
 

 

 

 

 

 

 

  

 

 

 

Theoretical Analysis of Metamaterial – 

Multilayer Waveguide Structures for Solar Cells 
 

يحتوي على مواد  التحليل النظري لبنية مرشد موجي متعدد الطبقات
الشمسية للخلايايسارية   

 
 
 

Samer J. Abu Lebda 

 

 

Supervised by 

Prof. Dr. Mohammed M. Shabat 

Professor of Theoretical Physices and Applied 

Mathematices 

 

A thesis submitted in partial fulfillment  

of the requirements for the degree of  

Master of Pyhsices 

 
November/2016  

 زةــغ – ةــلاميــــــة الإســـــــــامعـالج

 شئون البحث العلمي والدراسات العليا

 العلومة ليــــــك

 الفيزياءماجستير 

 

The Islamic University–Gaza 

Research and Postgraduate Affairs 

Faculty of Science 

Master of Physics 







II 

 

Abstract   

Solar cells are photoelectric devices convert sun light to electric power through 

semiconductors. The main problem of solar cells is the limit of the transmission and 

absorption of the sun light which causes the low efficiency. When used as Anti-

Reflection Coatings (ARCs), Metamaterials under certain conditions could be a 

useful choice to increase  the transmision and the absorption of the incident radiation. 

The main purpose of this study is to suggest a new waveguide structure 

containing a metamaterial ARC capable of reducing the reflection and enhancing 

both the transmission and the absorption of the sun light incident on the solar cell  in 

order to increase its efficiency. The proposed structure of the ARC consists of  4-

layers (air, metamaterial, silicon nitride (    ) and Gallium Arsenide (GaAs) as a 

substrate). Analytical and mathematical methods such as the boundary conditions, 

transfer matrix and Fresnel's equations are used to calculate the reflection, 

transmission and absorption and determined the optimal values of the parameters for 

each layer as the electric permittivity ( ),  magnetic permeability ( ) and thickness, 

in addition to the angle of incidence. A computer software (Maple 13) is used to 

analyse and carry out the results. 

The study shows that the maximum transmittance and absorbance are achieved 

under certain conditions when  the Gallium Arsenide (GaAs) solar cells are covered 

by the proposed ARCs. 
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  الملخص  

وضوئية تحول أشعة الشمس الى كهرباء باستخدام أشباه الموصلات. المشكلة الشمسية هي أجهزة كهر خلايا ال

تلك فاءة في خفض ك سببتوالذي ي ة هي محدودية نفاذ وامتصاص أشعة الشمسالرئيسية في الخلايا الشمسي

تحت ظروف ( Metamaterials)الاصطناعية )اليسارية( المسماة المواد  وعندما تستخدم .الخلايا الشمسية

فإنها تشكل خياراً جيداً لزيادة  (Anti-Reflection Coating) نعكاسلغطاء المضاد للاا كطبقة ضمنمعينة 

 .والامتصاص للأشعة الساقطة على الخلية الضوئية يةالنفاذ

نموذج مرشد موجي جديد من الخلايا الشمسية يحتوي غطاؤه على  اقتراح يهدف هذا البحث بشكل رئيس إلىو 

 يةقادرة على تقليل الانعكاس وتحسين كل من النفاذ (Metamaterials) مواد اصطناعية )يسارية(

البنية المقترحة من  والامتصاص لأشعة الشمس الساقطة على الخلايا الشمسية الأمر الذي يزيد من كفاءتها.

 و Metamaterial)اصطناعية ) مادة و يتكون من أربع طبقات )هواء (ARC) الغطاء المضاد للانعاكاس

وقد تم هنا استخدام الطرق  .)كطبقة تحتية (GaAs)أرسينيد الجاليوم  بالإضافة إلى  (    )نيتريد السيلكون

( Transfer Matrix( و مصفوفة التحويل )boundary conditionsالنظرية والرياضية كالشروط الحدية )

بالإضافة  ية( من أجل حساب قيم الانعكاس والنفاذFresnel's equationsبالإضافة لمعادلات فرينيل )

 ( ) والنفاذية المغناطيسية ( ) وتحديد القيم المثلى لمعاملات كل طبقة كالسماحية الكهربائية للامتصاص

من أجل إجراء الحسابات   (Maple 13)برنامج محوسب استخدم. والسمك ويضاف إلى ذلك زاوية السقوط

 ورسم الأشكال البيانية.

عندما يتم  تحت ظروف معينة ولقد خلصت الدراسة إلى أن النفاذية والامتصاص يصلان إلى قيمة عظمى

 .(GaAs) مصنوعة من أرسينيد الجاليوماستخدام ذلك الغطاء العاكس المقترح في الخلايا الشمسية ال
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Preface 

Since the last few decades, solar energy has been taking a large space of 

researches due to its advantages with respect to the none-renewable energy. One of 

the most important ways to generate electricity from the solar energy is the use of 

solar cells, which runs under photovoltaic effect and gives an electric current 

(Zeman, 2003; Nelson, 2003; Crabtree and Lewis, 2007). All research activities are 

looking to increase its efficiency with several ways such as using texturing surface, 

nanostructure and Anti-Reflection Coatings (ARCs) (Yu and Chen, 2008; Al-Turk, 

2011; Hashmi and Rafique, 2013; El-Amassi, El-Khozondar, and Shabat, 2015). 

ARCs consist of different numbers of layers and several types of materials. 

One of the most important materials that are used as a medium of light trapping is 

metamaterial, which is characterized by unusual properties arising from the electric 

permittivity ( ), magnetic permeability ( ) and refractive index all being 

simultaneously negative (Markoš and Soukoulis, 2008; Smith and Kroll, 2000).  

The proposed structure of the ARC consists of  4-layers. The first layer is air, 

the second is a metamaterial layer, the third is silicon nitride (    ) and the last layer 

is Gallium Arsenide (GaAs) as a substrate. Transfer matrix method is used to analyze 

the optical properties of the ARC as transmission, absorption and reflection. With the 

aid of Maple 13 program, suitable cods have been developed to solve and plot the 

behavior of transmission, reflection and absorption with several variables. 

This work consists of five chapters. In chapter one, the solar cells and 

metamaterials will be introduced. Chapter two is devoted to theoretical basis of the 

work, where the transfer matrix approach, Fresnel equations and boundary conditions 

in both TE and TM cases are being applied. The third chapter deals with the 

numerical results, charts and discussions of reflection and transmission for the 

proposed ARC in TE and TM cases and their average as well. The fourth chapter 

discusses the absorption for the same ARC structures dealt with in chapter 3 after 

changing places of the second and the third layers. Finally, conclusion remarks are 

included in chapter five.  
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Chapter 1 

Introduction 

1.1 Solar Energy 

 A long time ago, solar energy attracted the world's interest because of its 

various advantages such as renewability, environmental friendship and being 

alternative to oil and fossil fuels, where the demand is growing for them, as shown in 

Figure (1.1) 

Figure (1.1): Historical and projected view of supply and demand of energy (Al-Turk, 

2011). 

 The sun provides us with about         TW per hour continuously while the 

world consumes about    TW. This means the sun delivers about 10000 times more 

than the present energy consumption. The energy delivered to Earth from the sun in 

just one hour is equal to the total energy consumed in one year (Zeman, 2003; 

Crabtree and Lewis, 2007; Al-Turk, 2011). However, there are difficulties facing 

good exploitation of that power such as its dispersion, the large plate areas to absorb 

radiation and the cost of the necessary equipment to deal with it. 

Solar energy is the radiant light and heat from the sun which man has always 

been trying to control by using a range of ever evolving technologies such as solar 

heating, solar cells and solar thermal electricity. 
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 Solar cells are p-n junction devices which convert photon energy into electrical 

power by using photovoltaic effect (Zeman, 2003; Al-Turk, 2011). 

 The basic parts of a solar cell are semiconductor layers since the solar cells 

depend on the absorption of sun photons and supply them to charge carriers within 

the semiconductor materials. Silicon is a perfect example of semiconductor where it 

is using to build typical solar cells. Figure (1.2) represents the structure of a solar 

cell. The p-n junction consists of an absorber material moderately doped p-type 

wafer, the top layer is doped to be   -type and in bottom   -type. The   -type layer 

is often a shiny reflective material in order to send photons bouncing away before 

they enter the   -type layer.  

Figure (1.2): Basic structure of a solar cell (Zeman, 2003). 

Solar cells also consist of metallic grid which is put on a top and bottom to collect 

the charge carriers and represent the part that connect with load (Zeman, 2003; 

Hashmi and Rafique, 2013). As a way to trapping light, Anti-Reflection Coating 

(ARC) covers the cell which decreases the reflection of light. There are some other 

techniques of light trapping such as (Al-Turk, 2011): 

     1- Surface texturing of silicon.  

     2- Using structural components on the nano scale where called (Nanostructures). 

    3- Transparent conductive layers (TCL).  
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The structure of solar cells in the end is covered by glass or other transparent 

materials to protect the cell from the environmental effects. 

Photovoltaic effect is the generation of potential difference at the p-n junction 

of two material by visible or any electromagnetic waves (Zeman, 2003). If the 

incident photon on the cell hold energy greater than the band gab "the difference 

potential between the conducting band and valance band in the semiconductor" the 

electron is excited to higher energy states and moved to conduction band and leave 

hole behind it in the valance band, these electrons from the   -type layer and holes 

from   -type layer diffuse across the junction through the depletion region and that’s 

gives electrical current (Nelson, 2003; Al-Turk, 2011).    

1.2 Metamaterials 

The types of materials can be characterize by  permittivity ( ) and permeability 

( ) as the following (Ubeid, Shabat, and Sid-Ahmed, 2013, a): 

1- Materials with     and     , gives regular materials called RHMs due to 

satisfying the right hand rule to determine the directions for the electric field (E), 

the magnetic field (H) and the wave propagation (k). These materials allow 

forward propagation with positive refractive index like dielectrics. 

2- Materials with     and    , like metals. 

3- Materials with     and    , like ferrites. 

For both the second and the third materials, evanescent waves appear when 

electromagnetic waves propagate inside them. 

4- Materials with     and      which are called Metamaterial or left handed 

materials (LHMs) because of using the left hand rule to determine the directions 

for the electric field (E), the magnetic field (H) and the wave propagation (k). 

LHMs also have negative refractive index with backward propagation so that 

these materials are sometimes referred to as negative index materials, they are 

also called metamaterials due to the unusual properties. 

Figure (1.3) explains the four types of materials, based on the electric permittivity ( ) 

and magnetic permeability ( ). 
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Figure (1.3): Types of materials which depending on the sign of electric permittivity ( ) 

and magnetic permeability ( ), after (Ubeid et al., 2013, a). 

1.2.1 Definition of Metamaterials 

Metamaterials or Left-Handed Materials (LHMs) are artificial effectively 

homogeneous electromagnetic structures, where its electromagnetic properties differ 

qualitatively from the conventional materials, dielectric or metal and not readily 

available in nature. 

Metamaterials became well-known because of the negativity of both permittivity ( ) 

and permeability ( ) that gives antiparallel orientation of the wave vector ( ⃗ ) and the 

Poynting vector (  ). 

1.2.2 History of Metamaterials 

In the last few years, Metamaterials had been considered in the scientific 

community due to the unusual properties. LHMs historically introduced theoretically 

by Veselago (Veselago, 1968), when he analyzed the propagation of plane waves in a 

materials having negative permittivity and permeability. Pendry et al. (Pendry, 

Holden, Stewart, and Youngs, 1996) suggested the artificial periodic wire, where the 

negative permittivity appears, then the split-rings model was presented, where the 

negative permeability appears (Pendry, Holden, Robbins, and Stewart, 1998). 
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In 2000, smith et al. (Smith and Kroll, 2000; Smith, Padilla, Vier, Nemat-Nasser, and 

Schultz, 2000) constructed the LHM using the combination of split-rings and 

periodic wires. They prepared several microwave experiments to find the properties 

of this material. After one year, Shelby et al. (Shelby, Smith, and Schultz, 2001) 

attained the first experimental investigation of negative index of refraction on the 

LHMs at microwave frequencies. 

Kong (Kong, 2002) studied the electromagnetic waves interaction with stratified 

LHMs isotropic media. He studded the transmission and reflection waves, field 

solution of guided waves and linear dipole antennas in stratified structure of LHMs. 

Engheta (Engheta, 2003) discussed some of electromagnetic properties of LHM, 

physics remark and the probably future applications. 

Chew (Chew, 2005) had investigated the reflection on the LHM and the LHM energy 

conservation property. 

Sabah et al. (Sabah, Ogucu, and Uckun, 2006; Sabah and Uckun, 2007) used transfer 

matrix method to determine the reflection and transmission powers due to the 

interaction of electromagnetic waves with a double slab of metamaterials. 

Cory and Zach (Cory and Zach, 2004) carried out the analysis of the reflection and 

transmission in multilayer structures containing Metamaterials and dielectric slaps. 

Several researches were done by Ubeid and Shabat and others to determine the 

propagation through Metamaterials, reflection and transmission through it and other 

properties (Oraizi and Abdolali, 2009; Ubeid, Shabat, and Sid-Ahmed, 2011;  Ubeid, 

Shabat, and Sid-Ahmed, 2012, a; Ubeid, Shabat, and Sid-Ahmed, 2012, b; Ubeid et 

al., 2013, a; Ubeid, Shabat, and Sid-Ahmed, 2013, b; Shabat and Ubeid, 2014).  

1.2.3 Properties of Metamaterials 

1.2.3.1 Maxwell's Equations and Left Handed Rule 

Wave propagation through any media based on the Maxwell's equations are 

given as: 
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 ⃗⃗   ⃗⃗   
  ⃗⃗ 

  
                                                          (1.1) 

 ⃗⃗   ⃗⃗  
  ⃗⃗ 

  
                                                          (1.2) 

 ⃗⃗   ⃗⃗                                                                    (1.3) 

 ⃗⃗   ⃗⃗                                                                    (1.4) 

Where   ⃗  and   ⃗⃗  are the electric field (V/m) and magnetic field (A/m), respectively.  

The quantities  ⃗⃗  and   ⃗  are electric flux density (C/m
2
) and magnetic flux density 

(T), respectively. The quantities   and    are electric charge density (C/m
3
) and 

current density (A/m
2
); respectively (Jackson, 1999). 

The material response to external electric and magnetic fields characterized by 

electric permittivity ε and the magnetic permeability  , where: 

 ⃗⃗    ⃗⃗                                                                   (1.5) 

 ⃗⃗    ⃗⃗                                                                   (1.6) 

For a plane wave, the electric and magnetic fields can be expressed as: 

 ⃗⃗        ⃗⃗   
   ⃗⃗   ⃗                                                  (1.7) 

 ⃗⃗        ⃗⃗   
   ⃗⃗   ⃗                                                 (1.8) 

Where ω is the frequency of the field,  ⃗  is the wave vector,  ⃗⃗   and  ⃗⃗   are amplitude 

and the direction of the vector  ⃗⃗  and  ⃗⃗ ; respectively (Markoš and Soukoulis, 2008). 

For dielectric materials without free charges and no currents,     and      

(Jackson, 1999). 

Based on of the above definitions Maxwell's equations can be written as (Kong, 

2002): 

 ⃗   ⃗     ⃗⃗                                                          (1.9) 

 ⃗   ⃗⃗      ⃗                                                     (1.10) 

 ⃗   ⃗                                                                  (1.11) 

 ⃗   ⃗⃗                                                                  (1.12) 
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In RHMs the vectors  ⃗⃗ ,  ⃗⃗  and  ⃗  follow the right handed rule of vector and the 

Poyniting vector  ⃗ ⫽ ⃗ . Due to ε     for LHMs Maxwell's equations became: 

 ⃗   ⃗    | | ⃗⃗                                                  (1.13) 

 ⃗   ⃗⃗   | | ⃗                                                     (1.14) 

This gives left-handed rule of vectors  ⃗⃗ ,  ⃗⃗  and  ⃗ ; hence the name LHM. Also vectors 

 ⃗  and  ⃗  have opposite orientations (Al-Turk, 2011), as shown in Figure (1.4). 

Figure (1.4): Orientation of the electric field ( ⃗⃗ ), magnetic field ( ⃗⃗ ), wave vector ( ⃗ ) and 

Poynting vector ( ⃗ ), (a) RHM and (b) LHM, after (Markoš and Soukoulis, 2008). 

Note that, for LHMs the direction of the propagation of the electromagnetic waves is 

determined by the orientation of the Poynting vector   . The opposite sign of  ⃗  only 

means that the phase velocity of the wave inside the medium is negative (Markoš and 

Soukoulis, 2008; Reza, 2008). 

1.2.3.2 Poynting Vector 

Poynting vector is the cross product of the electric and magnetic fields, and 

represents the time rate of flow of the electromagnetic energy per unit area, it also 

gives the direction of energy propagation. The Poynting vector is still following the 

right hand rule for all materials including LHMs in the direction of energy 
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propagation from the relation (Markoš and Soukoulis, 2008; Ubeid et al., 2013, a; 

Xiong and Sha, 2013): 

    ⃗   ⃗⃗                                                            (1.15) 

Where  ⃗  is the Poynting vector (W/m
2
).  

Poynting vector takes a real value due to the physical meaning of energy so it can be 

written as: 

 ⃗      ⃗⃗   ⃗⃗                                                      (1.16) 

For plane waves given in equations (1.7) and (1.8) and by using Maxwell's equations 

(1.13) and (1.14) through (1.6) we can obtain: 

  
 

    
  {

 

 
} | |  

 

    
  {

 

 
} | |             (1.17) 

Where    and    are the electric permittivity and the magnetic permeability in the 

air.   

1.2.3.3 Refractive Index and Snell's Law 

One of the unusual properties of LHMs is the negative-index of refraction, 

there are several experimental and theoretical studies to prove that e.g. (Smith and 

Kroll, 2000; Shelby, Smith and Schultz, 2001). 

In a simple proof for this, we start with wave number   in the case of an isotropic 

substance which is given by: 

                                                                  (1.18) 

where    is refractive index of the substance that is given by: 

     ⁄   √                                                 (1.19) 

where  : speed of light in vacuum,  : speed of light in medium. 

Since   has negative sign for LHMs, from (1.18) we can obtain that refractive index 

must be negative also. So we have now    ,    ,     and     for LHMs. 

For Snell's law which appears when the light transmit through the interface 

between two different media and takes the form: 
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                                                        (1. 20) 

If the refraction occurs at the interface between two media one of them LHM, Snell's 

law does not change, but we will get negative refractive angle (i.e.     ) due to the 

negative refractive index of the LHM (Al-Turk, 2011), as in Figure (1.5). 

Figure (1.5): Refraction of electromagnetic plane wave on the interface between: (a) two 

RHM materials with positive refraction, (b) two materials one of them LHM with negative 

refraction (the wave propagates in the direction of negative angle). 

There are another properties of Metamaterials such as reversal of Doppler effect and 

focusing see (Veselago, 1968; Smith et al., 2000; Markoš and Soukoulis, 2008; Reza, 

2008). 
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Chapter 2 

Theory 

2.1 Introduction 

When a beam of light falls on a transparent material, it will be divided into 

three parts: one part reflects back, another transmits into the material and the third is 

absorbed by the material. Accordingly; the reflectance (R), transmittance (T) and 

absorbance (A) are determined. There are several ways to determine these quantities 

such as the Round Method (Heavens, 1991), Finite Difference Time Domain (FDTD) 

(Xiong and Sha, 2013) and Transfer Matrix Method (Heavens, 1991; Pedrotti F. L. 

and Pedrotti L. S., 1993;  Macleod, 2001; Markoš and Soukoulis, 2008). In this 

chapter, we adopt the Transfer Matrix Method and its application in Transfer 

Magnetic Field (TM) and Transfer Electric Field (TE) polarizations to discuss the 

theoretical analysis of light through material and determine R,T and A.      

2.2 Matrix Method 

The analysis of the wave propagation of light through multilayer films requires 

mathematical approach. In this thesis, the matrix treatment commonly known as 

Transfer Matrix Method is used to study the proposed structures. 

Figure (2.1) shows the scattering of incident waves on one dimensional sample. 

Scattering means that the wave is either reflecting back or transmitting through the 

sample. The transmission (T) and reflection (R) can be determined through the 

Transfer Matrix (Heavens, 1991; Pedrotti F. L. and Pedrotti L. S., 1993; Macleod, 

2001; Goodman, 2005; Markoš and Soukoulis, 2008; Al-Turk, 2011). 
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Figure (2.1): A scattering experiment for a wave through a sample.   
 and   

  are 

incoming waves,   
 and   

  are outgoing waves (Markoš and Soukoulis, 2008). 

Equation (2.1) relates the waves amplitude of the right side of the sample in terms of 

the waves on the left side as: 

[
  

 

  
 ]   [

  
 

  
 ]                                                    (2.1) 

where M is the transfer matrix. 

Transfer Matrix (M) is a matrix that solves the wave function on the right hand 

side of the sample (the layer) in terms of the wave function on the left hand side and 

takes the formula (Markoš and Soukoulis, 2008): 

  [
      

      
]                                                 (2.2) 

2.3 Properties of Transfer Matrix 

The transfer matrix has some properties as multiplication of transfer matrix, 

bound states, propagation states and others. In this section we present multiplication 

of transfer matrix that we will need it (Pedrotti F. L. and Pedrotti L. S., 1993; 

Macleod, 2001; Markoš and Soukoulis, 2008). 

Consider a wave scattered by two samples as shown in Figure (2.2). The study of 

transmission and reflection can be taken by two steps: 

a- Using the transfer matrices   and   , which determine the scattering 

properties of each sample alone. 

b- Using the transfer matrix    . 
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Figure (2.2): A scattering experiment on two sample (a) and (b). 

Through the definition of transfer matrix M given by equation (2.1), we get: 

[
  

    

  
    

]    [
     

     
]                                        (2.3) 

And       

[
     

     
]    [

  
    

  
    

]                                        (2.4) 

Substituting equation (2.4) into equation (2.3), we get: 

[
  

    

  
    

]      [
  

    

  
    

]                                   (2.5) 

Which can be written as: 

[
  

    

  
    

]     [
  

    

  
    

]                                      (2.6) 

where 

                                                                 (2.7) 

In general, for multilayers of N layer (sample) each layer is associated with its own 

transfer matrix that’s give: 

[
  

 

  
 ]             [

  
 

  
 ]                           (2.8) 
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2.4 Reflection    

When a beam of light is incident on the boundary between two materials, a part 

of its energy is reflected back into the first medium and the rest is transmitted into 

the second. The reflected and transmitted quantities depend on (Al-Turk, 2011): 

        1- The polarization of the incident light; 

        2- The thickness of each layer of coating;  

        3- Differences in the refractive index of the media; 

        4- The angle of incidence upon the boundary. 

The polarization of the oblique incidence of light can take two forms, the first is p-

polarization (TM) and the second is s-polarization (TE). In this section, we introduce 

both polarizations separately to determine the transmission and the reflection 

amplitudes for the two polarizations through Fresnel equation and boundary 

condition for wave at interface  as the derivation in (Pedrotti F. L. and Pedrotti L. S., 

1993; Smith and Kroll, 2000; Macleod, 2001; Yeh and Shimabukuro, 2008; Al-Turk, 

2011).  

2.4.1 Fresnel Equation and Boundary Condition for TE Polarization 

TE polarization (s-polarization) means that the electric field  ⃗  is parallel to the 

interface and the magnetic field  ⃗⃗  lies in the plane of incidence, i.e.:  ⃗  

        has one component and  ⃗⃗            has two components, as shown in 

Figure (2.3). 
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Figure (2.3): Light incident on the interface between two media for TE polarization.  

Figure (2.3) shows an incident, reflected and transmitted waves on the interface 

between two media, where the waves satisfy the definition of the TE polarization. 

The x-y plane is called boundary interface and the x-z plane is called the plane of 

incidence. Applying boundary conditions at the interface for parallel electric field 

and the parallel components of magnetic field which must be continuous at both 

sides of the interface (Pedrotti F. L. and Pedrotti L. S., 1993; Al-Turk, 2011) we get:  

                                                            (2.9) 

where             are the amplitudes of incident, reflected and transmitted electric 

fields; respectively.        

                                                       (2.10) 

Using Maxwell's equation, given by equation (1.9) 

 ⃗   ⃗     ⃗⃗  

to express the magnetic field  ⃗⃗   in eq. (2.10) in terms of  ⃗    : 

                                                                 (2.11) 

where             and              and they represent the normal 

components of the wave vectors. 
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Inserting equation (2.11) in the equation of the boundary condition (2.10), we obtain: 

   

   
  

   

   
   

   

   
                                       (2.12) 

Substitution for    from equation (2.9) in equation (2.12): 

   

  
  

   

  
   

   

  
                                    (2.13) 

Upon rearranging the above equation, we get: 

   
   

  
 

   

  
      

   

  
 

   

  
                              (2.14) 

The reflection amplitude for the electric field can be written as: 

   
  

 
 

   
  

   
   
  

 
   
  

   
   
  

                                               (2.15) 

   
             

             
                                                 (2.16) 

Similarly, we can obtain the transmission amplitude from the relation: 

   
  

 
 

       

             
                                         (2.17) 

Equations (2.15) and (2.17) are called Fresnel equations. 

Fresnel equations are equations that determine the reflection and transmission 

amplitudes by taking the ratio of both reflected and transmitted E-field amplitudes to 

incident E-field amplitude and it can be determined by taking H-field amplitude 

instead of E-field amplitude (Pedrotti F. L. and Pedrotti L. S., 1993; Markoš and 

Soukoulis, 2008; Yeh and Shimabukuro, 2008). 

2.4.2 Fresnel Equation and Boundary Condition for TM Polarization 

TM polarization (p-polarization) means that the magnetic field  ⃗⃗  is parallel to 

the interface and the electric field lies in the plane of incidence, i.e.:  ⃗⃗  

         has one component and  ⃗            has two components, as shown in 

Figure (2.4). 
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Figure (2.4): Light incident on the interface between two media for TM polarization. 

Figure (2.4) demonstrates an incident, reflected and transmitted waves on the 

interface between two media, where the waves satisfy the definition of the TM 

polarization. Applying the boundary conditions at the interface for parallel magnetic 

field and the parallel components of electric field which must be continuous at both 

sides of the interface (Pedrotti F. L. and Pedrotti L. S., 1993; Al-Turk, 2011) we get: 

                                                          (2.18) 

where             are the amplitudes of incident, reflected and transmitted 

magnetic field; respectively. 

                                                             (2.19) 

Using the Maxwell's equation, given by equation (1.10) 

 ⃗   ⃗⃗      ⃗  

to express the electric field  ⃗  in eq. (2.19) in terms of  ⃗⃗ : 

                                                                    (2.20) 

Inserting (2.10) in the equation of boundary condition (2.19), we obtain: 

   

   
  

   

   
   

   

   
                                       (2.21) 

If one substitutes for    from equation (2.18) in equation (2.21) then: 
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                                  (2.22) 

Rearranging the last equation gives: 

 (
   

  
 

   

  
)      

   

  
 

   

  
                                (2.23) 

Applying Fresnel equations to determine reflection amplitude for the magnetic field 

as: 

   
  

 
 

   
  

   
   
  

 
   
  

   
   
  

                                               (2.24) 

   
             

              
                                                 (2.25) 

Using the same way, the transmission amplitude can be calculated from the relation: 

   
  

 
 

       

              
                                             (2.26) 

2.5 Reflection and Transmission in TE Polarization Using the Transfer 

Matrix Method 

To calculate reflection and transmission coefficients in more than one layer we 

have a long mathematical way to do that. Using the transfer matrix method, this 

manipulation is highly abbreviated. This section explains the calculation of both 

reflection and transmission coefficients in TE polarization (         ) through 

transfer matrix method. 

If we have a homogenous thin film with thickness   on a substrate as shown in 

Figure 2.6, where a beam of light is scattering at the film, there are two reflections 

that happen, the first on the interface (1) between the air and the film and the second 

on the interface (2) between the film and the substrate. 

The variables in Figure (2.5) represent the following:    and     are the collection of 

the incoming and the reflecting beams; respectively on the interface (1) from the left 

in the air.     and     are the collections of the transmitting and incident beams; 

respectively on the interface (1) from the right in the film.     and     are the 

collections of the incident and the reflecting beams; respectively on the interface (2) 



21 

 

from the left in the film.    is the collection of the transmitting (outgoing) beams on 

the interface (2) from the right in the substrate. 

 

Figure (2.5): Light incident on a thin film on a substrate, for TE polarization. 

Applying the boundary conditions for the parallel electric field and the parallel 

components of magnetic field, which must be continuous at each boundary, we get: 

  1110 itra EEEEE                                        (2.27) 

222 trib EEEE                                                  (2.28) 

1110 ixtxrxxa HHHHH                                 (2.29) 

     222 txrxixb HHHH                                       (2.30) 

Using Maxwell's equation, given by equation (1.9):  
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then substitution for the magnetic field  ⃗⃗   in equations (2.29) and (2.30) in terms 

of  ⃗ , we obtain: 

 )()( 11

1
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0*
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z
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a EE
k
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k

H 
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                             (2.31) 

  (2.32)                                     222
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where bb HH *
, aa HH *

. 

We can write the electric field as: 

    and 122i112

 i

ir

i

r

i

ti eEEeEEeEE  
                   (2.33) 

Where 𝛿 is the phase difference is given by (Pedrotti F. L. and Pedrotti L. S., 1993): 

𝛿       (
  

  
)√                                           (2.34) 

Where    √            is called the optical path difference. 

Using equation (2.33) in equations (2.28) and (2.32) instead of 2iE  and 2rE  we get: 
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Solving 1tE  and 1iE  in terms of bE  and *

bH  we fined: 
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Applying Euler formula  sincos ie i 
 in equations (2.37) and (2.38) then 

substituting in equations (2.27) and (2.31) we get: 
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The above equations can be written in the matrix form as: 
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is the transfer matrix in TE polarization for three layers (air, film and substrate), 

which represents the incoming wave in term of the outgoing wave. 

 To derive the reflection and transmission amplitudes, one takes the remaining parts 

in equations (2.27), (2.28), (2.31) and (2.32), we have: 
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Equations (2.42) to (2.45) can be substituted in equation (2.41) to give:  
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The equivalent equations to the matrix system (2.46) are: 
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Dividing equations (2.47) and (2.48) by 0E  and using the definition of Fresnel 

equations where reflection and transmission amplitudes can be calculated from the 

relations 01 / EEr r  and 02 / EEt t  respectively, we obtain: 
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The solution of equations (2.49) and (2.50) give the reflection and transmission 

amplitudes in TE polarization ( sr and st ):  
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The last two equations are used to determine the reflectance from the relation: 

   |  |
                                                             (2.53) 

And the transmittance from the relation: 

   
  

  
                                                                 (2.54) 

where the Poynting vectors   and    from equation (1.17) can be written as: 

   
 

    
  {

   

  
} |  |

                                      (2.55) 
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 |  |

                                         (2.56) 

Inserting equations (2.55) and (2.56) into equation (2.54) we can obtain: 

      
     

     
 |  |

                                              (2.57) 

Note that: the addition of equations (2.53) and (2.57) must equal 1 in the case with 

zero absorption, that means: 

                                                                (2.58) 

2.6 Reflection and Transmission in TM Polarization Using the Transfer 

Matrix Method 

To complete the study of the reflection and transmission in more than one layer, we 

view in this section the transfer matrix in the TM polarization, and then we use it to 

determine the reflection and transmission coefficients in TM polarization 

(           through Fresnel equations. 

Figure (2.6) shows a homogeneous thin film with thickness   on a substrate and a 

beam of light in TM polarization incident on it. 

 

Figure (2.6): Light incident on a thin film on a substrate, for TM polarization.  
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Applying the boundary conditions for the parallel magnetic field and the parallel 

components of electric field, which must be continuous at each boundary as: 

 1110 itra HHHHH                                     (2.59) 

  222 trib HHHH                                          (2.60) 

  1110 ixtxrxxa EEEEE                                   (2.61) 

 222 txrxixb EEEE                                           (2.62) 

Using Maxwell's equation, given by equation (1.10): 
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then express the electric field  ⃗  in equations (2.61) and (2.62) in terms of  ⃗⃗ , we 

obtain: 
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where bb EE *
, aa EE *

. 

The magnetic field can be written as: 
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Where 𝛿 is the phase difference is given by equation (2.34). 

Using equation (2.65) in equations (2.59) and (2.64) we get: 
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Solving 11 & it HH  in terms of bb HE &*
, we find:
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Applying Euler formula  sincos ie i 
 in equations (2.68) and (2.69) and 

substituting in equations (2.59) and (2.63) we obtain: 
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The last two equations can be written in the matrix form as: 
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is the transfer matrix in TM polarization for three layers. 

Taking the remaining parts in equations (2.59), (2.60), (2.63) and (2.64) and insert 

them in the matrix equation (2.72), we get:  
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The matrix system in the last equation can be written as two equations: 
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To reach the definition of Fresnel equations, equations (2.74) and (2.75) are divided 

by 0H  and the relations 01 / HHr r and 02 / HHt t  are used to represent the 

reflection and transmission amplitudes: 
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Solving equations (2.75) and (2.76), we obtain: 
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Similarly, in TE polarization the reflection and transmission amplitudes are used to 

determine the reflectance and transmittance. 

The reflectance in TM polarization is given by: 

   |  |
 
                                                           (2.80) 

and the transmittance can be written as: 

   
  

  
                                                                (2.81) 
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As above mentioned, the Poynting's vectors   and    from equation (1.17) can be 

written as: 
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} |  |

                                              (2.82) 
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} |  |

                                               (2.83) 

Substituting for the Poynting's vectors   and    from equations (2.82) and (2.83) into 

equation (2.81) we obtain: 
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                                                   (2.84) 
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Chapter 3 

Four Layers Anti-Reflection Coating 

3.1 Introduction 

Since the solar cells technology is considered as one of the most important 

ways to generate the electric power, there are several investigations were 

implemented to enhance its efficiency. One of most common ways is using ARCs as 

a method of light trapping. The ARCs is a structure that minimizes the reflection 

from solar cells surfaces and is put on the front surfaces of the photovoltaic cells. In 

1817 Fraunhofer fabricated the first of the ARCs (Macleod, 2001). To achieve a high 

efficiency of the solar cell, there are several variables must be considered, such as the 

material in the structure, the number of layers, the thickness of each layer, the angle 

of incidence and the range of wavelengths incident on the ARCs. 

In this study, we investigate the multilayers ARC structure containing left 

handed materials (LHM) used to enhance the efficiency of the solar cells, for 

examples see (Chen et al., 2010; Dena et al., 2015; Hamouche and Shabat, 2016). 

We also present an analytical analysis to study the reflection and transmission of this 

structure in both TE and TM polarizations of light. 

3.2 The Model Structure 

To design a structure of the ARC with minimum reflection, we assume a 

structure that consists of 4-layers (air, LHM, dielectric and substrate) as illustrated in 

Figure (3.1). We study the Gallium Arsenide solar cells in which the GaAs layer 

(electric permittivity        ) is considered as a substrate (Chen et al., 2010). The 

band gap of GaAs equals 1.424ev that makes it one of the optimal materials to 

improve solar cells efficiency (Zdanowicz, Rodziewicz, and Zabkowska-Waclawek, 

2005). 

Air, dielectric and substrate are all nonmagnetic materials with magnetic 

permeability equals 1. The electric permittivity for air also equals 1. The LHM has 

both negative electric permittivity (  ) and magnetic permeability (  ). In numerical 

simulation,      is taken to be 4 so that the refractive index equals -2 from the 

relation     √        (Kim, Cho, Tae and Lee, 2006). The dielectric is chosen 
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to be Silicon Nitride (    ) which is characterized by its high value of refractive 

index. Upon varying the deposition parameter, the refractive index of SiNx takes on 

values ranging from 1.8 to 2.3 (Lee et al., 2012). 

 

Figure (3.1): The propagation of light in four layers ARC in TE mode. 

In Figure (3.1) we assume the beams of light in TE polarization incident with 

angles    on a four-layers structure. In the first interface between air and LHM some 

of beams are reflected back and some transmit to the LHM with a refraction angle 

  . It is worth mentioning that we have a negative refraction and negative direction 

of the wave vector in the LHM layers that appears in Figure (3.1) as we mentioned in 

chapter 1. Again, some of the beams incident on the second interface between the 

LHM and dielectric layers will reflect back and some will transmit to the dielectric 

layer with refraction angle   . Finally, some of the beams reflect on the third 

interface between the dielectric and the semiconductor GaAs substrate while the 

others transmit with a refraction angle   . We can determine the reflection 

angles              from Snell's law given in equation (1.20).           represent 

the thickness of LHM and dielectric; respectively.  
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3.3 TE Polarization in Four Layers ARC 

For the polarization of the incident light, only the two types of polarization (TE 

and TM) are considered. In the first of the analysis of the reflectance and 

transmittance to our ARC structure, we start with the TE polarization through  its 

definition in chapter 2 as in Figure (3.1). In this section, the reflectance and 

transmittance for four layers are calculated through transfer matrix method and apply 

them in our structure to verify its optical properties by using the Maple 13 software 

program.  

3.3.1 Transfer Matrix for Four Layers in TE Case 

The transfer matrix for n layers depends on the number of layers (n) as shown 

in equation (2.8). In chapter 2, the transfer matrix for TE polarization for three layers 

was viewed in equation (2.41) in the form: 
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Using the Multiplication property of the transfer matrix that given in equation (2.7) 

and (2.8), the transfer matrix can be given by: 

         

Where    the transfer matrix through the LHM layer and     is the transfer matrix 

through the dielectric layer, by inserting equation (2.41) into the above we get: 
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Where δ
 
     δ

 
 are the phase differences in the LHM and dielectric; respectively. 

They are given as: 

δ
 
   √            and  δ

 
   √             

The components of the wave vector normal to the interface can be written as: 
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Applying the matrix product in equation (3.1), we get: 
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This is the transfer matrix for four layers in TE mode.  

3.3.2 Reflection and Transmission for Four Layers ARC in TE Case 

The propagation and the study of the transmission and reflection of 

electromagnetic waves within a waveguide depend on several variables as the type of 

the polarization. 

In this section, the reflection and transmission equations in TE polarization for 

proposed four layers structure model are determined. 

Depending on Figure (3.1) and the transfer matrix in equation (3.2) to calculate 

the reflection in four layers for TE case, and by recalling equation (2.51) which takes 

the form: 
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Inserting the elements of transfer matrix in equation (3.2), where the elements can be 

written as: 
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Then the reflection amplitude takes the form: 

DiCiBA

DiCiBA
rs




                                                (3.7) 

Where A , B , C  and D  are given by: 
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From equation (2.53), the reflectance is given by: 

   |  |
       

Substituting equation (3.7) in the last equation (2.53), we get:  
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Then the reflectance for four layers in TE polarization is given by: 

 

   
)(2

)(2
2222

2222

BCADDCBA

BCADDCBA




                              (3.13) 

Now, recalling equation (2.52) to determine the transmission in four layers in 

TE case:  
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Substituting the elements of transfer matrix from equation (3.2) in the previous 

equation, the transmission amplitude can be written as: 
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To calculate the total transmission, equation (2.57) is used: 
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From equation (3.14) and equation (2.57), we get: 
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The total transmission in four layers for TE polarization takes the form: 
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Using a computer software to solve and analyze the total reflectance and 

transmittance equations (3.13) and (3.16). 

3.3.3 Results and Discussions in TE case 

For the proposed structure, the relative electric permittivity of air is      and 

the relative magnetic permeability is also     . The electric permittivity and the 

magnetic permeability          for LHM are both negative and are chosen such that 

       (Kim et al., 2006), i.e. the refractive index of the LHM is      . The 

chosen dielectric      has magnetic permeability      with electric permittivity 

varying from      to      (Lee et al., 2012). For the GaAs substrate the electric 

permittivity is         and its magnetic permeability is      (Chen et al., 2010). 

The thicknesses of both LHM and      are assumed to be          and    

        ; respectively. All calculations and diagrams in this section are carried out 

depending on equations (3.13) and (3.16) in addition to Snell's law to determine the 

angles of refraction. 

In the beginning of the study of the suggested ARC, we start with the LHM 

parameters as its electric permittivity, magnetic permeability and the thickness of the 

LHM layer. 
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Figure (3.2) and (3.3) illustrate the variation in the reflection and transmission 

coefficients for the ARC when the    and     for LHM layer is changed, where they 

take on the values (-1,-4), (-2,-2), (-3,-4/3) and (-4,-1) for the pair    ,   ; 

respectively and the      layer is assumed with         and     . The optimal 

value of    and      of the lowest value of reflectance and maximum transmittence 

are observed at   =   = -2 when the reflection goes to be zero and the transmittence 

becomes very close to 1 approximately at 600 nm wavelength. The value       

and        for LHM also can give a minimum reflectance for another structure, 

see (Dena et al., 2015). 

 

Figure (3.2): The reflectance versus the wavelength under normal incidence in TE case for 

different values of    and   . Here,                              and     . 

 

Figure (3.3): The transmittance versus the wavelength under normal incidence in TE case 

for different values of    and   . Here,                              and     . 
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In other hand all values of           for the LHM in Figure (3.2) can give the same 

minimum reflection in different wavelengths, if we choose a thin film of the LHM in 

the range between 5 nm to 25 nm as have been shown in Figures (3.4) and (3.5), 

where the supposed thickness is 10 nm. 

 

Figure (3.4): The reflectance versus the wavelength under normal incidence in TE case for 

different values of    and   . Here,                              and     . 

 

Figure (3.5): The transmittance versus the wavelength under normal incidence in TE case 

for different values of    and   . Here,                              and     . 

Although there are more than one minor value for reflection, we chose       and 

       because it gives the maximum transmission at the middle of the desired 

photon flux (600 nm) as the previous figures show.   

 Wavelength (nm) 

R
ef

le
ct

io
n 

 Wavelength (nm) 

T
ra

ns
m

is
si

on
 



38 

 

To study the effect of the LHM thickness, reflectance and transmittance are 

plotted against wavelength for different thicknesses as illustrated in Figures (3.6) and 

(3.7). The LHM thickness (  =10, 50, 75 and 100) nm are chosen with the same      

layer of         and the angle of incidence is fixed to    . 

 

Figure (3.6): The reflectance versus the wavelength for different thicknesses of the LHM 

in TE case. Here,                             ,     .and       .  

Figure (3.7): The transmittance versus the wavelength for different thicknesses of the 

LHM in TE case. Here,                                   and       . 

As the last figures indicate, both reflection and transmission are slightly affected by 

changing the thickness of the LHM. The preferred thickness that gives a minimum 

reflection and maximum transmission is 10 nm at angle of incidence equal     which 
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gives the best results, but if we change the angle of incidence the thickness will 

change as in Figures (3.8) and (3.9). 

Figure (3.8): The reflectance versus the angle of incidence at 600 nm wavelength for 

different thicknesses of the LHM in TE case. Here,                         

             . 

Figure (3.9): The transmittance versus the angle of incidence at 600 nm wavelength for 

different thicknesses of the LHM in TE case. Here,                         

          and       . 

The last two figures display the behavior of both the reflectance and transmittance at 

600 nm against the angle of incidence when the thickness of the LHM layer (  ) 

change. It is clear that the thicknesses (125 and 150) nm give results better than the 
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10 nm for the angles larger than    . In this work the angle of incidence is assumed 

to be    , so the chosen thickness for the LHM is   = 10 nm.  

In the second step of verifying the properties of the structure of the ARC, we 

study the effective variables of the dielectric layer (    ) as its electric permittivity 

and thickness. 

The variation in the electric permittivity    for the      also changes the 

efficiency of the solar cells where the reflection of the ARC is changed. Figure (3.10) 

and (3.11) illustrate these changes by consider the value       and        for 

the LHM layer with thickness       nm and varying    for the      in the range 

from      to      under normal incidence. 

 

Figure (3.10): The reflectance versus the wavelength under normal incidence in TE case 

for different values of   . Here,                                  . 
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Figure (3.11): The transmittance versus the wavelength under normal incidence in TE case 

for different values of   . Here,                                  . 

These two plots reveal that higher values of    for the      result in different 

behaviors of reflection and transmission whereas the lower values (here         

and      ) tend to be the same and give optimal values at 600nm.  

         In order to study the effect of      layer thickness on both reflectance and 

transmittance, we plotted these two quantities against wavelength for different L2 

values as shown in Figures (3.12) and (3.13). Specifically; (   50, 75, 100 and 125 

nm). The other parameters are:       and       for the LHM layer with 

thickness         ,         for the      layer at an angle of incidence of    . 

Figure (3.12): The reflectance versus the wavelength for different values of     with 

       ,         ,         and        in TE case. 
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Figure (3.13): The transmittance versus the wavelength for different values of     with 

       ,         ,         and        in TE case. 

Reflectance minima and transmittance maxima are all the same for various values of 

   but they are shifted to the right with higher values. The best behavior is seen for 

the two middle values (75 nm and 100 nm) since they occur in the range between 

500nm to 600nm in good agreement with the best value of   =83.33nm which is 

calculated from the relation:       |√    | at 600 nm wavelength.  

         In the  following plots, we will check the effect of the angle of incidence on the 

reflectance and transmittance. These values of parameters are put into consideration: 

        is considered for the      layer and the LHM with      ,       

and       nm. Minimum reflection and maximum transmission occurring about 

600nm are attained at normal incidence as predicted from figures (3.14) and (3.15).  
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Figure (3.14): The reflectance versus the wavelength for different angles of incidence    in 

TE case. Here,         ,         ,                        . 

Figure (3.15): The transmittance versus the wavelength for different angles of incidence    

in TE case. Here,         ,                                  . 

As the angle of incidence increases, the optimal values of reflectance and 

transmittance are shifted towards higher energy spectra but their extremes become no 

longer optimal.  

For a deeper understanding, Figures (3.16) and (3.17) illustrate the change in the 

reflection and transmission with the angle of incidence in different wavelengths. 
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Figure (3.16): The reflectance versus the angles of incidence    for different wavelengths 

in TE case. Here,         ,                                  . 

Figure (3.17): The transmittance versus the angles of incidence    for different 

wavelengths in TE case. Here,         ,                                  . 

It's clear from these two figures that the reflectance is very close to zero and the 

transmittance is nearly unity when the angle of incidence is less than     at 600nm. 

When the angle of incidence increases, the reflection increases but there is another 

wavelength giving a low reflection when the angle of incidence from     to     at 

500nm. When the angle of incidence is greater than     the reflection increases 

significantly for all the range of the suitable wavelength for solar cells. 
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3.4 TM Polarization in Four Layers ARC  

To study the properties of the proposed four layers ARC in TM mode, this 

section views the calculations and plottings for transmittance and reflectance by 

using transfer matrix method, Fresnel's equations, Snell's law and Mable 13 software 

program. Through the definition of the TM polarization in chapter 2, Figure (3.18) 

represents the ARC structure in TM polarization, where the variables in it and the 

negative refraction and direction of the wave vector in the LHM layers were 

explained in the previous section. 

Figure (3.18): The propagation of light in four layers ARC in TM mode. 

3.4.1 Transfer Matrix for Four Layers in TM Mode 

To verify the transmittance and reflectance for four layers ARC, we introduce 

the transfer matrix for four layers in TM mode. Let us start from equation (2.72) 

which represents the transfer matrix for three layers in TM case: 
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Using the Multiplication property for transfer matrix to multilayers coat that given by 

equations (2.7) and (2.8), which takes the form: 

         

Where    the transfer matrix through the LHM layer and     is the transfer matrix 

through the dielectric layer, by inserting equation (2.72) in the above equation for the 

two transfer matrix we get: 
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Where the elements of the transfer matrix can be written as: 
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Equation (3.18) is called the transfer matrix for four layers in TM mode and is used 

to determine the optical properties of the coat of research as reflectance and 

transmittance in TM mode. 

3.4.2 Reflection and Transmission for Four Layers in TM Case 

In this section, the reflectance and transmittance equations for four layers in 

TM case are determined. From equation (2.78) which represents the reflection 

amplitude in three layers in TM case: 
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Substituting the elements of transfer matrix in equation (3.18) into the last equation 

(2.78), we get: 
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Where A , B , C   and D  are: 
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But the reflectance takes the form from equation (2.80): 

   |  |
 
 

Substituting equation (3.23) in the above equation, then the reflectance for four 

layers in TM case can written as: 
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                        (3.28)                          

To compute the total transmittance by using equation (2.84): 

      
     
     

 |  |
 
 

Where the transmission amplitude from equation (2.79) equals: 
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After inserting the elements of transfer matrix from equation (3.18) it takes the form: 
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Substituting equation (3.29) into equation (2.84) and solving it, we can find the 

transmittance for four layers in TM case is given by the relation:  
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3.4.3  Results and Discussions in TM case  

Depending on the value of the all variables that given for each layer of the 

ARC in the sub section 3.3.3, where we need them in equations (3.28) and (3.30) to 

verify the reflectance and transmittance of the ARC in TM polarization. In this 

section, the optimum values of the parameters for the supposed structure in TM 

polarization are investigated.     

In the study of the LHM parameters as the effective electric permittivity and 

magnetic permeability (  ,   ) in the supposed ARC in TM polarization, Figures 

(3.19) and (3.20) illustrate the changing in reflection and transmission due to the 

changing in    and   , where we chose their products give 4 and assume the 

     layer with         and     . 
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Figure (3.19): The reflectance versus the wavelength under normal incidence in TM case 

for different values of    and   . Here,                              and     . 

Figure (3.20): The transmittance the wavelength under normal incidence in TM case for 

different values of    and   . Here,                              and     . 

The previous Figures are matching with Figures (3.2) and (3.3), where they give the 

same results in the both polarization. The effective value of    and    of the LHM are 

1=1=-2, where the reflectance becomes very close to zero and the incidence light 

are transmitting through the ARC at 600nm. By changing the thickness of the LHM 

from          to         , all the values of    and    in the last Figures give 

the same transmission and reflection approximately in different wavelengths as 

Figures (3.21) and (3.22) show, but we still using -2 and -2 as values to    and   , 

where they give the minimum reflection at the center of the required wavelength.      
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Figure (3.21): The reflectance versus the wavelength under normal incidence in TM case 

for different values of    and   . Here,                              and     . 

Figure (3.22): The transmittance versus the wavelength under normal incidence in TM 

case for different values of    and   . Here,                              and 

    . 

To check the effect of the LHM thickness (  ), the reflectance and 

transmittance are plotted against wavelength for different thicknesses as illustrated in 

Figures (3.23) and (3.24). The LHM thickness (  =10, 50, 75 and 100) nm are 

chosen with the same      layer of         and the angle of incidence is fixed to 

   . 
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Figure (3.23): The reflectance versus the wavelength for different thicknesses of the LHM 

in TM case. Here,                             ,     .and       . 

Figure (3.24): The transmittance versus the wavelength for different thicknesses of the 

LHM in TM case. Here,                             ,     .and       . 

The last two figures show that two thickness of the LHM layer give a minimum 

reflectance and maximum transmittance when       , where the thicknesses 

                give a minimum reflection at (600 and 550) nm wavelength 

respectively. The angle of incidence has a greatly effect on the chosen thickness and 

the reflection as in Figures (3.25) and (3.26), and both reflection and transmission are 

slightly affected by changing the thickness of the LHM. 

  Wavelength (nm) 

R
ef

le
ct

io
n 

  Wavelength (nm) 

T
ra

ns
m

is
si

on
 



52 

 

Figure (3.25): The reflectance versus the angle of incidence at 600 nm wavelength for 

different thicknesses of the LHM in TM case. Here,                         

             . 

Figure (3.26): The transmittance versus the angle of incidence at 600 nm wavelength for 

different thicknesses of the LHM in TM case. Here,                         

             . 

There are a matching approximately in results between the thicknesses (75 and 150) 

nm where the both give the same interference. When the angle of incidence is greater 

than    , the perfect results at 600 nm wavelength is given by the thickness    

   nm, but we chose the thickness of the LHM       nm, where its minimum 

reflection is given at 600 nm when the angle of incidence equal    .      
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To search on the optimum values of the      variables, we start with the 

checking of the electric permittivity    for it. Assuming       and       for 

the LHM layer with thicknesses         , Figures (3.27) and (3.28) indicate the 

changing in the reflectance and transmittance when    varying between (     to 

    ) in the case of the normal incidence. 

Figure (3.27): The reflectance versus the wavelength under normal incidence in TM case 

for different values of   . Here,                                  . 

Figure (3.28): The transmittance versus the wavelength under normal incidence in TM 

case for different values of   . Here,                                  . 

In the two cases of polarization, the structure of the ARC gives the same results of 

reflection and transmission under normal incidence when    change, where the 
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effective    for      layer can take two values (     and   ) under normal incidence 

as Figures (3.10), (3.11), (3.27) and (3.28) illustrate. 

Figures (3.29) and (3.30) illustrate a plotting of reflectance and transmission 

versus the wavelength. Reflectance minima and transmittance maxima are all the 

same for various values of    but they are shifted to the right with higher values; but 

the values                    are ignored because there minimum reflection 

occur in the outside of the range (400-800) nm wavelengths. The optimal   that 

chosen in the structure is between (75-100) nm, where the thickness is determined at 

600 nm wavelength from the relation (      |√    | ) that give          nm 

and this results agree with TE results as Figures (3.12) and (3.13) show.  

Figure (3.29): The reflectance versus the wavelength for different    in TM case. Here, 

                ,         and       . 
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Figure (3.30): The transmittance versus the wavelength for different    in TM case. Here, 

                ,         and       . 

 The angle of incidence makes a large effect on the reflection and transmission 

through any sample. Figures (3.31) and (3.32) display the changing in reflection and 

transmission due to the variation in the angle of incidence against the wavelength for 

the light that incident in TM polarization. 

Figure (3.31): The reflectance versus the wavelength for different angles of incidence    in 

TM case. Here,          ,                     and        . 
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Figure (3.32): The transmittance versus the wavelength for different angles of incidence    

in TM case. Here,         ,                     and        . 

 As the TE polarization, the minimum reflectance and maximum transmittance 

around 600 nm wavelength when the angle of incidence approaching to the normal 

incidence between (      ), and as the angle of incidence increases, the optimal 

values of reflectance and transmittance are shifted towards smaller energy spectra but 

their extremes become no longer optimal.  

Figures (3.33) and (3.34) indicate the reliance of the reflection and transmission on 

the angle of incidence for different wavelengths in the range of the desired photon 

flux , where the best angles of incidence that give a good ARC at 600 nm are 

between (      ) in TM polarization. 
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Figure (3.33): The reflectance versus the angles of incidence    with different wavelengths 

in TM case. Here,         ,                      and        . 

Figure (3.34): The transmittance versus the angles of incidence    with different 

wavelengths in TM case. Here,         ,                      and        . 

 

3.5 The Average Results for TE and TM Polarizations  

In this section we search on the optimal values for the proposed structure 

variables in the average of the two polarizations (TE and TM cases) to get a 

minimum reflectance and maximum transmittance. To compute the average of the 

reflectance and transmittance, we need the information in sections 3.2, 3.3 and 3.4 

for the values of the structure variables and the results, by inserting them in the 

average equations of reflectance and transmittance, which can be given by: 
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                                            (3.31) 

     
     

 
                                             (3.32) 

where                 are given by equations (3.13), (3.16), (3.28) and (3.30); 

respectively. 

Let us start from the LHM layer where its thickness          and the 

dielectric      with        ,      and          . Figures (3.35) and (3.36) 

illustrate the impact of the permittivity and permeability for the LHM layer in the 

averages of reflectance and transmittance, where they are matching with the TE and 

TM cases. 

Figure (3.35): The average of reflectance versus the wavelength for different    and 

   under normal incidence,                              and     . 
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Figure (3.36): The average of Transmittance versus the wavelength for different    and 

   under normal incidence,                              and     . 

The preferable value of    and     are -2 and -2, where they give a minimum 

reflection and maximum transmission superior than the other values in the above 

figures, but the all of value in it can give the same results in deferent wavelength as 

in Figures (3.37) and (3.38). 

 

Figure (3.37): The average of reflectance versus the wavelength for different    and 

   under normal incidence,        ,     ,           nd               
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Figure (3.38): The average of transmittance versus the wavelength for different    and 

   under normal incidence,        ,     ,           nd               

In the last figures we change the thickness of the LHM layer from the relation 

         to       nm, we find several low reflections and high transmissions 

in different wavelength, but we use -2 and -2 as a value to    and     because it give 

the minimum reflectance in the center of the response light for solar cells. 

Figure (3.39): The average of reflectance versus the wavelength for different   ,    

     ,        ,                       . 
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Figure (3.40): The average of transmittance versus the wavelength for different   , 

        ,        ,                       . 

In Figures (3.39) and (3.40) the average of reflectance and transmittance are plotted 

versus the wavelength for different thickness of the LHM layer   . All of the 

thicknesses in the last figures can give the same results of reflectance and 

transmittance at       , but the chosen thickness for the LHM layer is       nm, 

which gives a very small different. For more analysis of the effect of the thickness in 

the reflection and transmission Figures (3.41) and (3.42) illustrate this effect against 

the angle of incidence at 600 nm wavelength, where all of the thicknesses give 

approximately the same results until       , then there are some thicknesses 

characterized when the angle of incidence increase. 
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Figure (3.41): The average of reflectance versus the angle of incidence at 600 nm 

wavelength for different   ,         ,         and               

Figure (3.42): The average of transmittance versus the angle of incidence at 600 nm 

wavelength for different   ,         ,         and               

Now to examine the dielectric layer (    ), assume the LHM layer with 

     ,        and        nm, Figures (3.43) and (3.44) indicate the impact 

of    for      layer in the average of reflection and transmission against the 

wavelength, where    is chosen between      to     .  
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Figure (3.43): The average of reflectance versus the wavelength for different    under 

normal incidence,         ,        , and              

 

Figure (3.44): The average of transmittance versus the wavelength for different    under 

normal incidence,         ,         and              

The above average figures give the same results to TE and TM polarization, where 

the optimal value of    for      can tack two values (     and   ) to give a 

minimum reflection and maximum transmission at the case of normal incidence, but 

        is chosen, where it gives a better results than the others when the angle of 

incidence is changed. 

         Now to obtain the thickness of the      layer, assume         and the angle 

of incidence equal     and by changing the thickness of the      (    between (50-
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125) nm, there are several thicknesses can give the same results at different 

wavelength as in Figures (3.45) and (3.46).  

 

Figure (3.45): The average of reflectance versus the wavelength for different   . Here, 

        ,        ,              and       . 

 

Figure (3.46): The average of transmittance versus the wavelength for different   . Here, 

        ,             ,         and       . 

Reflectance minima and transmittance maxima are all the same for various values of 

L2 but they are shifted to the right with higher values. The best behavior is seen for 

the two middle values (75 nm and 100 nm) since they occur in the desired range of 

the photon flux (400-800 nm wavelength) in good agreement with the best value of 

L2=83.33nm which is calculated from the relation:       |√    | at 600 nm 

wavelength. 
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         As we illustrate in TE and TM cases, the angle of incidence must be consider to 

get minimum reflection for the ARC at the required wavelength. To verify the effect 

of angle of incidence these values of parameters are put into consideration:         

and           nm are considered for the      layer and the LHM with      , 

      and       nm. Figures (3.47) and (3.48) illustrate plottings of the 

average of reflectance and transmittance versus the wavelength for different angles 

of incidence, where the taken angles are                            .  

 

Figure (3.47): The average of reflectance versus the wavelength for different angles of 

incidence   . Here,         ,       nm,         and               

 

Figure (3.48): The average of transmittance versus the wavelength for different angles of 

incidence   . Here,         ,       nm,         and               
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As the TE and TM modes the effective angles that give the minimum reflection and 

maximum transmission at 600 nm wavelength is closed to the normal incidence even 

    and when the angle increases , the optimal values of reflectance and 

transmittance are shifted towards higher energy spectra but their extremes become no 

longer optimal. Figures (3.49) and (3.50) display in other way the effect of the angles 

of incidence on the average of reflectance and transmittance, It's clear from these two 

figures that the reflection is very close to zero and transmission is nearly unity when 

the angle of incidence is less than     at 600nm. When the angle of incidence 

increases, the reflection increases but there is another wavelength giving a low 

reflection when the angle of incidence from     to     at 500nm. When the angle of 

incidence is greater than     the reflection increases significantly for all the range of 

wavelength. 

 

Figure (3.49): The average of reflectance versus the angle of incidence    for different 

wavelengths. Here,         ,       nm,         and               
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Figure (3.50): The average of transmittance versus the angles of incidence    for different 

wavelengths. Here,         ,       nm,         and               
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Chapter 4 

Optimize the Absorption for GaAs Solar Cells 

4.1 Introduction 

The idea of solar cells based on the concept of the photovoltaic effect, where 

the incidence photons with energy equal or higher than the band gap of the receiving 

material are absorbed as we explained in chapter 1. To increase the efficiency of 

solar cells and, the substrate is chosen from semiconductors with band gap between 

1.0 to 1.8 ev, where the energy distribution of the solar spectrum is considered 

(Zeman, 2003). Gallium Arsenide (GaAs) is one of the optimum semiconductors for 

solar cells applications, where it has a band gap of 1.424 ev (Zdanowicz et al., 2005). 

There are several investigations had been implemented to enhance the 

efficiency of GaAs solar cells, where ARCs and other ways are used as a method of 

light trapping and increase the transmission and absorption. Nakayama et al. 

(Nakayama, Tanabe, and Atwater, 2008) used plasmonic nanoparticles to improve 

light absorption in GaAs solar cells. Bahrami et al. studied the effects of ARCs on 

the performance of GaAs solar cells. Different materials are used in the ARCs and 

early the LHMs are deposited as a layer of it to enhance the absorption and decrease 

the reflection (Bahrami et al., 2013). Chen et al. presented to ARC using LHM for 

GaAs solar cells (Chen et al., 2010). Hamoche and Shabat give an investigation into 

ARC consist of glass/silicon nitride/LHM on a silicon substrate to enhance the 

absorption for silicon solar cells (Hamouche and Shabat, 2016). 

In this chapter, we study the absorption of ARC that cause by the LHM in TE 

and TM polarization and compute the average of the both cases. Transfer matrix 

method and Maple 13 program are used to verify the results.        

4.2 The Model Structure 

In order to achieve high absorption for solar cells, we assume a multilayers 

ARC consist of four layers that similar to the structure mentioned in Figures (3.1) 

with replacement the sites of the LHM and dielectric layers as Figure (4.1) 

demonstrate. we consider the first layer is air with      and     , the second 

layer is      as a dielectric material with electric permittivity      take the values 
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between      to      (Lee et al., 2012), where we assume its magnetic permeability 

    , the third layer is LHM with different electric permittivity    and the 

magnetic permeability     is assumed to be -1 (Hamouche and Shabat, 2016) and the 

last layer is GaAs as a substrate with         and     .           

Figure (4.1): Four layers ARC under TE polarization of light.  

The angles in the above figures                 represent the angles of 

incidence in air, refraction in the dielectric, refraction in the LHM and refraction in 

the substrate respectively. The      layer takes the thickness          and the 

thickness of the LHM is             (Hamouche and Shabat, 2016). 

4.3 Optimize the Absorption in TE Mode 

To compute the absorption for the four layers ARC in the previous section we 

need to determine the reflectance and transmittance by using equations (3.13) and 

(3.16) for the TE polarization then the absorbances can be determined from the 

relation: 

                                                                 (4.1) 
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In the beginning of checking the ARC parameter, we start from the electric 

permittivity for the LHM (   ), which can be calculate from the relation     

     
 , where different values of    have been used at different wavelengths 

(Hamouche and Shabat, 2016) as Figures (4.2), (4.3) and (4.4) indicate. 

Figure (4.2): The reflectance versus the wavelength for different    for the LHM under 

normal incidence in TE case,        ,          and              

Figure (4.3): The transmittance versus the wavelength for different    for the LHM under 

normal incidence in TE case,        ,          and              
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Figure (4.4): The absorbance versus the wavelength for different    for the LHM under 

normal incidence in TE case,        ,          and              

The above figures illustrate the reflection, transmission and absorption for different 

values of    in range of wavelength between (300-1200) nm, where the electric 

permittivity for the      layer is assumed to be      in the case of normal incidence. 

The minimum values of reflection and maximum values of absorbances appear when 

the permittivity of the LHM layer                      at (450-550) nm 

wavelength, but in the out of that range of wavelength                      

can give results better than the previous value as in Figures (4.2) and (4.4). Figure 

(4.3) shows the transmittance, which goes to zero for all values of    until 600 nm 

wavelengths and after that wavelength it is starting rise, but their value is still close 

to zero where it can be neglected. 

If the permittivity for      (  ) is changed between      to     , all of values of    in 

the last figures can give a good results in different wavelength as Figures (4.5), (4.6), 

(4.7), (4.8), (4.9) and (4.10) indicate.  
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Figure (4.5): The absorbance versus the wavelength for different    for      under normal 

incidence in TE case,                                 and              

In the previous figure, the optimal value of    for      is      when    

                  , which gives 99.56% absorption at 520 nm wavelength and at 

the boundary of effective wavelength for solar cells give 80.57% and 84.69% 

absorption at 300 nm and 1200 nm wavelength respectively, these results make it a 

perfect absorbent ARC. 

Figure (4.6) illustrates the effect of    for      when             

        , which the optimal results are given by        . The maximum value of 

absorption for this structure is better than the previous, which give 99.99% 

absorption at 515 nm wavelength, but in the boundary of the supposed range of 

wavelength the previous structure seem better, where the present structure takes 76% 

and 80.64% absorbances at 300 nm and 1200 nm wavelengths; respectively.     
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Figure (4.6): The absorbance versus the wavelength for different    for      under normal 

incidence in TE case,                                 and              

Figure (4.7) indicates the variation in the absorption against the wavelength for 

the different values of    for      when                      for the LHM 

layer, where the maximum absorption reach 99.98% and appears at 570 nm 

wavelength when      . In contrast, the minimum value of absorption amount to 

63.78% at 300 nm wavelength. 

Figure (4.7): The absorbance versus the wavelength for different    for      under normal 

incidence in TE case,                                 and              
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The below figures indicate the absorbance versus the wavelength for different    for 

    , where each figure deals with different    for LHM. In Figure (4.8), the LHM 

layer takes                     , which gives 99.86% absorption with 

        at 625 nm wavelength, also it can give 99.65% absorption with       at 

570 nm wavelength. In Figures (4.9), we consider                     , 

which has 99.98% absorption at 680 nm wavelength with         and when 

        it has 99.45% absorption at 625 nm wavelength. For the value    

                  in Figure (4.10), we can get 99.78% absorption at 680 nm 

wavelength.  

Figure (4.8): The absorbance versus the wavelength for different    for      under normal 

incidence in TE case,                                 and              
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Figure (4.9): The absorbance versus the wavelength by changing    for      under normal 

incidence in TE case,                                 and              

Figure (4.10): The absorbance versus the wavelength for different    for      under 

normal incidence in TE case,                                 and              

Although of the high maximum value of absorption in the last four figures, it still 

have low minimum value at the boundary of the effective wavelength for solar cells 

with respect to Figures (4.4) and (4.5), so the values                       and 

                     for the LHM with         for the      layer are 

adopted.     
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To search on the effect of angle of incidence on the absorbance, the next 

figures illustrate the variation in absorption against wavelength for different angles of 

incidence, where Figure (4.11) use                      for LHM and Figures 

(4.12) use                       for LHM and         for      to the both 

figures. We can get good results for this structure, when the angle of incidence is 

below    . 

Figure (4.11): The absorbance versus the wavelength for different angles of incidence with 

                               and                       in TE case. 

Figure (4.12): The absorbance versus the wavelength for different angles of incidence with 

                 ,             and                       in TE case. 
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As the angle of incidence increases, the optimal values of reflectance and 

transmittance are shifted towards higher energy spectra but their extremes become no 

longer optimal. 

Figures (4.13) and (4.14) illustrate in other way the effect of the angle of incidence 

on the absorbance for different wavelengths and prove the previous results, where the 

angle of incidence has high absorption until     and then the absorption is decreasing 

clearly and rapidly.       

Figure (4.13): The absorbance versus the angles of incidence for different wavelengths 

with                                                      in TE case. 

Figure (4.14): The absorbance versus the angles of incidence for different wavelengths 

with                                                        in TE case. 
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4.4 Optimize the Absorption in TM Mode 

        Consider the proposed structure and the values of each layer in section 4.2, in 

this section the effect of LHM in absorbance for TM polarization is determined, 

where equations (3.28), (3.30) and (4.1) are used. 

         If we chose         for      to determine the effective value of    for    , 

Figures (4.15), (4.16) and (4.17) illustrate the reflection, transmission and 

absorbances; respectively, where the reflectance goes to zero when    take the value 

                  and all of incidence light between (450-550) nm wavelengths 

are absorbed approximately. Due to the low values of the transmittance for all values 

of   , the transmission can be omitted.    

Figure (4.15): The reflectance versus the wavelength for different    for the LHM under 

normal incidence in TM case,        ,          and              
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Figure (4.16): The transmittance versus the wavelength for different    for the LHM under 

normal incidence in TM case,        ,          and              

Figure (4.17): The absorbance versus the wavelength for different    for the LHM under 

normal incidence in TM case,        ,          and              

Although of the optimum maximum value of absorption for             

        ,                       can get better results near the boundary of the  

required wavelength as the above figures show. 

To study the effect of the permittivity for      (  ), where it can take the 

values between      to     , the below figures from (4.18) to (4.23) illustrate the 
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absorbance versus the wavelength by changing   , where each figure deals with 

different value of    for LHM layer. In Figure (4.18) the value of    is equal 

                  , which give 99.56% absorption at 520 nm wavelength when 

   for      equals     . The value                       can give preferable 

maximum absorption with the same value of   , where it achieve 99.99%  absorption 

at 515 nm wavelength as in Figure (4.19), but it has minimum values of absorption at 

the boundary of the supposed wavelength lower than the previous. 

Figure (4.18): The absorbance versus the wavelength for different    for      under 

normal incidence in TM case,                                 and              

Figure (4.19): The absorbance versus the wavelength for different    for      under 

normal incidence in TM case,                                 and              
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In Figure (4.20)    has a value of                  , which gives the maximum 

absorption with       for      and reach to 99.32% absorption at 630 nm 

wavelength. The value                      for LHM has two maximum 

values, where it has 99.65% absorption at 570 nm wavelength with        and   

99.86%  absorption at 625 nm wavelength with          as in Figure (4.21).  

Figure (4.20): The absorbance versus the wavelength for different    for      under 

normal incidence in TM case,                                 and              

Figure (4.21): The absorbance versus the wavelength for different    for      under 

normal incidence in TM case,                                 and              
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Figure (4.22) illustrates that the value                      also can take two 

perfect maximum absorption as the previous, where it gives 99.45% absorption at 

625 nm wavelength with           and  99.98% absorption at 680 nm wavelength 

with         . In Figure (4.23) the maximum absorption reaches 99.78% at 680 nm 

wavelength for the value                      with         . 

Figure (4.22): The absorbance versus the wavelength for different    for      under 

normal incidence in TM case,                                 and              

Figure (4.23): The absorbance versus the wavelength for different    for      under 

normal incidence in TM case,                                 and              
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It is noted that all of the above results of normal incidence are matching with the TE 

polarization. 

Figures (4.24) and (4.24) indicate the effect of the angle of incidence on the 

absorbance versus the wavelength for                       and    

                 ; respectively, with         to the both, where they illustrate 

the angles until     can give a good absorption and that results in TM polarization is 

considered better than from the results for TE case in the previous section, where the 

better absorption was considered until    .  

Figure (4.24): The absorbance versus the wavelength for different angles of incidence with 

                 ,             and                       in TM case. 

Figure (4.25): The absorbance versus the wavelength for different angles of incidence with 

                 ,             and                       in TM case. 
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Figures (4.26) and (4.27) indicate the previous results, where they show the effect of 

the angle of incidence on the absorbance for different wavelengths in the range of the 

desired photon flux and it's clear that when the angle of incidence increase from     

the absorption start decay significantly.   

Figure (4.26): The absorbance versus the angles of incidence for different wavelengths 

with                  ,             and                       in TM case.  

Figure (4.27): The absorbance versus the angles of incidence for different wavelengths 

with                  ,             and                       in TM case. 

4.5 The Average of Absorption for TE and TM Polarization 

Depending on the values of each layer of the structure in section 4.2 and the results 

for TE and TM polarizations in sections 4.2 and 4.3; respectively, to calculate the 

average of absorption, which is given by: 
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                                                     (4.2) 

To determine the optimal value of    for the LHM layer,    for      layer is assumed 

to be     . The below figures indicate the reflection, transmission and absorbances 

against wavelength for different   , where the results are completely agree with the 

TE and TM results, where                      and             

         are chosen. 

Figure (4.28): The average of reflectance versus the wavelength for different    for the 

LHM with                   and            under normal incidence. 

Figure (4.29): The average of transmittance versus the wavelength for different    for the 

LHM with                   and             under normal incidence. 
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Figure (4.30): The average of absorbance versus the wavelength for different    for the 

LHM with                   and            under normal incidence. 

It is worth mentioning that under normal incidence all of the average results of the 

two polarizations are matching with TE and TM polarizations, so all of the values of 

   in the previous figures can give a good results with different    for the      layer 

as in sections 4.3 and 4.4, but it is still neglected due to the low absorption with 

respect to                      and                      results in the 

boundary of the desired rang of wavelength, also the value of    that gives the perfect 

results with the last two values of    is      in the normal incidence case as the 

previous. 

        Now, to examine the effect of the angle of incidence on the average of 

absorbance, Figures (4.31) and (4.32) illustrate the change in the average of 

absorption versus the wavelength for different angles, where the first figure uses 

                      for the LHM which gives acceptable results with angles 

of incidence less than    , the second figure dials with                      

for the LHM which can take the same behavior as the first with some small different 

in the upper and lower values of absorption.         
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Figure (4.31): The average of absorbance versus the wavelength for different angles of 

incidence with                  ,            and                      . 

Figure (4.32): The average of absorbance versus the wavelength for different angles of 

incidence with                  ,            and                      . 

The below two figures explain the change in the average of absorption versus the 

angle of incidence for different wavelengths with the two values of   . They confirm 

the previous results, where the average of absorption falling dawn significantly when 

the angle of incidence getting more than    .     
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Figure (4.33): The average of absorbance versus the angles of incidence for different 

wavelengths with                  ,            and                      . 

Figure (4.34): The average of absorbance versus the angles of incidence for different 

wavelengths with                  ,            and                      . 
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Chapter 5 

Conclusion 

The basic purpose of this thesis is to design a new multilayer ARC structure 

containing LHM for solar cells applications. A theoretical analysis for the proposed 

structure was carried out for the TE and TM polarizations. Both reflection and 

transmission of the structures were studied in detail. Moreover, an investigation of 

the absorption for another structure had been implemented. 

For the first ARC structure, the following remarks have been observed: 

 The transmission and reflection for the TE and TM polarizations and their 

average as well are completely matching for the normal incidence case. 

 Both reflection and transmission are slightly affected by changing the 

thickness of the LHM for TE and TM modes. 

 The thickness of the LHM that gives maximum transmission and minimum 

reflection as the angle of incidence variation are different between the two 

polarization. 

 All of the thicknesses around the minimum value that give a destructive 

interference at 600 nm wavelength, can give almost the same behaviors of 

reflection and transmission for the average of the two polarization.  

 The minimum value of    for      layer gives the best results and when it is 

increasesd, the transmittance become no longer optimal for the normal 

incidence case. 

 When the thickness of      layer increases over than the minimum thickness 

that gives a destructive interference, the maximum transmittance is shifted 

towards smaller energy spectra for the both polarizations with a small 

deviation between the two polarization about 50 nm wavelength in the 

horizontal line . 

 As the angle of incidence increases in TE polarization, the optimal values of 

reflectance and transmittance are shifted towards higher energy spectra, but in 

TM polarization they are shifted towards smaller energy spectra, but their 

extremes become no longer optimal for the both polarizations. 
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 The average of the TE and TM polarizations obeys almost the TE 

polarization for the transmittance and reflectance because its deviation is 

stronger than TM polarization.  

With respect to the second ARC structure, where the LHM layer and the 

     layer for the first structure are interchanged, the basic conclusion remarks can 

be summarized as: 

 There are several values of    for the LHM layer that give good maximum 

absorptions with different permittivity values of     . 

 As the angle of incidence increases, the maximum absorption decreases and shifts 

slightly towards higher energy spectra, and the angles until     can give an 

acceptable absorption for solar cells. 

The LHM can be a good candidate to make structures of the ARCs to enhance 

the transmission or the absorption and then the efficiency of solar cells applications 

as a future work.    
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