
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Figure 3.23 Simulated absorption spectra for different incident angles for TM mode. 

 

From the results, it can be observed that the incident angles for TE mode highly 

sensitive than TM mode, especially for 60 degree and 75 degree whichs have 

minimum absorption rates. Incident wave which dependent of strength of magnetic 

field component has angle of incidence ‘‘θ ’’, which becomes smaller in case of θ 

increases. Thus, at larger incident angles such as 60 degree and 75 degree, the 

magnetic polaritons are not efficiently excited which increase reflection of incident 

waves and decrease amount of absorption by impedance mismatch. Absorption rate 

is achieved more than 90 % except for 60 degree and 75 degree. 
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Due to high symmetric characteristics of the design that we studied provides 

polarization independency under polarization angles (TEM mode) from 0 degree to 

90 degree as shown in Figure 3.24. In this way, it can be expressed that proposed 

MXene based metamaterial absorber have ability to keep absorbance high without 

considering the polarization angles, so proposed design is a good candidate for solar 

cells.  

 

 

Figure 3.24 Simulated absorption spectra for different polarization angles at normal 

incidence for TEM mode. 
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CHAPTER 4 

 

CONCLUSIONS AND FUTURE STUDIES 

 

4.1 Conclusions 

In this thesis, design and simulation of MXene based metamaterial has been 

investigated. Results of simulation analyzed for understand physics behind 

absorption. Geometric parameters study is done to show importance of geometric 

configuration of materials. Electric field, magnetic field and surface current 

distributions of proposed design are investigated at four different frequencies. 

Absorption behavior of proposed design regarding the radiation sources are studied. 

In addition numerical simulation under different angles for (TE) and (TM) modes are 

done. From the results of numerical simulation for different polarization angles 

(TEM) mode, we demonstrate that proposed design provide polarization angles 

independency and can be good candidate for solar cells. Now, we will mention 

summary of each chapters. 

In the first chapter, types of energy source and consumption of this types of energy 

source by years are explained and analyzed. Also pointed to the increase the use of 

renewable energy sources over the years. Reasons of why solar cells have not yet 

reached a sufficient level of efficiency are explained. Some applications that using 

two dimensional material in the solar cell are specified. 

Second chapter include description of solar cells and their details, types of solar cells 

and their efficiency. Also classification, types and applications of metamaterial are 

explained. Definition and types of two dimensional materials, information about 

MXene and photovoltaic applications of MXene are mentioned. Theoretical 

information about TE, TM, TEM mode and physics of absorption for solar cells are 

explained. 

In the third chapter, visible light of electromagnetic spectrum is defined. Simulation 

software that we used during this study is introduced. Study that we used as a 

reference is analyzed with using computational and numerical simulation software. 

The proposed MXene based metamaterial absorber for solar cells is introduced with 
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shape and geometrical dimensions. Material properties extraction of MXene film are 

specified. Design steps of proposed structure are explained with details.  

In the last part of third chapter we reported the results of simulations which include 

absorption and reflection behavior of proposed design, absorption behavior of 

geometric parameters study, fields and surface current distributions of proposed 

design, absorption behavior of the design under different incident and polarization 

angles. 

In order to design and investigate MXene based solar cell absorber, first we obtained 

real and imaginary parts of permittivity for MXene film. After that we added datas of 

permittivity versus frequency (terahertz) in material library of CST microwave 

studio. Due to the succesfull geometric configuration of structure, we reached 

maximum 96.8 % absorption at 450 THz. 

The contribution of this study to the scientific literature is show that MXene can be 

used as a active material in solar cell absorber that reached 96.8 % absorption by 

means of CST microwave studio in the frequency range of 300 to 714 THz.    

4.2 Future Studies 

In the introduction parts of this thesis, we mentioned about usage of solar energy in 

the world that increased by the years. The ratio of increases is not so fast because of 

efficiency of solar cells is not in the sufficient level. From this point of view, we 

designed and simulated a MXene based absorber to absorb electromagnetic waves 

that solar cells need to increase efficiency of solar cells. In this way, further studies 

in future can be analyze the efficiency of the solar cells by integrating the MXene 

based absorber into the solar cells. This point of view can open a way to fabricate 

high efficiency solar cells which can increase the use of renewable energy. 
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