
 

 الجمــــهىريــــت الجــــسائريــــت الديــمقـراطـيـــــــــــت الشـــعبيـــــــــت
PEOPLE’S DEMOCRATIC REPUBLIC OF ALGERIA 

 وزارة التعــلـيــم الـعـالـــي والـبـحـث الـعـلــمي
MINISTRY OF HIGHER EDUCATION AND SCIENTIFIC RESEARCH 

بالأغـــــىاط يـــــــجثـلـي جـامـعــت عمّــــار  
AMAR TELIDJI UNIVERSITY- LAGHOUAT 

تكنىلىجياكــلـيــــــت الـ  
FACULTY OF TECHNOLOGY  

ELECTRONICS DEPARTEMENT 
 
 

Dissertation Master Degree in Microelectronic   
  

Domain : Technology Sciences 

Filiere : Electronics 

Option : Microelectronic  

 

Présented by 
 

Mohammed Yacine BENYAHIA 

 

THEME 
 

Study and simulation of Photovoltaic Properties on 
the Performance of p-InGaN/n-InGaN Single 

Junction.  
 

Thursday, 27th June 2024 

 

Publicly supported in front of the jury composed of : 
 
 
 

Dr. CHATTA Wahiba  MCB University of Laghouat President 

Mme. VILBOIS Leila.Amal MAA University of Laghouat Examiner 

Dr. BELLAKHDAR Aissa MCA University of Laghouat Supervisor 

Dr. BIRANE Mouhoub MCA University of Laghouat Co-Supervisor 

 
 

Academic Year 2023/2024 
 
 
 





  
 

 Page i 

 

                ACKNOWLEDGEMENTS 

This thesis was carried out at the Faculty of Technology, Department of Electronics, Amar Taleghi 

University - Laghouat, this thesis was only possible thanks to the efforts and assistance of many people, to 

whom I would like to extend my sincere thanks.   

First of all, I would like to thank my supervisor Dr. BELLAKHDAR Aissa from the University of 

Laghouat for suggesting this topic to me and for his advice, guidance, corrections and encouragement that 

enabled this thesis to proceed smoothly. 

I would also like to thank Dr. CHATTA Wahiba, a professor at the University of Agawat, who honored 

me by presiding the jury for this thesis. 

I would also like to thank Mme. VILBOIS Leila Amal, a professor at the University of Laghouat, who 

honored me with the honor of  examiner this thesis and participating in the jury. 

I would also like to thank Dr. BIRANE Mouhoub of the University of Laghouat for assisting in this 

work as a supervisory assistant. 

I would also like to thank all the professors of the Department of Technological Sciences who 

contributed to my training from the first session of the study until the end of the semester, without 

neglecting to thank everyone who contributed from near or far to the completion of this work. 

I would like to express my sincere thanks and appreciation to Mr. Marc BERGMAN, the developer of 

the Scapes software. Your dedication and creativity in developing this software have had a significant 

impact on improving our experience, making it easier and more efficient. 

 

Thank you, Marc Bergman, for your dedication and valuable contribution to the field of software 

development. 

 

 

 

 

 "Ultra-low-mass solar cell technology could lead to the creation of 

large, low-cost solar power plants deployed in space, bringing clean 

energy to Earth." 

Professor Craig Underwood, Emeritus Professor of Spacecraft Engineering at the Space Research 

Center at the University of Surrey 

Mohammed Yacine BENYAHIA 



  
 

 Page ii 

 

Dedications 

I dedicate this humble work in memory of my father, may he rest in peace, to whom I owe 

a lot in my life and who will remain a symbol of love for work and the remedy of knowledge, 

and who never hesitated in his life. I am not happy to not share this event with him, but he is 

present and will remain in my heart forever. I hope to live up to your good opinion and live 

according to the values he instilled in us. 

 

Thank you very much to him and may all my good deeds be in his balance of good deeds 

in memory of my grandmother 

 

To all those who have lost their loved ones. 

 

To my beloved mother, to whom I owe everything, even my life. She is and will remain a 

symbol of courage that accompanied me not only in all stages of my life, but also gifted me, 

encouraged me, and did not withhold anything from anyone. 

 

To all the small and large family. 

 

To all my friends. 

 

To all the teachers who contributed to my training, in all integrated courses, I will be 

grateful forever, especially Dr.Rachid Zerdoum, Dr.Aissa BELLAKHDAR 

 and Dr.Naceur SELMANE. 

 

 «Family, health, and friends are all that matters in life; everything else is just an 

addition that we may or may not care about». 

Coralie Thévenet 



  
 

 Page iii 

 

TABLE OF CONTENTS 

Acknowledgements  ............... …………………………………………………………….. i 

Dedications                        .......………………….……………………………………………….. ii 

Table of Contents           ................……….…………………………………………………….. iii 

List of  figures                   ………………………………………………………………….. vii 

List of  tables                   ……………………………………………………………………….. viii 

Abbreviations And Notations………………………………………………………………… ix 

General conclusion           ……… ……………………………………………………………... 2 

  

  

 Chapter I                        Generalities on solar energy and photovoltaics 

 

4 

  

I - Introduction        5 

I.1           Solar Energy    5 

I.1.1        The source of solar energy  5 

I.1.2        Solar Radiation  5 

I.1.3        The spectrum of solar radiation  6 

I.1.4        Number of air masses  8   

I.2        Photovoltaic Solar Cells         9 

I.2.1      Definition of Photovoltaic Energy 9 

I.2.3      Definition of the Photovoltaic Cell 9 

I.2.3      Principle of Operation of the Solar Cell  11 

I.3       Semiconductor 12 

I.3.1     Band structure 12 

I.3.2     Fermi level  13 

I.3.3     Types of Semiconductors  14 

I.3.4      Intrinsic Semiconductor  15 

I.3.5      Extrinsic semiconductor  16 

I.3.6      P-type semiconductors  17 

I.3.7      N-type semiconductors  17 

I.3.8      Bipolar PN Junction 18 

I.3.9     Characteristics of a photovoltaic cell 19 



  
 

 Page iv 

 

TABLE OF CONTENTS 

I.3.10   Equivalent circuit of a photovoltaic cell  19 

I.3.11   I-V characteristic of a photovoltaic cell  20 

I.3.12 Solar cell parameters 21 

I.3.13   Short circuit current of scI
  

21 

I.3.14   Open circuit voltage of  ocV
    

22 

I.3.15   The fill factor and Energy conversion efficiency of FF and η  22 

I.4    Conclusion 23 

             Références chapitre I ……………….…………………………………... 24 

  

    Chapter II                                             The properties of InGaN material 

  

26 

  

II .     Study of InGaN Material   27 

II.1    Introduction 27 

II.2   Definition of InGaN  27 

II.3   InGaN material properties 28 

II.3.1 Optical and Optoelectronics Properties  28 

II.3.2 Structural properties of group-III nitrides 30 

II.3.2.1  Zinc Blende  (GaN and InN structural parameters) 30 

II.3.2.2 Wurtzite (GaN and InN structural parameters) 31 

II3.3 Effect of polarization 32 

II.3.3.1 Spontaneous Polarization 32 

II.3.3.2 Piezoelectric Polarization 33 

II.3.4    Thermal properties  35 

II.3.5 Electronic properties 35 

II.3.5.1 Band Gap 35 

II.3.5.2Carrier mobility  36 

II-3-5-3 Dielectric rigidity 36 

II.4 State-of-the-art of InGaN-based solar cells  37 

II.4.1 Homojunctions  37 

II.4.2 Heterojunctions or Multi-junction cells  38 



  
 

 Page v 

 

TABLE OF CONTENTS 

II.4.3 Generation of solar cells 39 

II.4.4 Advantages, challenges, and strategies of InGaN-based solar cells 39 

II.4.4.1 Advantages of InGaN-based Solar Cells 39 

II.4.4.2 Challenges of InGaN-based Solar Cells 40 

II.4.4.3 Strategies for Enhancing InGaN-based Solar Cells 40 

II.5 conclusion 42 

        Références  Chapitre II                                    43 

 

 

 

Chapter III: Simulation of a p-InGaN/n-InGaN single  junction (Results and Discussion) 45 

  

III. Simulation of a p-InGaN/n-InGaN Single Junction (Results and Discussion)  46 

III.1. Introduction  46 

III.2 Description of the SCAPS 1D Simulator 46 

          a). Main menu « Action panel » 46 

          b) Structure selection 46 

          c). Layer properties 48 

          d). Simulation results « Characteristic I(V) » 49 

III.3  Structure of a PN and PPN-junction  49 

III.3.1 Solar cell structure 51 

III.3.2 The bandgap strucure of PN and  PPN junction InGaN solar cells 52 

III.3.3 Structure of PN junction p-In0.7Ga0.3N/ n-In0.7Ga0.3N 54 

III.3.3.1 Influence of the thickness in the p-In0.70Ga0.30N and n-In0.70Ga0.30N  

regions. 

56 

III.3.3.2 Influence of the doping concentration in the p-In0.70Ga0.30N and n-

In0.70Ga0.30N  regions. 

57 

III.3.4 Structure of PPN junction p-In0.6Ga0.4N/p-In0.7Ga0.3N/n-In0.7Ga0.3N 57 

III.3.4.1 Influence of the thickness in PPN junction  60 

III.3.4.1.1 Influence of the thickness of top p-In0.6Ga0.4N region (dp1) 60 

III.3.4.1.2 Influence of the thickness of the middle p-In0.7Ga0.3N region (dp2) 62 

III.3.4.2 Influence of the doping concentration in the PPN junction  63 



  
 

 Page vi 

 

TABLE OF CONTENTS 

 

III.3.4.2.1 Influence of the doping concentration in the top p-In0.60Ga0.40N region 

(Na1) 

46 

III.3.5  Conparaison between PN and PPN junction of InGaN solar cell 48 

III. Conclusion Générale 66 

Références  Chapitre III 67 

Abstract  



    
 

 Page vii 

 

                TABLE Of ILLUSTRATIONS 

List of Figures 

Figure I-1 : Types of solar radiation distribution 6 

Figure I -2 : Types of solar radiation distribution 7 

Figure I -3: Condition of measurement of rayonnement AMx 8 

Figure I -4 : Transform solar energy into electric energy by the photovoltaic (PV)  9 

Figure I -5 : photovoltaic solar cells 10 

Figure I -6 : Components of photovoltaic solar cells  10 

Figure I -7 :  (a) working principle of solar cell with p-n junction structure and (b) loss mechanism in 

standard p-n junction solar cells.  

11 

Figure I -8 : Band structure of the three categories of materials  13 

Figure I -9 : Classification of materials by resistivity and conductivity values 13 

Figure I -10 : Difference Types of Semiconductors  14 

Figure I -11 : Type Groupe Semi-Conductor 14 

Figure I -12 : Conduction Mechanism in Case of Intrinsic Semiconductors (a) In the absence of an 

electric field (b) In the presence of an electric field  

15 

Figure I -13 :  (a) Intrinsic Semiconductor at T = 0 Kelvin, behaves like an insulator (b) At t>0, four 

thermally generated electron pairs 

16 

Figure I -14 : Classification of Extrinsic Semiconductor  17 

Figure I -15 : p type semiconductor  17 

Figure I -16 : n type semiconductor  18 

Figure I -17 : P-N junction are of two types – diffusion and drift 19 

Figure I -18 : Equivalent circuit of a photovoltaic cell 
 
 20 

Figure I -19 : Characteristic of a photovoltaic cell  20 

Figure I -20 : The short circuit current   21 

Figure I -21 : The open circuit voltage 22 

Figure I -22 : The fill factor FF 22 

   

Figure II -1 : particular semiconductor compounds (III-V) indium gallium-nitride (InGaN) 27 

Figure II -2 : Band gap and the corresponding wavelength as a function of the lattice hexagonal and 

Cobic  

28 

Figure II -3 : Correspondence between the solar spectrum AMx and the In(x)Ga(1-x)N gap  29 

Figure II -4 :  (a) Refractive index dispersion relations and (b) absorption coefficient spectra of GaN 

substrate and InxGa1-xN films used in the simulations, as extracted from the 

ellispometric data analysis
.
 

30 

Figure II -5 : Schematic wurtzite lattice of InGaN material and ( (c) Crystal structure of wurtzite. (d) 

Unit cell of the wurtzite structure.  

31 

Figure II -6 : polarisation spontanée dans le GaN  32 

Figure II -7 : Piezoelectric polarization in GaN 34 

Figure II -8 : Band structure of wurtzite phase  a) GaN; b) InN and c) InGaN 35 

Figure II -9 : Generation of solar cells InGaN 39 

Figure II -10 : Advantages, challenges, and strategies of InGaN-based solar cells  41 

   

Figure III-1 : SCAPS startup panel, the action or main panel 47 

Figure III-2 : Definition of a solar cell structure. 48 

Figure III-3 : Parameters of a p-In0.60Ga0.40N cell layer. 48 

Figure III-4 : Display panel for I-V curves 49 

Figure III-5 : Structure of a PN-junction (left) and a PPN-junction (right) InGaN solar cell. 51 

Figure III-6 :  (a) Diagram of band energy levels of the PPN structure 53 

  (b) Diagram of band energy levels of the PN structure 53 

Figure III-7 :  (a) IV curves of the PN-junction InGaN solar cell structure. 54 

  (b) Quantum efficiency curves of the PN-junction InGaN solar cell structure. 54 

  (c) Effect of thickness of top layer on Jsc and Voc 55 

  (d) Effect of thickness of top layer on FF and eta 55 

Figure III-8 : (a) IV curves of the PN-junction InGaN solar cell structure. 56 

  (b) Quantum efficiency curves of the PN-junction InGaN solar cell structure. 56 

  (c) Effect of thickness of bottom layer on Jsc and Voc 56 

  (d) Effect of thickness of bottom layer on FF and eta 56 

Figure III-9 :  (a) Effect of the doping concentration of top layer on Jsc and Voc 57 



    
 

 Page viii 

 

                TABLE Of ILLUSTRATIONS 

  (b) Effect of the doping concentration of top layer on FF and eta 57 

Figure III-10 :  (a) Effect of the doping concentration of bottom layer on Jsc and Voc 59 

  (b) Effect of the doping concentration of bottom layer on FF and eta 59 

Figure III-11 :  (a) IV curves of the PPN-junction InGaN solar cell structure. 61 

  (b) Quantum efficiency curves of the PPN-junction InGaN solar cell structure. 61 

  (c) Effect of the thickness of top (dp1) layer on Jsc and Voc 61 

  (d) Effect of the thickness of top (dp1) layer on FF and eta. 61 

Figure III-12 :  (a) Effect of the thickness of bottom (dn2) layer on Jsc and Voc 62 

  (b) Effect of the thickness of bottom (dn2) layer on FF and eta 62 

Figure III-13 :  (a) Effect of the doping concentration of top (dp1) layer on Jsc and Voc 63 

  (b) Effect of the doping concentration of top (dp1) layer on FF and eta 63 

Figure III-14 : Coparaison of  IV curves between PPN-junction and PN-junction of InGaN solar cell 

structures. 

65 

Figure III-15 : Comparaison of quantum efficiency curve between PPN-junction and PN-junction of 

InGaN solar cells structures. 

65 

   

   

 

List of tables 

Table II-1:  GaN and InN structural parameters 31 

Table II-2:  Difference Between Zinc Blende and Wurtzite 32 

Table II-3: Main properties of III-N compounds at room temperature (300K).  33 

Table II-4: Elastic and Piezoelectric Coefficients of the Main III-Nitrides Compared to GaN.  34 

Table II-5: Presents the electronic and thermal properties of several well-known semiconductors 

in comparison with GaNProperties at 300 K
. 
 

36 

Table III.1 Difference Parameters Between GaN and InN 50 

Table III.2 Simulation parameters for the InGaN materials in the PN and PPN junction InGaN 

solar cells 

 

Table III.3 Influence of the thickness of top p-InGaN region (dp) 54 

Table III.4 Influence of the thickness of bottom n-InGaN region (dn) 56 

Table III.5 Influence of the doping concentration in the top p-InGaN region 57 

Table III.6 Influence of the doping concentration in top layer (dp = 0.01 um, dn = 1um, Na = 

1.1020 cm-3) 

58 

Table III.7 Influence of the doping concentration in top layer (dp = 1 um, dn = 1um, Nd = 1.1020 

cm-3) 

58 

Table III.8 Influence of the doping concentration in the bottom n-InGaN region 59 

Table III.9 Influence of the doping concentration in the bottom n-InGaN of PN junction 

(dn=0.01um) 

60 

Table III.10 Influence of the doping concentration in the bottom n-InGaN of PN junction (dn = 

1um) 
60 

Table III.11 Table III.11 : Influence of the thickness layer  in the top p-InGaN of PPN junction 61 

Table III.12 Table III.12 : Influence of the thickness layer  in the middle p-InGaN of PPN junction  62 

Table III.13 Table III.13 : Influence of the doping concentration in the top p-InGaN of PPN 

junction (Nd2 = 1.1018 cm-3) 

63 

Table III.14 Table III.14 : Influence of the doping concentration in the top p-InGaN of PPN 

junction (Nd2 = 1.1020 cm-3) 

64 

Table III.15 Comparaison of an optimized values of the photovoltaics parameters between  the PPN 

and the PN structures 
64 

 



  
 

 Page ix 

 

ABBREVIATIONS AND NOTATIONS 

 List of notations  

Symbol Unit Description 

C Meters per second (m/s) Light speed 

Eg Electronvolts (eV) Energy gap of a material 

h Joule-seconds (J·s) or Energy per photon 

(eV) 
Planck’s constant 

I Amperes (A) Total current 

I0 Amperes (A) Saturation current 

I-V Volts (V) as it represents a voltage in an IV 

curve 
Current-voltage 

J MPP Amperes per square meter (A/m²) Maximum- power current 

Jsc Amperes per square meter (A/m²) Short circuit current-

density 

J-V Amperes per square meter (A/m²) as it 

represents a current density in an IV curve 
Current-density vs. Voltage 

K Kelvin (K) Boltzmann’s constant 

 meters (m)  wavelength of light 

L  (meters, m) Length 

P MPP Watts   Maximum power 

PMPP Watts per square meter (W/m²) Maximum power point 

power 

q Coulombs (C) Electronic charge 

Rs Ohms (Ω) Series resistance 

T Temperature (Kelvin, K) Environment temperature 

V Volts (V) Applied potential 

VMPP Volts (V) Maximum-power voltage 

Voc Volts (V) Open circuit voltage 

a b c  (A°)  Crystal lattice parameter in 

the plane 

B Pascals (Pa) or Megapascals (MPa) Elastic modulus 

C11,C12,C13,C33 Pascals (Pa) Elastic constant 

E Pascals (Pa) or Gigapascals (GPa) Young's modulus 

e31,,e33 Coulombs per newton (C/N), or 

picoCoulombs per newton (pC/N) in some 

cases 

Piezoelectric coefficients 

 

 

 

 



  
 

 Page x 

 

ABBREVIATIONS AND NOTATIONS 

 List of Abbreviations 

AM 1.5 Standard terrestrial solar spectrum ‘Air Mass 1.5’ 

CdTe Cadmium Telluride 

CFOA  Current-Fed Operational Amplifier (a type of amplifier used in solar cells) 

CIGS Copper-Indium-Gallium-Selenide 

DDSS Dye-sensitized solar cells 

DOP  Dopant (a chemical element added to a semiconductor to alter its electrical 

properties) 

Eg Energy gap of a material 

EQE External Quantum Efficiency 

ETL electron transport layer 

ETM Electron transport material 

FF Fill Factor, measuring the efficiency of a solar cell's energy conversion 

HTL Hole transport layer 

IQE Internal Quantum Efficiency 

Isc Short-Circuit Current, the maximum current a solar cell can produce 

I-V  Current-Voltage 

JMPP Maximum power point current, the current at the maximum power point. 

Jsc Short circuit current 

J-V Current-density vs. voltage 

LED Light-Emitting Diode 

MIS Metal-Insulator-Semiconductor 



  
 

 Page xi 

 

ABBREVIATIONS AND NOTATIONS 

 OPV Organic photovoltaic 

PCE Power conversion efficiency 

PCE Perovskite solar cell 

PMPP Maximum power point power, the maximum power output of the solar cell. 

P-N  Positive-Negative (referring to a P-type and N-type semiconductor) 

PNJ  P-N Junction (the interface between a P-type and N-type semiconductor) 

PV Photovoltaic 

QD Quantum dot 

QE Quantum Efficiency 

Rs Series resistance 

SCAPS Solar Cell Capacitance Simulator 

SPV  Solar Photovoltaic (conversion of sunlight into electrical energy) 

VMPP Maximum power point voltage, the voltage at which the solar cell delivers 

maximum power 

Voc Open-Circuit Voltage, the maximum voltage a solar cell can produce 

, ,..e h  Electron, Hole mobility 

GSC global solar constant 

 



 

 

 

 

GENERAL INTRODUCTION 

 



  
 

 Page 2 

 

GENERAL INTRODUCTION 

 

            Today, the production of electricity by converting light using photovoltaic cells is 

largely dominated by silicon, with 95% of installed photovoltaic panels (monocrystalline, 

polycrystalline and thin-film) [1]. However, these commercial panels suffer from low average 

efficiency, around 13% (between 12 and 18% for monocrystalline, between 12 and 15% for 

polycrystalline and between 6 and 9% for thin-film [2]). This is why a great deal of research 

is focusing on increasing the efficiency of silicon panels (nanostructures, thin films, 

plasmonics, etc.) and on alternative materials with higher efficiency (CdTe, CIGS, GaAs, 

etc.). Generally speaking, these new materials are deposited in thin layers (a few hundred 

nanometers), but still offer attractive yields, there by reducing production costs.  

            Among the new thin-film materials being considered for photovoltaics is the InGaN 

alloy. InGaN currently appears to be the most promising material for photovoltaic 

applications, with the potential for high conversion efficiencies. InGaN materials have an 

attractive modulable gap energy ranging from 0.7 eV to 3.42 eV, and a high optical 

absorption coefficient of over 10 5 /cm, indicating better absorption of the solar spectrum 

[3.4]. Its gap energy can be modulated by varying the rate of Indium x in the In x Ga 1-x N 

alloy, making it a very promising material for ultra-thin film solar cells in space applications. 

The aim of our work is the « Study and Simulation of Photovoltaic Properties on the 

Performance of p-InGaN/n-InGaN Single Junction. Numerical simulation » 

The manuscript is divided into three chapters. The first chapter explains how a solar cell 

works, its most important parameters and its various applications, as well as the PN junction. 

The second chapter describes the InGaN material, its characteristics, its main structural, 

electrical, thermal and optical properties, and its growth. The third chapter consists of two 

main parts, the first part gives a detailed description of the Solar Cell Capacitance Simulator 

(SCAPS-1D) which is used to simulate the solar cell performances based on p-InGaN/n-

InGaN Single Junction. The second part describes the simulation of PN and PPN junction 

solar cells structures, this part also presents and discusses some results obtained using the 

Scaps 1D program. 

Finally, we draw a general conclusion. 
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Chapter I 

Generalities on solar energy and photovoltaics 

I- Introduction 

 

        There exist various types of renewable energy sources distributed across the Earth's 

surface, including kinetic wind energy and solar energy. Thermal energy undergoes 

conversion processes to generate usable energy forms like electricity, catering to human 

energy needs. 

I.1 Solar Energy 

        Solar energy stands out among renewable energy sources due to its widespread 

availability, being hailed as a crucial energy form. Harnessing merely a fraction, even ten 

percent, of Earth's energy reserves could potentially meet global energy demands for 

numerous years. 

The forthcoming section will delve into key aspects of solar energy and strategies for its 

effective utilization
.[1]

. 

I.1.1 The source of solar energy  

Solar energy is primarily generated in the sun's nucleus through the fusion of two hydrogen 

atoms to form a helium atom, resulting in a release of tremendous energy
[2] [3]

. This energy is 

then emitted as solar radiation, reaching the Earth and serving as a vital source for various 

renewable energy technologies like solar photovoltaic systems. The sun's constant fusion 

reactions maintain its high temperature of 5777 K, sustaining the continuous generation of 

solar radiation that powers solar energy applications on Earth. Solar radiation consists of 

direct and diffuse components, with direct radiation being crucial for concentrating solar 

power technologies, highlighting the importance of harnessing this energy source for 

sustainable electricity generation. Understanding the solar radiation processes and variations 

is essential for maximizing the efficiency and deployment of solar energy systems 
[4]

. 

I.1.3 Solar Radiation  

Solar radiation or sunlight is a collection of electromagnetic waves, of which the human eye 

can see a field called visible light, while the remaining field is invisible to the naked eye. 

Mirror rays from the sun's spectrum are characterized by color rays from red to violet, which 

are the colors of the rainbow. Red waves have a wavelength of 700 nanometers and violet 

waves are short-wavelength and have a wavelength of about 400 nanometers. Two parts of the 

sun's spectrum are not visible to the naked eye: As in Figure I.1, the part with a wavelength 

longer than 700 nanometers (up to about 2700 nanometers) is the infrared band, and the other 

part with a wavelength shorter than 400 nanometers, which is called the ultraviolet band 

ultraviolet[5] [6]. 
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Solar radiation can be divided into four types: 

1. A direct ray that penetrates the atmosphere and reaches the earth's surface without 

trouble, without scattering, and remains intact without loss. 

 

2. A reflected ray that is reflected on the ground or on objects on the earth's surface. 

 

3. A diffuse ray that is scattered by the atmosphere and some of it may leak out 

depending on the weather. 

 

4. The total radiation resulting from the sum of direct, reflected, and diffuse rays. 

 

 

 

 

 

 

 

 

 

 

 

I.1.4The spectrum of solar radiation  

Solar radiation carries energy and its energy varies with its wavelength. As the wavelength of 

light increases, its energy decreases. This means that ultraviolet radiation has a relatively high 

energy. Therefore, they are harmful to the skin of the human body if exposed for too long. 

The sun's rays fall to Earth after passing through the atmosphere. Some of them are absorbed 

by the atmosphere. Different gases in the atmosphere, such as nitrogen, oxygen, carbon 

dioxide, water vapor, and others, have different abilities to absorb sunlight. 

The brightness of direct sunlight can reach (93 lumens) of radiation per watt of flux, including 

infrared, visible, and ultraviolet radiation. The average power of solar energy incident on a 

square meter of Earth's surface is 

E0 = 1367 W/m
2
                                                                                                         (I.1) 

This constant is called the global solar constant (GSC) 

Figure I.1 : Types of solar radiation distribution[5] [6]. 
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Scientists distinguish three types of rays that make up solar radiation: 

Thermal or infrared radiation, which is inelastic and is estimated to account for about 50% 

percent of total solar radiation 

Their wavelength ranges from (4.0-0.75) microns (1/1000th of a millimeter) and they play an 

important role in the entire activity. 

As for the so-called visible light rays, they are actually invisible, as visible sunlight is like the 

sun's rays that penetrate the cosmic space without us seeing them, but are scattered by 

transparent physical media such as the atmosphere or reflected from it such as the surface of 

the moon. Scattering is the secret to illuminating the atmosphere with daylight, knowing that 

light can be analyzed with a glass prism into its basic components. The proportion of visible 

light rays is estimated at 37% of the total solar radiation, and their wavelengths range from 

(40.0-74.0 microns). The strength of visible light rays on the Earth's surface increases at noon 

during the day in summer. 

 Ultraviolet radiation (also called bioluminescence) is aspherical and accounts for about (3....) 

of the total solar radiation and its wavelength ranges from (5.40.17) microns 
[7] [8].

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.2 : Types of solar radiation distribution
[9]

. 
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I.1.5 Number of air masses  

the evolution of the solar spectrum throughout the day and its variability based on 

geographical location are key characteristics. Reference spectra have been established to aid 

in evaluating the performance of photovoltaic devices from various manufacturers and 

research institutions. These standardized spectra underwent modifications in the early 2000s 

to improve resolution and conform to international standards. The previous solar spectrum, 

was phased out in 2005. In general, the differences among spectra have minimal effects on 

device efficiency 
[10]

, with newer spectra being more user- Figure I.3 . The solar spectrum 

outside the Earth's atmosphere, characterized as a 5,800 K black body, is referred to as 

"AM0" or "zero atmospheres". Cells used in space power applications, such as on 

communication satellites, are commonly assessed using "AM0". The solar spectrum after 

passing through the atmosphere to sea level with the sun directly overhead is known as 

"AM1", representing "one atmosphere
"[11]

. A standard solar spectrum, depicted graphically as 

spectral irradiance versus wavelength, is shown in Figure I.2 . 

Air mass is a measure of how far light travels through the Earth's atmosphere. It is defined as 

the ratio of the actual path length of sunlight to the minimum path length, which occurs when 

the sun is directly overhead. This ratio indicates the amount of atmosphere that light must 

pass through before reaching an observer on the ground. The air mass is a function of the 

solar elevation angle, with higher angles corresponding to shorter path lengths and lower 

angles corresponding to longer path lengths [12] [13] : 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.3 : Condition of measurement of rayonnement AMx
[13]
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I.2 Photovoltaic Solar Cells  

 

One of the alternative energy sources that is gaining popularity around the globe is 

photovoltaic (PV) electricity. It is pure, sustainable, and non-polluting energy. This energy is 

produced by using solar cells to transform solar radiation into electrical energy. Electrical 

devices in homes and businesses can be powered by it, By creating a semiconductor material 

that can transmit positive and negative electrical charges when exposed to light, these cells 

enable the direct conversion of solar energy into electricity. This electrical energy is known as 

photoelectric energy. 

Among the most significant and extensively utilized forms of renewable energy in the world, 

photovoltaic energy is applied in numerous fields. 

I.2.1  Definition of Photovoltaic Energy 

Photovoltaic energy, derived from solar radiation through solar cells made of semiconductors 

like silicon, is a crucial form of renewable energy
[14]

. It stands out for its cleanliness, 

renewability, and eco-friendliness, offering numerous advantages such as zero emissions of 

harmful gases and independence from fossil fuels, known for causing pollution
[15]

. This 

energy type is particularly beneficial for remote areas without centralized grids, providing 

electricity to buildings and homes, and powering small devices like laptops and smartphones 

efficiently . The evolution of photovoltaic technology, driven by advancements in materials 

and manufacturing processes, has significantly enhanced its efficiency and applicability, 

making it a promising solution for sustainable energy needs 
[16]

. 

 

 

 

 

 

I.2.2  Definition of the Photovoltaic Cell 

         The photovoltaic cell, also known as a solar cell, is a semiconductor device that converts 

sunlight directly into electric current through the photovoltaic effect
[18]

. It typically comprises 

a semiconductor substrate with base regions, collecting electrodes, connecting electrodes, a 

passivation layer, and collecting electrodes stacked in a specific configuration 
[19]

 ,Figure I.5 .  

 

Figure I. 4: Transform solar energy into electric energy by the photovoltaic (PV) 
[17]
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The cell's operation relies on the energy of incoming photons raising electrons from the 

valence band to the conduction band, with equilibrium carrier concentration and minority 

carrier concentration gradients playing crucial roles in determining current densities and 

material characteristics Figure I.6  
[21]

. 

 

 

 

 

 

 

 

 

 

 

  

Figure I.5 : photovoltaic solar cells
[20].

 

Figure I.6 : Components of photovoltaic solar cells 
[21].

 

 

https://www.google.com/url?sa=i&url=https%3A%2F%2Fbrunofuga.adv.br%2F%3Fs%3Dpv-cell-working-principle-how-solar-photovoltaic-cells-work-cc-xP3WgDTp&psig=AOvVaw0Q3GdFgattHTJ9g92R6P1X&ust=1718891651066000&source=images&cd=vfe&opi=89978449&ved=2ahUKEwiZi7bD6OeGAxVaiP0HHcDGDpUQjhx6BAgAEBc
https://www.google.com/url?sa=i&url=https%3A%2F%2Fbrunofuga.adv.br%2F%3Fs%3Dpv-cell-working-principle-how-solar-photovoltaic-cells-work-cc-xP3WgDTp&psig=AOvVaw0Q3GdFgattHTJ9g92R6P1X&ust=1718891651066000&source=images&cd=vfe&opi=89978449&ved=2ahUKEwiZi7bD6OeGAxVaiP0HHcDGDpUQjhx6BAgAEBc
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I.2.3 Principle of Operation of the Solar Cell  

The principle of operation of photovoltaic cells is based on the direct conversion of solar light 

energy into electrical energy using the photoelectric effect. The photovoltaic solar cell 

consists of a thin layer of semiconductor material sandwiched between two layers of 

oppositely charged materials. 

When the solar cell is exposed to sunlight, electrons are released in the semiconductor 

material, and these electrons move towards the upper layer of the solar cell. The liberated 

electrons from the semiconductor material move to the upper layer due to the electrostatic 

effect that arises between the two different layers in the semiconductor material. 

As the electrons reach the upper layer, they move through an external wire and head towards 

the lower layer of the solar cell, obtaining electrical energy during this process. Electrical 

energy is produced by multiple solar cells connected sequentially or in parallel. 

These cells are connected to an electrical energy conversion device, where the direct current 

generated by the solar cell is converted into alternating current used in household electrical 

systems. 

General Operation of the Photovoltaic Solar Cell is illustrated in Figure I.7 . 
.[22].

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I.7 : (a) working principle of solar cell with p-n junction structure and (b) loss 

mechanism in standard p-n junction solar cells. 
[23].
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1. Light absorption and generation of carriers. Photons originating from sunlight arrive at 

the surface of the solar cell, which absorbs them. Many electron–hole pairs are 

produced by the photon-absorption mechanism. 

2. Carrier separation and collection of the light-generated carriers to generate a current. 

The electrons are released into the negative layer, and the decomposed electrons flow 

through the positive layer. 

3. Generation of a voltage across the solar cell. The electrons overcome the boundary 

energy at the n-type layer and flow through the negative electrode at the top of the 

cell, which is connected to an external load. This provides a path for the positive 

material layer; thus, electricity is generated. When the electric field is sufficiently 

strong to cease further diffusion of holes and electrons, the depleted region reaches 

equilibrium. Integrating the electric field across the depleted region determines what is 

called the built-in voltage (also called electric field or voltage). Electrons and holes 

diffuse into regions with lower concentrations of them. 

4. Carrier collection and dissipation of power in the load. Electrons return to the cell after 

exiting the external load and repeatedly move from the positive to the negative side for 

continuous electricity generation 
[23].

. 

I.3 Semiconductor  

 

        Semiconductors are materials whose conductivity is intermediate between that of 

conductors and insulators. This conductivity strongly depends on temperature. A 

semiconductor is a material in which the peripheral electrons are distributed between at least 

two energy bands separated by a relatively small energy gap of the order of 1 eV [24]. 

I.3.1  Band structure 

In a crystal, a moving particle is subject to a potential that depends on the periodicities of the 

crystal lattice 
[25]

. In a simple model of a material with two energy levels (Figure I.8), an 

electron with energy Ev belongs to the valence band and is bound to the atom. If it receives 

energy " in the form of a photon, for example " allowing it to reach the level Ec, which is the 

energy corresponding to the conduction band, the electron becomes free and can then 

participate in the creation of an electric current. The energy required for the electron to 

become free is denoted Eg, the energy associated with the band gap: 

Eg=Ec- Ev                                                                                                                          (I.3) 

Unlike insulators (Eg> 5 eV), semiconductors have a gap of the order of 3eV, whereas for 

metals the gap is nonexistent . 
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I.3.2  Fermi level : 

           materials heavily relies on the Fermi level. Symbolized by "EF", the EF is quantified in 

energy measures like electron volts (eV). An increased Fermi level usually leads to 

/heightened electronic conductivity rates. Techniques such as photoemission spectroscopy, 

scanning tunneling microscopy, and conductivity measurements can be employed to ascertain 

the Fermi level. 
[27],[28]

 

The Fermi function is a probability distribution function defined as follows:[28] 

 

 

    

Fermi function intrinsic case E=EF 

 then f(E)=f(EF)=0.5 

n-type case p-type case 

Figure I.9 : Classification of materials by resistivity and conductivity values
[29]

 

Figure I.8 : Band structure of the three categories of materials 
[26].
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I.3.3 Types of Semiconductors  

 Semiconductors can be classified as follows
[29]

 

 

 

 

 

 

 

 

 

Depending on the kind of dopant, n-type or p-type semiconductor can be made. 

Semiconductors made of several elements are called compound semiconductors, as opposed 

to those made of a single element such as silicon semiconductors. There are combinations 

such as Group III and Group V of the periodic table, Group II and Group VI, Group IV, etc 
[30]

 

 

 

 

 

 

 

 

Doping phosphorus (P) of Group V into silicon (Si) of Group IV makes n-type 

semiconductor.  

Doping boron (B) of Group III into silicon (Si) of Group IV makes p-type 

semiconductor. 

Figure I.11 : Type Groupe Semi-Conductor
[30]

 

Figure I.10: Difference Types of Semiconductors [30]. 
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I.3.4 Intrinsic Semiconductor  

An intrinsic type of semiconductor material is made to be very pure chemically. It is made up 

of only a single type of element. 
[30]

 

Germanium (Ge) and silicon (Si) are the most common types of intrinsic semiconductor 

elements. They have four valence electrons (tetravalent). They are bound to the atom by a 

covalent bond at absolute zero temperature. 

When the temperature rises due to collisions, few electrons are unbounded and become free to 

move through the lattice, thus creating an absence in its original position (hole). These free 

electrons and holes contribute to the conduction of electricity in the semiconductor. The 

negative and positive charge carriers are equal in number. 

The thermal energy is capable of ionising a few atoms in the lattice, and hence, their 

conductivity is less. 
[30]

 

The Lattice of Pure Silicon Semiconductor at Different Temperatures  

 At absolute zero Kelvin temperature: At this temperature, the covalent bonds are 

very strong, there are no free electrons, and the semiconductor behaves as a perfect 

insulator. 

 Above absolute temperature: With an increase in temperature, a few valence 

electrons jump into the conduction band, and hence, it behaves like a poor conductor. 

Figure I.12: Conduction Mechanism in Case of Intrinsic Semiconductors (a) In 

the absence of an electric field (b) In the presence of an electric field 
[30].

 

https://byjus.com/physics/intrinsic-semiconductors/
https://byjus.com/physics/intrinsic-semiconductors/
https://byjus.com/jee/covalent-bond/
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Energy Band Diagram of Intrinsic Semiconductor : The energy band diagram of an 

intrinsic semiconductor is shown below. 
[30]

 

 

 

 

 

 

 

 

 

 

 

 

In intrinsic semiconductors, current flows due to the motion of free electrons, as well as holes. 

The total current is the sum of the electron current Ie due to thermally generated electrons and 

the hole current Ih. 

Total Current (I) = Ie + Ih                                                                                               (I.4)                       

For an intrinsic semiconductor, at finite temperature, the probability of electrons existing in a 

conduction band decreases exponentially with an increasing band gap (Eg). 
[30]

 

n = n0e-Eg/2.Kb.T
                                                                                                             (I.5) 

Where, 

Eg = Energy band gap 

Kb = Boltzmann’s constants 

I.3.5  Extrinsic semiconductor  

       Extrinsic semiconductors, created through controlled impurity introduction, play a 

crucial role in semiconductor device functionality
[31]

. The characteristics of n- and p-type 

dopants in various materials have been extensively studied, with group VII atoms being 

effective n-type carriers in SnS2 monolayer nanosheets
[32]

, and P and O being preferable for 

Figure I.13: (a) Intrinsic Semiconductor at T = 0 Kelvin, behaves like an insulator 

(b) At t>0, four thermally generated electron pairs
[29].
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n-type doping in cubic silicon nitride, The charge redistribution between dopants and their 

neighbors is a key factor in n- and p-type effects in silicon, Practical doping protocols have 

been developed for Ge1−ySny semiconductors, enabling the creation of n- and p-type doped 

layers with controlled and efficient doping, These studies collectively highlight the 

importance of extrinsic semiconductors and the role of doping in their properties and 

applications. An extrinsic semiconductor can be further classified into types 
[30]

 

N-type Semiconductor and  P-type Semiconductor. 

 

 

 

 

 



I.3.6 P-type semiconductors  

 A p-type semiconductor is an intrinsic semiconductor doped with boron (B) or indium (In). 

Silicon of Group IV has four valence electrons and boron of Group III has three valence 

electrons. If a small amount of boron is doped to a single crystal of silicon, valence electrons 

will be insufficient at one position to bond silicon and boron, resulting in holes* that lack 

electrons. When a voltage is applied in this state, the neighboring electrons move to the hole, 

so that the place where an electron was present becomes a new hole, and the holes appear to 

move to the "–" electrode in sequence
[30]

. 

 

 

 

 

 

 

I.3.7 N-type semiconductors  

An n-type semiconductor is an intrinsic semiconductor doped with phosphorus (P), arsenic 

(As), or antimony (Sb) as an impurity. Silicon of Group IV has four valence electrons and 

 

Figure I.14: Classification of Extrinsic Semiconductor 
[I.30]

 

Figure I.15: p type semiconductor 
[30]

 

https://byjus.com/physics/extrinsic-semiconductors/
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phosphorus of Group V has five valence electrons. If a small amount of phosphorus is added 

to a pure silicon crystal, one of the valence electrons of phosphorus becomes free to move 

around (free electron*) as a surplus electron. When this free electron is attracted to the “+” 

electrode and moves, current flows
[30]

 

 

 

 

 

 

 

 

 

 

 

I.3.8 Bipolar PN Junction 

 

The bipolar PN junction is an electronic compound consisting of two semiconductor halves of 

type N and type P. The bipolar PN junction is the intersection of type N and type P materials 

to form an interface between the two regions. The type P region consists of a semiconductor 

type containing hole carriers, and the type N region consists of a semiconductor type 

containing excess electrons. The two regions are intentionally doped with different impurities 

to control the concentration of electric charges in the transitional region between the two 

halves. 

The properties of the bipolar PN junction depend on its structure, shape, the degree of doping 

of the halves, and the strength of the electric field present in the transitional region between 

the halves. The bipolar PN junction is used in various electronic applications such as 

photovoltaic solar cells, electronic switches, LED lights, and sensors. 
[30]

 

 

 

 

Figure I.16 : n type semiconductor 
[30]

. 

]. 
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I.3.9 Characteristics of a photovoltaic cell  

 

The basic characteristics of a solar cell are the short-circuit current (ISC), the open-circuit 

voltage (VOC), the fill factor (FF) and the solar energy conversion efficiency (η). The 

influence of both the diode saturation current density and of ISC on VOC, FF and η is analyzed 

for ideal solar cells 
[31]

  : 

I.3.10 Equivalent circuit of a photovoltaic cell  

 

A genuine solar cell is depicted in Figure I.18, illustrating an electrical model of the 

photovoltaic cell. The diagram highlights the current generator Iph, which corresponds to the 

photogenerated current Iobs = Id of the forward-biased diode, along with Rs and Rsh 

representing the shunt resistor and the series resistance, respectively. The series resistance is 

attributed to the resistivity of various layers of the cell such as emitter, base, and metal 

contacts, particularly their interface with the semiconductor. It is crucial for this resistance to 

be minimized to mitigate its impact on cell current. Achieving this entails reducing the 

Figure I.17: P-N junction are of two types – diffusion and drift
[29].

 

[16]. 
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resistivity of the material utilized. On the other hand, Rsh, the shunt resistance, signifies the 

existence of a leakage current through the transmitter due to a malfunction, which may arise 

from high-temperature metal contacts diffusing into the transmitter or a short-circuit at the 

cell's edges. Ideally, this resistance should be maximized 
[33].
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I.3.11 I-V characteristic of a photovoltaic cell  

 

 

 

 

 

 

 

 

 

 
Figure I.19 : Characteristic of a photovoltaic cell 

[36].
 

Figure I.18 : Equivalent circuit of a photovoltaic cell  
[34]
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Figure I.20 : The short circuit current [37] 

þÿ 

The three physical quantities that define this curve are : 

 Vco: Open-circuit voltage, this value represents the voltage generated by an         

illuminated, unconnected cell.  

 Isc: Short-circuit current, representing the current generated by an illuminated cell   

connected to itself. 

 Pm: Its maximum power point: MPP (maximum power point) obtained for an 

optimum optimal voltage and current: Vopt, Iopt (sometimes also called Vmpp, 

Impp).are defined by : 

I.3.12 Solar cell parameters  

 

The parameters of a photovoltaic cell are determined from the current-voltage current-voltage 

(I-V) characteristic curve (Figure I.20 .), which describes the cell's operation.  

 The main characteristic quantities of solar cells are: 

  Short circuit current scI   

  Open circuit voltage ocV  

  The fill factor FF  
  Energy conversion efficiency   

  The spectral response sR  

I.3.13 Short circuit current of scI  : 

        The short-circuit current expressed in aý is the current flowing in the cell under 

illumination and by shorting the terminals of the cell. It grows linearly with the illumination 

intensity of the cell and it depends on the illuminated surface, the wavelength of the radiation, 

the mobility of the charge carriers and the temperature. It can also be said that the current is 

the current initiated by the cell under illumination in reduce output. Which means : 

 

 

 

 

 

 

 

 

/
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I.3.14 Open circuit voltage of ocV   : 

       The open circuit voltage Voc is the maximum voltage available from a solar cell, and this 

occurs at zero current. The open circuit voltage expresses the direct polarization of the 

resulting cell by polarizing the junction with the light -generated current. The schematic of the 

open circuit voltage on the I-V curve is in Figure I.21 . 
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I.3.15 The fill factor and Energy conversion efficiency of FF and η  

 

The "fill factor" is the ratio of maximum power mP , to the open-circuit ocV voltage and short 

circuits current scI . It is known by the abbreviation " FF ".² the FF is illustrated in         

Figure I. 22.  

.
                                                                                                          (I.10)

. .

m m m

oc m oc sc

I V P
FF

V I V I
   

 

In the ideal case, the fill factor (FF) is100 %. For a silicon solar cell, the AA typically ranges 

between77.0% and 82.0%.  

 

Figure I.21 : The open circuit voltage 
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       Conversion efficiency is the most commonly used medium or benchmark for comparing a 

solar cell to another. The efficiency represents the ratio between the electrical capacity 

generated by the cell and the photovoltaic power it receives. Therefore, it depends on the 

intensity of incoming light and the temperature of the solar cell. Therefore, the conditions 

under which cell efficiency is measured to compare a cell to another must be controlled. In 

general, solar cell efficiencies are measured at 25 ° C and AM1.5 light. In space, light 

AM0[38].  
max. .

                                                                                                         (I.11)sc oc out

inc inc

FF I V P

P P
    

I.4 Conclusion : 

In this chapter, we presented some of the general concepts related to the solar cells in terms of 

their definition, operation mode and a comparison between some of the solar cell examples 

based on Si ,CIGS, GaAs, and InGaN, respectively. These concepts allow and facilitate us to 

understand and grasp the second chapter, which will be paired around the InGaN-based solar 

cells. 

 

 

 

Figure I. 22 : The fill factor FF
[38]
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Study of InGaN Material 

II.1 Introduction 

            Nitride-based materials have been studied intensively in recent years for their 

application in photovoltaics (PV) 
[1]

. These alloys have a direct bandgap that can be modified 

over a wide range of wavelengths covering the majority of the solar spectrum 
[2]

, making it 

possible to manufacture a multijunction solar cell based on the same material. 

This chapter focuses on ternary InGaN compounds. They are interesting semiconductors for 

solar energy applications because of their wide gap potential, almost the entire solar spectrum 

can be covered, making them good candidates for single- and multi-junction solar cells by 

changing the indium content in the mixed material. This chapter presents the structural and 

electrical properties of indium gallium nitride (InGaN), and solar cells using these materials 
[3]

. 

II.2 Definition of InGaN  

This substance is categorized as a semiconductor within the nitrides group (III), consisting of 

nitrogen and elements sourced from group (V) of Mendeleev's periodic table, specifically 

gallium and indium, as illustrated in Figure II.1 . Gallium-indium nitride represents a blend 

of gallium nitride (GaN) and indium nitride (InN). Consequently, the ensuing discussion in 

this section will primarily focus on the structural, electrical, and optical characteristics of 

InGaN 
[4] [5]  . 

 

 

 

 

 

 

 

 

 

 

 

 

III V 

Figure II.1 : particular semiconductor compounds (III-V) 

indium gallium-nitride (InGaN)
[5]
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II.3 InGaN material properties  

III-Nitrides can crystallize according to two crystalline structures, one with a hexagonal lattice 

(wurtzite) and the other with a cubic lattice (zinc blende). The most commonly used form is 

the wurtzite-type lattice due to its advantageous physical properties and ease of growth 

compared to the other structure. III-V semiconductors are of great interest due to their 

properties: 

 They are robust 

 They have high thermal conductivity 

 Their melting point is high 

 They have a direct band gap 

II.3.1 Optical and Optoelectronics Properties  

 

       III element nitrides (GaN, AIN, InN and their alloys) are semiconductors with remarkable 

properties. The most important is undoubtedly the small band gap of InN at 0.7 eV 
[6]

. This 

extends the spectral coverage of nitrides, now ranging from far ultraviolet with AIN (6.2 eV, 

or 200 nm) 
[7]

, to mid-infrared with InN (0.7 eV, or 1770 nm), through near ultraviolet with 

GaN (3.39 eV, or 365 nm) 
[8]

, and visible with the InGaN or AllnN alloys. The bandgap 

energies of ternary alloys of type AxB1-xN can be described by the following equation 
[9]

: 

   1 ,1 1                                          ( .1)x xA B N AN BN A B

g g gE E x E x b x x II       

where ,A Bb  is the non-linearity (bowing) term representing the deviation from the Vegard's 

law. It is equal to 1eV for AlGaN, 1.4eV for InGaN, and 2.5eV for InAlN 
[9]

. 

 

 Note that other physical quantities such as piezoelectric and elastic coefficients also 

follow the same formula except for the bowing term. 

 

 

 

 

 

 

 

 

 

 

Figure II.2 : Band gap and the corresponding wavelength as a function of 

the lattice hexagonal and Cobic 
[10 ][11]

. 
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Figure II.3 : Correspondence between the solar spectrum AMx and the In(x)Ga(1-x)N gap 
[15].

 

The solar spectrum AMx impact InGaN gap :  

 

The solar spectrum, specifically AMx, significantly impacts the band gap of InGaN materials, 

allowing them to cover a wide range of the solar spectrum from UV to IR regions
[12]

. InGaN 

alloys exhibit band gaps ranging from 0.7eV to 3.4eV, making them suitable for absorbing a 

large portion of sunlight
[13]

. By adjusting the indium (In) concentration in InGaN, the band 

gap can be modulated to maximize solar spectrum absorption, with InGaN reaching band gaps 

from 3.42 to 0.7eV 
[14]

. This tunability enables the optimization of InGaN-based solar cells, 

with simulations showing that the In composition plays a critical role in determining the short 

circuit current density, open circuit voltage, fill factor, and conversion efficiency of InGaN 

solar cells . Additionally, the research highlights the potential of InGaN thin films with larger 

band gaps to match the solar spectrum effectively, paving the way for the design of more 

efficient multi-junction solar cells . 
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The resulting absorption coefficient spectra as well as the wavelength-dependent refractive 

indices of GaN and InxGa1-xN films used in the simulations are presented in Figure II.4 
[16]

 : 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II.3.2 Structural properties of group-III nitrides  

II.3.2.1  Zinc Blende  (GaN and InN structural parameters) 

        Zinc blende is the cubic crystals structure shown by zinc sulfide (ZnS). The structure has 

a diamond-like network. It is a thermodynamically more favoured structure than the other 

form of zinc sulfide. However, it can change its structure upon changing the temperature. For 

instance, zinc blende can become wurtzite if we change the temperature.  

We can characterize the zinc blende as a cubic close-packed (CCP) and a facecentred 

 

       cubic structure. Also, this structure is denser than the wurtzite structure. However, when 

the temperature increases, the density tends to decrease; therefore, a conversion can take place 

from zinc blende to wurtzite. Besides, in this structure, the cations (zinc ions) occupy one of 

the two types of tetrahedral holes present in the structure, and it has four asymmetric units in 

its unit cell
[16][17][18]

.   

Figure II.4 : (a) Refractive index dispersion relations and (b) absorption coefficient spectra 

of GaN substrate and InxGa1-xN films used in the simulations, as extracted from the 

ellispometric data analysis.
[16]

. 

https://typeset.io/papers/structural-properties-of-group-iii-nitrides-sx8ao4g9
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II.3.2.2 Wurtzite (GaN and InN structural parameters) 

      Wurtzite is the hexagonal crystal structure shown by zinc sulfide (ZnS). We call this 

crystal structure hexagonal close packing structure (HCP). We can characterize it by 12 ions 

in the corners of each unit cell, which creates a hexagonal prism structure.  

However, this structure has low thermodynamic stability; thus, it slowly converts into a zinc 

blende structure. Also, this structure has the cations (zinc ions) occupying one of the two 

types of tetrahedral holes present in the structure, but it has two asymmetric units in its unit 

cell.  

 

Table II.1: GaN and InN structural parameters
[18]

. 

 

lattice of 

InGaN  

wurtzite (Hexagonal) Zinc Blende(Cubic) 

 a(A°) c(A°) U(A°) a(A°) 

GaN 3.189 5.185 0.377 4.47 

InN 3.54 5.7 0.378 4.96 

 

Nitride-based materials such as GaN, AlN and InN are widely used for optoelectronic 

applications. These materials can exist in wurtzite, zinc blende and rocksalt crystalline 

structures. In this chapter, we will focus only on the wurtzite structure properties because it is 

the most thermodynamically stable configuration that is usually grown by MOCVD (and in 

this thesis). Schematic of the wurtzite structure is presented in Figure II. 5
 [17][18]

.  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure II. 5: Schematic wurtzite lattice of InGaN material and ( (c) Crystal structure of wurtzite. (d) Unit 

cell of the wurtzite structure. 
[17][18]
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Table II.2: Difference Between Zinc Blende and Wurtzite
[18]

. 

 

 Zinc Blende Wurtzite 

Crystal System Cubic Hexagonal 

Density High Low 

Asymmetric Units Has 4 asymmetric units Has 2 asymmetric units 

Stability Thermodynamically more stable Thermodynamically less stable 

 

II.3.3 Effect of polarization 

The presence of a spontaneous and piezoelectric polarization field is one of the original 

physical properties of III-N semiconductor compounds with a wurtzite structure, grown by 

epitaxy along the <0001> direction, which has consequences for electronic applications. The 

significance of total polarization in nitride compounds is of great interest compared to other 

III-V compound semiconductors such as GaAs
[19]

. 

II.3.3.1 Spontaneous Polarization 

Considering the electronegativity possessed by nitrogen in relation to other elements of group 

V such as gallium and indium, it enables nitrogen to attract electrons more strongly in the Ga-

N bond. The electron cloud will no longer be symmetrical, and the barycenter of the electric 

charges will no longer be located at the center of the two atoms (Ga, N). Such a bond is said 

to be polarized because it acts as if it has a positive pole and a negative pole. The gallium 

atom associated with the four neighboring nitrogen atoms forms dipoles illustrated in figure I-

5 as follows 
[19]

: 

 

There is the appearance of a succession of dipoles oriented in the <0001> direction and the 

creation of an electric field in the opposite direction to this polarization, the material thus has 

a polarization along the c-axis. At zero stress, there exists a spontaneous polarization Psp, as 

mentioned in Table I.2 
[19]

. 

 

 

 

 

 

 

4

1

                                                                ( .4)
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Figure II. 6: polarisation spontanée dans le GaN 
[19]
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The crystalline structure of GaN has a symmetry along the c axis, resulting in the polarization 

gradient 0p     and zero volume charge density. The numerical value of the 

spontaneous polarization of GaN, as well as some III-N elements, is reported in Tableau II-3  

Tableau II-3 : Principales propriétés des III-N, à température ambiante (300K). 
[20]

 

 

A linear law representing the evolution of the spontaneous polarization of the InmGa1-mN 

compound as a function of the aluminum content m can be established based on the values of 

the spontaneous polarization of InN and GaN
[20] [22]

. 

Psp(m)=(-0.052m-0.029) C/m². 

2

1( ) * ( ) (1 )* ( ) * *(1 ).                    . ( 5)/sp x x sp spP x U InitéIn Ga N x P InN x P GaN b x IC m     

0.5 0.52 ( ) 2 ( ) 4 ( )                                                                      ( .6)sp sp spb P InN P GaN P In Ga N II  

 

II.3.3.2 Piezoelectric Polarization 

Piezoelectricity is the ability of certain materials to produce an electric dipole proportional to 

the mechanical stress (tension or compression) that deforms them. Figure II. 7 compares the 

properties of different semiconductors, including GaN, applying pressure to the nitride 

crystals, forcing the structure to accommodate the constraints by varying its lattice 

parameters, namely a0 and c0. This results in a variation of polarization that is not due to the 

variation of spontaneous polarization, since it always exists in the crystal and does not depend 

on any external effect, but rather to another type that will be called piezoelectric polarization. 

The value of this polarization will be calculated from the following formula ( .7)II  
[21] 

: 

 

With: 

e31 and e33 : the piezoelectric constants. 

C13 and C33 : the elastic constants. 

a(0) and a(m) : the equilibrium and under constraint lateral lattice constants. 
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Tableau II-4 : Elastic and piezoelectric coefficients of the main III element nitrides 

compared to GaN. 
[20]

 

 

It should be noted that the coefficients e33, C13, and C33 are always positive, whereas e31 is 

negative: the term (e1-e33 (C13/C33) will therefore be negative, resulting in the fact that for a 

biaxial tensile deformation of the crystal (GaN layers subjected to an extensive stress a>ao), 

the piezoelectric polarization is negative like the spontaneous polarization (Figure II. 7.a), 

and for a compression deformation, the piezoelectric polarization is positive contrary to the 

spontaneous polarization (Figure II. 7.b) 
[22]
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II.3.4 Thermal properties  

 

The parameters for defining thermal properties are:  

 Thermal Dilation: Any material subjected to a temperature change is deformed: this 

is the phenomenon of thermal dilation. This has to be taken into account when 

studying the properties of semiconductors at different temperatures, it was calculated 

by Krukowski et al 
[23]

, a 5.59.10
-6

.K
-1

 for axis a and 4.47.10
- 6

.K
-1

 to axis c. 

 Debye temperature: It characterizes the maximum value of vibration energies, it was 

calculated by Kim et al 
[24]

. And another predicting it between 620 and 690 K. 

 Thermal conductivity: Thermal conductivity is the kinetic property that is 

determined by the contributions of the degrees of electronic freedom: rotation and 

vibration. In semiconductors, due to low electron densities and conduction holes, the 

main contribution to heat transport comes from phonons. In a pure crystal, thermal 

conductivity is determined only by the process of diffusion of phonons. In a real 

crystal, it is also determined by the punctual defects. Of all thermal properties, thermal 

conductivity is most affected by structural defects, the value obtained by porowski et 

al 
[II.25]

, and 1.7 W.cm-1K-1 for impunity concentration of 10
18

 cm
-3

. 

II.3.5 Electronic properties 

The many mechanical, thermodynamic, optical, electronic, structural, thermal and electrical 

properties of the GaN make this semiconductor an attractive element in several areas of use. 

In this paragraph, we will cite a set of properties that we find useful for our further study.  

II.3.5.1 Band Gap 

The GaN, like most III-V materials, has a direct banned broadband. The bandwidth was 

estimated at 3.4 eV at room temperature Figure II. 8 
[26]

 

 

 

 

 

 

 

 

 

 

 

Figure II. 8 : Band structure of wurtzite phase  a) GaN; b) InN and c) InGaN
[26]
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II.3.5.2Carrier mobility  

 

Compared to GaAs and Si, SiC and GaN materials have lower electronic mobility: 800 and 

1000 cm
2
•V

−1
•s

−1
, respectively. Nevertheless, the ability of III-nitrite materials to create a 

two-dimensional electron gas (2DEG) makes GaN very interesting for high-frequency and 

high-voltage applications. Indeed, HEMTs use heterogeneity to contain carriers in a potential 

well and create a two-dimensional channel without any need for GaN doping. In this way, the 

diffusion effects of the mobility of a doped material such as diffusion by ionized impurities 

are eliminated and mobility is significantly increased. This allows a HEMT AlGaN/GaN to 

have a mobility greater than 1200 cm
2
•V

−1
•s

−1
.  

 

II-3-5-3 Dielectric rigidity  

The field of a material is the maximum electrical field it can withstand. Is its value 

proportional to Eg 3/2, or Eg is the energy of gap 
[II.27]

. It is measured at 3.106V/cm at 300K°. 

The GaN has a higher clutch range than the Si and Sic, making the round the most suitable for 

high voltage applications. 

 

Tableau II-5 : Presents the electronic and thermal properties of several well-known 

semiconductors in comparison with GaNProperties at 300 K. 
[11]

 

 

Properties at 300 K SI GaAs InP 4H-

SiC 
GaN 

ALN Diamant 

Band Energy interdit Eg  (eV)
 1.12 1.43 1.35 3.25 3.43 6.0 5.45 

Champ of claquage Fd 

(MV/cm)  

0.3 0.4 0.45 3 
3 

12 10 

Electron Saturation Rate 

Vs(*10
7
cm/s) 

1 1 1 2 
1.75 

1.5 2.7 

Mobility of electrons 

 12 210 /e cm Vs   

1500 0.85 0.46 800 
0.5 

300 1800 

Electron Density per Surface 

Unit  12 210sn cm  

. 0.2 3 . 
. 

. . 

Thermal conductivity

 / .w cm k  

1.5 0.5 0.7 4.9 
1.5 

2 22 
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II.4 State-of-the-art of InGaN-based solar cells : 

     The proposal to use InGaN alloys for solar cell application has been done in 2003 by Wu 

et al. But the first announcement about a InGaN-based device has been published only two 

years later. Different structure designs were verified to optimize photovoltaic properties of 

InGaN solar cells. Generally, all proposed structures can be divided on two main groups that 

are discussed in this sub-section: homojunctions and heterojunctions. 

 

II.4.1 Homojunctions  
 

A homojunction is a type of semiconductor junction where both sides of the junction are 

made of the same material. In other words, it is a junction formed between two regions of the 

same semiconductor material but with different doping levels. This type of junction is 

commonly used in semiconductor devices such as diodes and transistors. The homojunction 

allows for the easy formation of a pn-junction, which is important for the operation of many 

semiconductor devices
[28].

.   

examples of semiconductor devices that utilize homojunctions: 

 

Bipolar Junction Transistors (BJTs): In a BJT, the emitter-base and base-collector 

junctions are often homojunctions. These junctions are crucial for the operation of the BJT as 

they control the flow of current in the device. 

 

Diodes: Many types of diodes, such as p-n junction diodes, Schottky diodes, and tunnel 

diodes, utilize homojunctions at their core for rectification and signal processing purposes. 

 

Photodiodes: Photodiodes are semiconductor devices that convert light into electrical current. 

They often consist of a homojunction that generates electron-hole pairs when exposed to light. 

 

Solar Cells: Solar cells, also known as photovoltaic cells, convert sunlight into electricity. 

Most solar cells are made using homojunctions or heterojunctions to improve the efficiency of 

converting light into electrical energy. 

 

Integrated Circuits (ICs): ICs consist of interconnected semiconductor components, 

including transistors and diodes, that are often built using homojunction technology at their 

core. 

 

These are just a few examples of semiconductor devices that make use of homojunctions. 

Homojunctions play a vital role in the functionality and performance of various 

semiconductor devices in modern electronics. 

 

The performance of p-InGaN/P-InGaN/n-InGaN homojunctions can be significantly affected 

by the introduction of a P-InGaN layer. Here are some ways in which the P-InGaN layer can 

impact the performance: 

 

 

1. Improved hole injection: The P-InGaN layer can facilitate efficient injection of holes into 

the active region of the device, which can enhance the overall carrier distribution and improve 

device performance. 
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2. Reduction of polarization effects: The introduction of a P-InGaN layer can help reduce the 

effects of built-in electric fields due to polarization mismatch at the heterointerfaces, which 

can improve the device's efficiency and operational stability. 

 

3. Enhanced carrier confinement: The P-InGaN layer can help confine carriers within the 

active region of the device, leading to improved recombination efficiency . 

Certainly! Here are some examples of semiconductor devices that utilize homojunctions
[28].

 

.   

II.4.2 Heterojunctions or Multi-junction cells  

Multi-junction cells, particularly those based on III-V compound materials, offer a promising 

avenue for achieving high-efficiency solar cells beyond the limitations of single-junction cells 

approaching the Shockley-Queisser limit . By stacking semiconductor materials with different 

bandgaps, multi-junction cells can efficiently absorb various portions of the solar spectrum, 

leading to impressive conversion efficiencies. These cells have demonstrated record 

efficiencies of up to 47.1% under concentration, showcasing their potential for high power 

generation per unit cost . Additionally, advancements in multi-junction cell technologies, such 

as integrating nanoantenna arrays to concentrate electromagnetic radiation and improve 

current generation, further enhance the efficiency and performance of these cells . Overall, 

multi-junction cells represent a significant advancement in photovoltaic technology, offering a 

pathway towards cleaner and more efficient energy production
[29]

. 

Semiconductor power devices like InGaN and GaN exhibit essential material characteristics 

crucial for power electronics applications. GaN, a wide bandgap semiconductor, possesses 

high electron saturation velocity, a large critical field, and excellent thermal stability, making 

it ideal for high-power microwave frequencies 
[29]

. GaN devices benefit from a two-

dimensional electron gas (2DEG) generated by spontaneous and piezoelectric polarization 

effects in GaN heterostructures, leading to high sheet charge density essential for high power 

handling capabilities . In contrast, InGaN, a III-V compound semiconductor, offers large 

bandwidth, high thermal conductivity, and fast electron saturation rates, making it suitable for 

high-frequency and high-power electronic devices . The integration of these materials in 

power converters is crucial for enhancing performance beyond the limitations of traditional 

Silicon-based switches 
[30]

. 
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II.4.3 Generation of solar cells 

. Photovoltaic cells can be categorized by four main generations: first, second, third, and 

fourth generation. The details of each are discussed in the next section
[31] 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II.4.4 Advantages, challenges, and strategies of InGaN-based solar cells 

II.4.4.1 Advantages of InGaN-based Solar Cells[32]. 

 

1. Wide Bandgap: Indium Gallium Nitride (InGaN) has a wide bandgap, which allows for 

the absorption of a large portion of the solar spectrum, including the ultraviolet and visible 

regions. 

2. High Absorption Coefficient: InGaN materials have a high absorption coefficient, 

enabling efficient absorption of sunlight with a relatively thin absorber layer. 

3. Tunability: The bandgap of InGaN can be tuned by adjusting the indium composition, 

allowing for optimization of the absorption spectrum for solar energy conversion. 

Figure II. 9 : Generation of solar cells InGaN
[31]

 

 Indium-Gallium 

-Nitrue InGaN 



   
 

 Page 40 

Chapter II 

The properties of InGaN material 

 

4. High Carrier Mobility: InGaN materials exhibit high carrier mobility, enabling efficient 

charge transport within the solar cell structure. 

 

5. Temperature Stability: InGaN-based solar cells can exhibit good temperature stability, 

maintaining performance under varying environmental conditions. 

 

II.4.4.2 Challenges of InGaN-based Solar Cells 

 

1. Heterostructure Growth: Growing high-quality InGaN heterostructures with precise 

control over composition and defect density is challenging, affecting the performance and 

reliability of the solar cells. 

2. Carrier Recombination: InGaN materials are prone to carrier recombination processes, 

reducing the efficiency of charge extraction and affecting overall device performance. 

3. Material Compatibility: Integrating InGaN with other materials in the solar cell structure 

can pose challenges due to differences in lattice constants and thermal expansion coefficients. 

4. Surface Morphology: Achieving smooth and defect-free surfaces in InGaN layers is 

crucial for device performance, but it can be challenging during the growth process
[32]

.. 

 

II.4.4.3 Strategies for Enhancing InGaN-based Solar Cells 

 

1. Optimized Growth Techniques: Implementing advanced growth techniques such as 

molecular beam epitaxy (MBE) or metal-organic chemical vapor deposition (MOCVD) can 

improve the quality of InGaN layers and heterostructures. 

2. Surface Passivation: Employing surface passivation techniques to reduce surface 

recombination and improve the overall quality of InGaN-based solar cells. 

3. Incorporation of Nanostructures: Integration of nanostructures like quantum dots or 

nanowires in InGaN solar cells can enhance light absorption and charge carrier extraction. 

4. Band Engineering: Tailoring the band structure of InGaN-based solar cells through alloy 

composition engineering and bandgap grading to improve carrier collection and reduce 

recombination losses. 
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5. Improved Contact Layers: Designing efficient transparent conductive oxide (TCO) and 

metal contact layers to enhance light transmission and improve charge carrier extraction 

efficiency. 

By addressing these challenges and implementing strategic approaches to enhance the 

performance of InGaN-based solar cells, researchers aim to harness the unique advantages of 

InGaN materials for efficient and cost-effective solar energy conversion applications
[32]

 

Figure II. 10..   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II. 10 : Advantages, challenges, and strategies of InGaN-based solar cells 
[32]

. 
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II.5 conclusion 

 

            In this second chapter, we present a study of the structural and electrical properties of 

indium gallium nitride (InGaN). InGaN is an ideal candidate for the manufacture of high-

performance photovoltaic solar cells, particularly for high-temperature applications. We have 

also presented its equivalent circuit and the state of the art of InGaN-based PV cells shows 

that this material has significant advantages for the realization of high-efficiency solar cells. 

The following chapter III will focus on the simulation of single-junction PN and PPN 

structures, with the influence of p-InGaN layer thickness and doping concentrations on the 

photovoltaic parameters of InGaN-based solar cells. 
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III.1 Introduction 

             This chapter consists of two main parts, the first part gives a detailed description of 

the Solar Cell Capacitance Simulator (SCAPS-1D) which is used to simulate the solar cell 

performances based on p-InGaN/n-InGaN Single Junction. The second part describes the PN 

and PPN junction solar cells structures  , some physical parameters such as thickness and 

doping concentration concerning both junction used in this study. This part also presents and 

discusses some results obtained using the Scaps 1D program.  

III.2 Description of the SCAPS 1D Simulator [1] 

In order to simulate and control all the parameters of a photovoltaic device using 

SCAPS software, we need to go through three main windows: 

- Execution window « action panel » ; 

- Device design and problem definition window « Definition panel » ; 

- Results window. 

 

a). Main menu « Action panel » 

After launching the software and opening the run window (Figure III.1), you can 

modify the following parameters: temperature, series and parallel resistance, and illumination 

parameters. At any time, you can access the other two windows, the device design window 

and the results window, as shown in the figures below. 

 

 b) Structure selection 

            When you click on the «  SET PROBLEM » button on the action panel, the «  SOLAR 

DEFFINITION «  panel appears. This allows you to create or modify solar cell structures and 

save or load them from other files (Figure III. 2). 
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There are dedicated panels for the basic actions: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1. 

1. Run SCAPS .  

2. Define the problem, thus the geometry, 

the materials, all properties of your solar 

cell 

3. Indicate the circumstances in which 

you want to do the simulation, i.e. 

specify the working point  

4. Indicate what you will calculate, i.e. 

which measurement you will simulate. 

5. Start the calculation(s) 

6. Display the simulated curves. 

Figure III.1: SCAPS startup panel, the action or main panel 

1. Run SCAPS :  
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c). Layer properties 

            The window shown in Figure. III.3 contains several parameters such as gap energy, 

electrical permittivity, affinity, doping and doping type. It should be noted that the user can 

directly use standard values in the software's data files. 

 

 

 

 

 

 

 

 

 

 

 

2. Define the problem, thus the geometry, the materials, all properties of your solar cell 

 

Figure III.2: Definition of a solar cell structure. 

Figure III.3: Parameters of a p-In0.60Ga0.40N cell layer. 
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d). Simulation results « Characteristic I(V) » 

            Run the « Calculate » simulation, note the simulation results ( Jsc ,Voc ,FF, η ) in the 

« I-V panel » window, the I-V characteristic....These results can be displayed and copied as a 

table by pressing « show » (figure III.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

III.3  Structure of a PN and PPN-junction  

The structure chosen for our study is an InGaN-based solar cell, one having a PN structure : 

p-Ino.70Gao.30N/ n-Ino.70Gao.30N single junction and the other is PPN cell: p-Ino.60Gao.40N/ p-

Ino.70Gao.30N/ n-Ino.70Gao.30N , as schematized in figure III.5. Where the top layer  is quasi-

transparent, to allow radiation absorption in the p region. 

In order to obtain a high efficiency, we will use an indium concentration of 60% and 70%. 

The PPN-InGaN solar cell was created with indium composition ranging from 60% to 70% (x 

= 0.6–0.7) because most reports in the literature suggested that the best efficiency can be 

achieved using these indium compositions 
[2,3]

. For comparison, a PN-junction Ino.70Gao.30N 

solar cell was also simulated (Figure III.5). 

The InxGa1−x N material system is a ternary system where it’s electrical and optical 

parameters are determined by the composition ratio of In and Ga. The InxGa1−xN absorption 

coefficient 
[4]

, α(E), is a function of energy and band gap as a function of indium composition 

can be expressed, respectively 
[5]

: 

Figure III.4: Display panel for I-V curves 
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where Eg(x) is the band gap of InxGa1−x N, E is the energy of photons and α0 for GaN is 

approximately 2 × 10
5
 cm

−1
. The α0 of the InxGa1−xN is assumed to be the same as that of 

GaN. Eg (InN) is equal to 0.7eV, Eg (GaN) is equal to 3.4eV and b is the bowing parameter, 

which account for the non-linear fit of band gap energies, and is equal to 1.43eV 
[6]

. 

To obtain the electron mobility in the alloy, we used the concentration-dependent formula 

below 
[7]

. 
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i represents electrons or holes, N and Ng represent the doping concentration and critical 

doping of the material respectively, and y is a constant. 

In order to calculate the mobility of the material, we have grouped together in the table below 

the various values taken from the literature for the different parameters of GaN and InN 
[1]

. 

Table III.1: Difference Parameters Between GaN and InN 
[1,2]

. 

 

Parameters GaN InN 

µmin,e (cm
2
/V.s) 55 30 

µmax,e (cm
2
/V.s) 1000 1100 

ye [s d] 1 1 

Ng,e (cm
-3

) 2.10
17 

8.10
18 

µmin,h (cm
2
/V.s) 3 3 

µmax,h (cm
2
/V.s) 170 340 

yh [s d] 2 2 

Ng,h (cm
-3

) 3.10
17 

3.10
17 
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All the InxGa1-xN parameters used for the simulation are listed below 

 

 Relative permittivity 
[8 , 9]

: 

          1 * 1 * 14.6* 1 40.4*(1 )                    .x xIn Ga N x InN x GaN Ix IIx          

 No. of state in conduction band 
[8,9]

: 

            18 3

1 * 1 * 0.9* 2.3* 1 * 510   .C x x C CN In Ga N x N InN x N GaN Ix x Ic Im

         

 No. of state in valence band 
[8,9]

: 

            19 3

1 * 1 * 5.3 6* 1.8* 1 *10  .       V x x V VN In Ga N x N InN x N GaN x cm IIx I

        

 Electron affinity 
[8,9]

: 

        0.7 3.4 4.1 0.7 3.4             7                                    . GaN Eg Eg V IIIe                                             

III.3.1 Solar cell structure 

            Figure III.5 depicts the schematic structure of the p- In0.65Ga0.35N /n- In0.65Ga0.35N PN 

single-junction solar cell and p-Ino.60Gao.40N/ p-Ino.70Gao.30N/ n-Ino.70Gao.30N PPN junction 

under investigation. In our structures, dp and dn of the PN junction and dp1,dp2 and dn2 of the 

PPN junction represents the thicknesses, respectively. The solar cells receive sun radiation 

AM 1.5G lighting with an irradiation intensity of 1000 W/m
2
. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. III.5   Structure of a PN-junction (left) and a PPN-junction (right) InGaN solar cell. 
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The physical and geometric parameters of each layer of InGaN are given in the Table1 below 
[10]

: 

 

Table III.2 : Simulation parameters for the InGaN materials in the PN and PPN 

junction InGaN solar cells. 
[10]

 

Parameters 
Value 

In0.7Ga0.30N In0.6Ga0.40N 

Bandgap, Eg (eV) 1.21 1.44 

Electron affinity, χ (eV) 5.2 5.46 

Relative permittivity,ε 13.38 12.74 

Effective density state of the conduction band Nc (cm
-3

) 1.32x10
18 

1.46x10
18

 

Effective density state of the valence band Nv (cm
-3

) 4.25x10
19

 3.90x10
19

 

Carrier concentration (cm
-3

) for n and p layers 1x10
18 

1x10
18 

Capture cross section electrons (cm
2
) 1.0x10

-15 
1.0x10

-15 

Capture cross section holes (cm
2
) 1.0x10

-15 
1.0x10

-15 

Defect density (cm
-3

) 1.0x10
-14 

1.0x10
-14 

 

III.3.2 The bandgap strucure of PN and  PPN junction InGaN solar cells 

            The PPN solar cell is composed of a thin p-InGaN layer with a high indium 

composition on top of a PN junction InGaN solar cells. The addition of a thin top p-InGaN 

layer creates a graded energy bandgap. 

Figure III.6 (a), (b) shows that the PPN structure performs better than the PN structure 

because it includes an additional layer of p-In0.6Ga0.4N with a slightly larger bandgap. In 

addition, the extra layer of p-InGaN has increased the number of holes in the solar cell and 

caused the Fermi level to shift towards the conduction band. The generation of holes and 

electrons in the PN and PPN junction solar cells is shown in Figure III.6 (black and white 

circles represent electrons and holes respectively). The PPN structure had a wider band gap 

and could absorb more light than the PN structure
[10]

. 
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Figure III. 6 (a) Diagram of band energy levels of the PPN structure 

Figure III. 6 (b) Diagram of band energy levels of the PN structure 
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III.3.3 Structure of PN junction p-In0.7Ga0.3N/ n-In0.7Ga0.3N 

III.3.3.1 Influence of the thickness in the p-In0.70Ga0.30N and n-In0.70Ga0.30N  regions. 

The effects of the thickness layers in the p-In0.70Ga0.30N and n-In0.70Ga0.30N  regions on the 

photovoltaics parameters sush as Voc, Jsc, FF, and η of the PN junction solar cells were 

investigated.  

a- Influence of the thickness in top p-In0.7Ga0.3N region (dp) 

The thickness of top layer p-In0.7Ga0.3N (dp) was varied from 0.01 μm to 1.0 μm while 

maintaining the thickness of bottom layer n-In0.7Ga0.3N at  1.0 μm and carrier density Na and 

Nd at 10
18

 cm
-3

. The results are provided in Table 1 and Figure. III.7.(a),(b),(c) and (d).  

Table III.3 : Influence of the thickness of top p-InGaN region (dp) 

 dn = 1um, Na = 1.10
18

 cm
-3

 , Nd = 1.10
18

 cm
-3

 

dp (um) 0.01 0.05 0.1 0.3 0.5 0.8 1 

Jsc(mA/cm
2
) 34.767575 35.393179 35.883707 35.591176 34.078541 31.514610 29.895391 

Voc (V) 0.7607 0.7614 0.7621 0.7633 0.7634 0.7632 0.7629 

FF (%) 84.83 85.04 85.09 85.18 85.22 85.25 85.26 

η (%) 22.44 22.92 23.27 23.14 22.17 20.50 19.44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.III.7 (a) IV curves of the PN-

junction InGaN solar cell structure. 

 

Fig.III.7 (b) Quantum efficiency curves 

of the PN-junction InGaN solar cell 

structure. 
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            Figure III.7 (a) depicts the J(V) characteristics of p- In0.7Ga0.30N /n- In0.7Ga0.30N single 

junction solar cells of varying p- In0.7Ga0.30N thicknesses (dp). We can see that  the p- 

In0.65Ga0.35N layer thikness of 10 nm has the highest  Jsc (35.88 mA/cm
2
) and Jsc decrease 

with increasing  p- In0.7Ga0.30N  layer thikness. On the other hand Voc  increases slowly of 

few mV from 0.7607 to 0.7634 V at 500 nm and drop at 0.7629V   

            when p-In0.7Ga0.30N layer thikness is of 1000 nm. Although a thicker p- In0.7Ga0.30N 

layer improves absorption and creates more carriers, a longer drift length makes it more 

difficult for photogenerated carriers to reach the p contact. JSC reduces slightly 
[11,12]

. 

           The quantum efficiency of p-In0.7Ga0.30N /n-In0.7Ga0.30N single junction solar cells 

under AM1.5 is displayed in Figure III.7 (b). was around 98% with dp of 0.1um to 75% with 

dp of 1um, throughout a broad spectral range (200–600 nm), and it progressively decreased at 

longer wavelengths. These findings demonstrate the efficiency of the suggested single-

junction solar cell construction and the near total conversion of all absorbed photons into 

charge carriers 
[11,12]

. 

Figure.III.7 (c) represents both the variation of short-circuit density current Jsc and open 

circuit voltage (Voc), as function of the  p-In0.7Ga0.30N layer thikness  (dp) ranging from 0.01 

µm to 1 µm. As we can see, the short circuit density current Jsc is decreasing linearly with 

increasing p-In0.7Ga0.30N layer thikness (dp) 
[11,12]

 

Figure.III.7 (d) shows the effects of the p-In0.7Ga0.30N layers’ thickness on the Efficiency (η) 

and FF. It can be seen that the Efficiency (η) and FF are more sensitive to the thickness 

variation of  p-In0.7Ga0.30N. In this range, it can be noticed that the η of the p-In0.7Ga0.30N solar 

cells reduces with increasing p-In0.7Ga0.30N  thickness, while the FF increase slowly with 

Fig III.7 (c) Effect of thickness of top 

layer on Jsc and Voc 

 

Fig III.7 (d) Effect of thickness of top 

layer on FF and eta 
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increasing p-In0.7Ga0.30N thickness. It’s clear that the p-In0.7Ga0.30N  layer thikness of 0.1 µm 

gives maximum efficiency of about 23.27% and fill factor FF starts to increase slowly beyond 

this value of p-In0.7Ga0.30N layer thikness. 

b-Influence of the thickness in bottom n-In0.7Ga0.3N  region (dn) 

The thickness of bottom layer n-In0.7Ga0.3N (dn) was varied from 0.01 μm to 1.0 μm while 

maintaining the thickness of top layer p-In0.7Ga0.3N at 1.0 μm and carrier density Na and Nd 

at 1018 cm-3. The results are provided in table 2 and Figure. III.8.(a-d).   

Table III.4 : Influence of the thickness of bottom n-InGaN region (dn) 

 dp = 1um, Na = 1.10
18

 cm
-3

 , Nd = 1.10
18

 cm
-3

 

dn (um) 0.01 0.05 0.1 0.3 0.5 0.8 1 

Jsc(mA/cm
2
) 29.507892 29.528137 29.585752 29.726687 29.801548 29.866861 29.895391 

Voc (V) 0.7496 0.7500 0.7516 0.7561 0.7591 0.7617 0.7629 

FF (%) 84.97 85.12 85.14 85.18 85.19 85.23 85.26 

η (%) 18.79 18.85 18.93 19.14 19.27 19.39 19.44 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.III.8 (a) IV curves of the PN-

junction InGaN solar cell structure. 

Fig.III.8 (b) Quantum efficiency curves of 

the PN-junction InGaN solar cell structure. 

Fig III.8 (c) Effect of thickness of bottom layer on 

Jsc and Voc 

Fig III.8 (d) Effect of thickness of bottom layer on 

FF and eta 
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In figure III.8 we can see that the thickness of the bottom n-InGaN (dn) layer in the PN 

jonction did not have any notable effects on Voc and FF (Fig.III.8 (a) and [b]) but had a 

remarkable effect on Jsc and η (Fig. III.8 (c) and (d)).  

III.3.3.2 Influence of the doping concentration in the p-In0.70Ga0.30N and n-

In0.70Ga0.30N  regions. 

The effects of the  doping concentration in the p-In0.70Ga0.30N and n-In0.70Ga0.30N  regions on 

the photovoltaics parameters sush as Voc, Jsc, FF, and η of the PN junction solar cells were 

investigated.  

a-  Influence of the doping concentration in the top p-In0.70Ga0.30N region 

The doping concentration of the top layer p-In0.7Ga0.3N (Na) was varied from 1.10
15

 to 1.10
20

 

cm
-3

 while maintaining the thickness of top (dp) and bottom (dn) layer at 0.01 and 1.0 μm 

respectivelly and carrier density Nd of the bottom layer at 10
18

 cm
-3

. The results are provided 

in table 3 and Figure. III.9.(a),(b).  

Table III.5 : Influence of the doping concentration in the top p-InGaN region 

 dp = 0.01um, dn = 1um, Nd = 1.10
18

 cm
-3

 

Na (cm
-3

) 1.10
15 

1.10
16 

1.10
17 

1.10
18 

1.10
19 1.10

20 

Jsc(mA/cm
2
) 34.686092 34.707217 34.729528 34.767576 34.875249 34.911269 

Voc (V) 0.5882 0.6478 0.7068 0.7607 0.7905 0.7973 

FF (%) 82.02 83.15 84.10 84.83 85.26 85.29 

η (%) 16.74 18.69 20.64 22.44 23.51 23.74 

In the PN structure, as the doping concentration of top layer increased from 10
15

 cm
-3

 to 10
20

 

cm
-3

, Voc gradually increased from 0.5882 V to 0.7973 V . Jsc and FF 

 

 

 

 

 

 
Fig III.9 (a) Effect of the doping concentration of 

top layer on Jsc and Voc 

Fig III.9 (b) Effect of the doping concentration of 

top layer on FF and eta 
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Remained constant and eta increase (Figure. III.9.(a),(b)). 

The doping concentration of the top layer p-In0.7Ga0.3N (Na) was varied from 1.10
15

 to 1.10
20

 

cm
-3

 while maintaining the thickness of top (dp) and bottom (dn) layer at 0.01 and 1.0 μm 

respectivelly and carrier density Nd of the bottom layer at 10
20

 cm
-3

. The results are provided 

in Table 6.  

Table III.6 : Influence of the doping concentration in top layer (dp = 0.01 um, dn = 1um, 

Na = 1.10
20

 cm
-3

) 

 dp = 0.01um, dn = 1um, Nd = 1.10
20

 cm
-3

 

Na (cm
-3

) 1.10
15 

1.10
16 

1.10
17 

1.10
18 

1.10
19 1.10

20 

Jsc(mA/cm
2
) 34.140502 34.142734 34.144964 34.146764 34.161853 34.198341 

Voc (V) 0.5880 0.6477 0.7073 0.7668 0.8259 0.8800 

FF (%) 82.50 83.67 84.68 85.52 86.31 86.91 

η (%) 16.56 18.50 20.45 22.39 24.35 26.16 

 

The doping concentration of the top layer p-In0.7Ga0.3N (Na) was varied from 1.10
15

 to 1.10
20

 

cm
-3

 while maintaining the thickness of top (dp) and bottom (dn) layer at 1.0 μm and carrier 

density Nd of the bottom layer at 10
20

 cm
-3

.The results are provided in Table 7.  

Table III.7 : Influence of the doping concentration in top layer (dp = 1 um, dn = 1um, 

Nd = 1.10
20

 cm
-3

) 

 dp = 1um, dn = 1um, Nd = 1.10
20

 cm
-3

 

Na (cm
-3

) 1.10
15 

1.10
16 

1.10
17 

1.10
18 

1.10
19 1.10

20 

Jsc(mA/cm
2
) 38.189579 30.718637 30.718637 29.998063 29.763546 29.687995 

Voc (V) 0.5925 0.6524 0.7120 0.7715 0.8302 0.8823 

FF (%) 77.20 80.33 83.70 85.33 86.34 87.00 

η (%) 17.47 17.31 18.31 19.75 21.34 22.79 

 

b- Influence of the doping concentration in the bottom n-In0.7Ga0.3N  region 

The doping concentration of the bottom layer n-In0.7Ga0.3N (Nd) was varied from 1.10
15

 to 

1.10
20

 cm
-3

 while maintaining the thickness of top (dp) and bottom (dn) layer at 0.01 and 1.0 
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Fig III.10 (a) Effect of the doping 

concentration of bottom layer on Jsc and 

Voc 

Fig III.10 (b) Effect of the doping 

concentration of bottom layer on FF and eta 

μm respectivelly and carrier density Na of the bottom layer at 10
18

 cm
-3

. The results are 

provided in table 8 and Figure. III.10.(a),(b).  

Table III.8 : Influence of the doping concentration in the bottom n-InGaN region 

 dp = 1um, dn = 0.01um, Na = 1.10
18

 cm
-3

 

Nd (cm
-3

) 1.10
15 

1.10
16 

1.10
17 

1.10
18 

1.10
19 1.10

20 

Jsc(mA/cm
2
) 29.470475 29.480007 29.490156 29.507892 29.560180 29.582094 

Voc (V) 0.5843 0.6438 0.7020 0.7496 0.7680 0.7709 

FF (%) 82.18 83.34 84.29 84.97 85.30 85.32 

η (%) 14.15 15.82 17.45 18.79 19.36 19.46 

 

 

 

 

 

 

 

 

 

 

 

 

 

The change in the doping concentration of the bottom layer in the PN jonction from 10
15

 cm
-3

 

to 10
20

 cm
-3

 resulted in little change in η (Fig. III.10 (b)).However eta (η) increased from 

14.15% to 19.46%. 

The doping concentration of the bottom layer n-In0.7Ga0.3N (Nd) was varied from 1.1015 to 

1.1020 cm-3 while maintaining the thickness of top (dp) and bottom (dn) layer at 1 and 0.01 

μm respectivelly and carrier density Na of the bottom layer at 1020 cm-3. The results are 

provided in table III. 9.  
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Table III.9 : Influence of the doping concentration in the bottom n-InGaN of PN 

junction (dn =0.01um) 

 dp = 1um, dn = 0.01um, Na = 1.10
20

 cm
-3

 

Nd (cm
-3

) 1.10
15 

1.10
16 

1.10
17 

1.10
18 

1.10
19 1.10

20 

Jsc(mA/cm
2
) 29.231984 29.235254 29.238405 29.243078 29.255813 29.270796 

Voc (V) 0.5842 0.6438 0.7035 0.7630 0.8213 0.8684 

FF (%) 82.34 83.52 84.54 85.42 86.24 86.88 

η (%) 14.06 15.72 17.39 19.06 20.72 22.08 

 

The doping concentration of the bottom layer n-In0.7Ga0.3N (Nd) was varied from 1.10
15

 to 

1.10
20

 cm
-3

 while maintaining the thickness of top (dp) and bottom (dn) layer at 1 μm and 

carrier density Na of the bottom layer at 10
20

 cm
-3

. The results are provided in Table III.10.  

Table III.10 : Influence of the doping concentration in the bottom n-InGaN of PN 

junction (dn = 1um) 

 dp = 1um, dn = 1um, Na = 1.10
20

 cm
-3

 

Nd (cm
-3

) 1.10
15 

1.10
16 

1.10
17 

1.10
18 

1.10
19 1.10

20 

Jsc(mA/cm
2
) 29.702907 29.661760 29.620538 29.624532 29.675050 29.687996 

Voc (V) 0.6036 0.6712 0.7333 0.7932 0.8483 0.8823 

FF (%) 82.22 0.8395 85.06 85.89 86.60 87.00 

η (%) 14.74 16.71 18.47 20.18 21.80 22.79 

III.3.4 Structure of PPN junction p-In0.6Ga0.4N/p-In0.7Ga0.3N/n-In0.7Ga0.3N 

III.3.4.1 Influence of the thickness in PPN junction  

The effects of the  thickness layers in the p-In0.6Ga0.4N/p-In0.7Ga0.3N/n-In0.7Ga0.3N  regions on 

the photovoltaics parameters sush as Voc, Jsc, FF, and η of the PN junction solar cells were 

investigated.  

III.3.4.1.1 Influence of the thickness of top p-In0.6Ga0.4N region (dp1) 

The tickness of the top layer p-In0.6Ga0.4N (dp1) was varied from 0.01 to 1um while 

maintaining the thickness of middle (dp2) and bottom (dn2) layer at 1.0 μm and carrier density 
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Na1 of the top, Na2 of the middle and Nd2 of the bottom layer at 10
18

 cm
-3

. The results are 

provided in table 11 and Figure. III.11.(a-d).   

Table III.11 : Influence of the thickness layer  in the top p-InGaN of PPN junction  

 dp2 = 1um, dn2 = 1um, Na1 = 1.10
18

 cm
-3

, Na2 = 1.10
18

 cm
-3

  , Nd2 = 1.10
18

 cm
-3

 

dp1 (um) 0.01 0.05 0.1 0.3 0.5 0.8 1 

Jsc(mA/cm
2
) 38.576743 38.490464 38.281416 36.915974 35.333319 33.089020 31.744137 

Voc (V) 0.8019 0.8018 0.8016 0.8002 0.7989 0.7970 0.7959 

FF (%) 85.93 85.94 85.94 85.98 85.98 85.97 85.97 

η (%) 26.58 26.52 26.37 25.40 24.27 22.67 21.72 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.III.11 (a) IV curves of the PPN-junction 

InGaN solar cell structure. 

Fig.III.11 (b) Quantum efficiency curves of 

the PPN-junction InGaN solar cell structure. 

Fig III.11 (c) Effect of the thickness of top 

(dp1) layer on Jsc and Voc 

Fig III.11 (d) Effect of the thickness of top 

(dp1) layer on FF and eta. 
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The variations in quantum efficiency as a function of incident wavelength for  solar cell is 

shown in Fig.III.11.(b). The PPN structure achieved a higher quantum efficiency than the PN 

structure because the thin p-In0.6Ga0.4N layer had an energy bandgap of approximately 1.44 

eV (840 nm), which fell within the highest power in the AM0 and AM1.5 spectra (800 nm–

900 nm). Moreover, the thin p-In0.6Ga0.4N layer caused the absorption edge to shift toward 

higher energy photons 
[10]

. 

III.3.4.1.2 Influence of the thickness of the middle p-In0.7Ga0.3N region (dp2) 

The tickness of the middle layer p-In0.7Ga0.3N (dp2) was varied from 1.10
15

 to 1.10
20

 cm
-3

 

while maintaining the thickness of top (dp1) and bottom (dn2) layer at 1.0 μm and carrier 

density Na1 of the top, Na2 of the middle and Nd2 of the bottom layer at 10
18

 cm
-3

. The results 

are provided in table 12 and Figure. III.12.(a),(b).  

Table III.12 : Influence of the thickness layer  in the middle p-InGaN of PPN junction  

 dp1 = 1um, dn2 = 1um, Na1 = 1.10
18

 cm
-3

, Na2 = 1.10
18

 cm
-3

  , Nd2 = 1.10
18

 cm
-3

 

dp2 (um) 0.01 0.05 0.1 0.3 0.5 0.8 1 

Jsc(mA/cm
2
) 30.094914 30.181155 30.405661 31.028006 31.376548 31.648247 31.744137 

Voc (V) 0.7943 0.7945 0.7947 0.7953 0.7956 0.7958 0.7959 

FF (%) 85.62 85.84 85.86 85.92 85.94 85.96 85.97 

η (%) 20.47 20.58 20.75 21.20 21.45 21.65 21.72 

 

 

 

 

 

 

 

 

 

 
Fig III.12 (a) Effect of the thickness of 

bottom (dn2) layer on Jsc and Voc 

Fig III.12 (b) Effect of the thickness of 

bottom (dn2) layer on FF and eta 
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Fig III.13 (a) Effect of the doping 

concentration of top (dp1) layer on Jsc and Voc 

Fig III.13 (b) Effect of the doping 

concentration of top (dp1) layer on FF and eta 

The bottom p-In0.7Ga0.3N layer (dn2) of the PPN structures did not contribute to any 

substantial change in Jsc , Voc, FF and η. 

III.3.4.2 Influence of the doping concentration in the PPN junction  

The effects of the doping concentration in the p-In0.6Ga0.4N/p-In0.7Ga0.3N/n-In0.7Ga0.3N  

regions on the photovoltaics parameters sush as Voc, Jsc, FF, and η of the PN junction solar 

cells were investigated.  

III.3.4.2.1 Influence of the doping concentration in the top p-In0.60Ga0.40N region (Na1) 

The doping concentration of the top layer p-In0.6Ga0.4N (Na1) was varied from 1.10
15

 to 1.10
20

 

cm
-3

 while maintaining the thickness of top (dp1), middle (dp2), and bottom (dn2) layer at 

0.01, 1.0 and 1.0 μm respectivelly and carrier density (Na2) of the middle and (Nd2) of the 

bottom layer at 10
18

 cm
-3 

respectivelly. The results are provided in Table 13 and Figure. 

III.13.(a),(b).  

Table III.13 : Influence of the doping concentration in the top p-InGaN of PPN junction 

(Nd2 = 1.10
18

 cm-3) 

 dp1 = 0.01um, dp2 =1um,  dn2 = 1um, Na2 = 1.10
18

 cm
-3

, Nd2 = 1.10
18

 cm
-3

 

Na1 (cm
-3

) 1.10
15 

1.10
16 

1.10
17 

1.10
18 

1.10
19 1.10

20 

Jsc(mA/cm
2
) 36.948724 38.348353 38.549770 38.576743 38.579215 38.578846 

Voc (V) 0.7914 0.8000 0.8011 0.8012 0.8012 0.8012 

FF (%) 85.90 85.98 86.01 86.01 86.01 86.01 

η (%) 25.12 26.38 26.56 26.58 26.59 26.59 
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The doping concentration of the top p-In0.60Ga0.40N layer (Na1) in the PPN structure did not 

substantially affect Jsc and FF (Fig.III.13 (a) and (b)). However, a noticeable change was 

observed in Voc and η (Fig.III.13 (a) and (b)).  

Voc: it changed from 0.7914 V to 0.8012 V and η from 25.12 % to 26.58 % as the doping 

concentration of the top p-In0.60Ga0.40N layer (Na1)  varied from 10
15

 cm
-3 

– 10
18

 cm
-3

  . 

The doping concentration of the top layer p-In0.6Ga0.4N (Na1) was varied from 1.10
15

 to 1.10
20

 

cm
-3

 while maintaining the thickness of top (dp1), middle (dp2), and bottom (dn2) layer at 

0.01, 1.0 and 1.0 μm respectivelly and carrier density (Na2) of the middle and (Nd2) of the 

bottom layer at 10
18

 and 10
20

cm
-3 

respectivelly. The results are provided in (table III.14) .  

Table III.14 : Influence of the doping concentration in the top p-InGaN of PPN junction 

(Nd2 = 1.1020 cm-3) 

 
dp1 = 0.01um, dp2 =1um,  dn2 = 1um, Na2 = 1.10

18
 cm

-3
, Nd2 = 1.10

20
 cm

-3
 

Na1 (cm
-3

) 1.10
15 

1.10
16 

1.10
17 

1.10
18 

1.10
19 1.10

20
 

Jsc(mA/cm
2
) 36.961833 38.342601 38.541660 38.568384 38.570831 38.570460 

Voc (V) 0.8244 0.8746 0.9048 0.9115 0.9123 0.9124 

FF (%) 86.27 86.84 87.06 87.11 87.11 87.11 

η (%) 26.29 29.12 30.36 30.62 30.65 30.65 

 

III.3.5  Conparaison between PN and PPN junction of InGaN solar cell 
[10,12]

 : 

Optimized InGaN solar cells with PN and PPN junctions were compared. The best layer 

thickness and carrier density, determined in the previous sections, were chosen (Table. 15). 

With these optimized parameters, PN- and PPN-junction InGaN solar cells were simulated. 

Table III.15 : Comparaison of an optimized values of the photovoltaics parameters 

between  the PPN and the PN structures
[10,12]

. 

 Optimized Values 

PN PPN 

dp = 1um, dn = 1um,  

Na = 1.10
20

 cm
-3

, Nd = 1.10
20

 cm
-3 

dp1 = 0.01um, dp2 =1um,  dn2 = 1um,  

Na1 = 1.10
20

 cm
-3 

,Na2 = 1.10
18

 cm
-3

,  

Nd2 = 1.10
20

 cm
-3 

Our work [Manzoor et al] Our work [Manzoor et al] 

Jsc(mA/cm
2
) 29.687996 32.20 38.570460 38.14 

Voc(V) 0.8823 0.77 0.9124 0.91 

FF(%) 87.00 85.36 87.11 87.13 

η(%) 22.79 21.39 30.65 30.23 
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Figure III.14 .Coparaison of  IV curves between PPN-junction and PN-junction of InGaN solar 

cell structures. 

Figure III.15 Comparaison of quantum efficiency curve between PPN-junction and PN-junction 

of InGaN solar cells structures. 
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       Adding a p-InGaN layer as thin as 0.01 μm on the top of the PN-junction solar cell 

substantially improved the conversion efficiency of the solar cell from 22.79% (PN) to 

30.65% (PPN). 

According to the simulated results, the optimized values of the photovoltaics parameters such 

as the open circuit voltage (Voc), current density (Jsc), fill factor (FF), and conversion 

efficiency (η) for the PN solar cell were 0.8823 V, 29.687996 mA/cm
2
, 87.00 %, and 22.79 

%, respectively, whereas those for the PPN solar cell were 0.9124 V, 38.570460 mA/cm
2
, 

87.11 %, and 30.65 %, respectively. 

The PPN jonction achieved a higher quantum efficiency than the PN jonction. 

For the PPN-junction InGaN solar cell, the quantum efficiency was approximately 99% over a 

wide spectral region (from 200 nm to 1000 nm). By contrast, the quantum efficiency of the 

PN-junction InGaN solar cell was gradually reduced at 75% at 200 nm and increase to 80% at 

1000 nm. These results implied that the proposed three-layer solar cell structure is very 

efficient where all the absorbed photons are almost fully converted to charge carriers. 

Conclusion :  

In this third chapter, the optimized PN- and PPN-junction InGaN solar cells were compared. 

According to the simulated results, the optimized values of the photovoltaics parameters such 

as the open circuit voltage (Voc), current density (Jsc), fill factor (FF), and conversion 

efficiency (η) for the PN solar cell were 0.8823 V, 29.687996 mA/cm
2
, 817.00 %, and 22.79 

%, respectively, whereas those for the PPN solar cell were 0.9124 V, 38.570460 mA/cm
2
, 

87.11 %, and 30.65 %, respectively. 

The PPN structure achieved a higher quantum efficiency than the PN structure because the 

thin p-In0.6Ga0.4N layer had an energy bandgap of approximately 1.44 eV (840 nm), which fell 

within the highest power in the AM0 and AM1.5 spectra (800 nm–900 nm). Moreover, the 

thin p-In0.6Ga0.4N layer caused the absorption edge to shift toward higher energy photons. 

The results demonstrated that the thin p-InGaN layer on the top of the PN-junction solar cell 

dramatically improved its performance. The PPN structure performed better than the PN 

structure because it had an additional p-In0.6Ga0.4N layer with a slightly larger energy 

bandgap. 
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Chapter III 

Simulation of a p-InGaN/n-InGaN single  junction (Results and Discussion) 
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GENERAL CONCLUSION 

 

This work involves studying and simulating solar cells with PN (p-In 0.7 Ga 0.3 N/n- In 0.7 

Ga 0.3 N) and PPN (p-In 0.6 Ga 0.4 N/p-In 0.7 Ga 0.3 N/n-In 0.7 Ga 0.3 N) In order to 

identify which of the two solar cells absorbs the maximum solar radiation and also delivers 

the maximum electrical energy, we have also studied the influence of the thickness of the P 

and N InGaN layers, as well as the doping concentration of these layers, on the photovoltaic 

parameters of this solar cell. This simulation work is carried out using the SCAPS 1D 

software designed for solar cell simulation. 

In this case, the optimized PN- and PPN-junction InGaN solar cells were compared. 

According to the simulated results, the optimized values of the photovoltaics parameters such 

as the open circuit voltage (Voc), current density (Jsc), fill factor (FF), and conversion 

efficiency (η) for the PN solar cell were 0.8823 V, 29.687996 mA/cm 2 , 87.00 %, and 22.79 

%, respectively, whereas those for the PPN solar cell were 0.9124 V, 38.570460 mA/cm 2 , 

87.11 %, and 30.65 %, respectively. 

The PPN structure achieved a higher quantum efficiency than the PN structure because the 

thin p-In 0.6 Ga 0.4 N layer had an energy bandgap of approximately 1.44 eV (840 nm), 

which fell within the highest power in the AM0 and AM1.5 spectra (800 nm–900 nm). 

Moreover, the thin p-In 0.6 Ga 0.4 N layer caused the absorption edge to shift toward higher 

energy photons. 

The results demonstrated that the thin p-InGaN layer on the top of the PN-junction solar cell 

dramatically improved its performance. The PPN structure performed better than the PN 

structure because it had an additional p-In 0.6 Ga 0.4 N layer with a slightly larger energy 

bandgap. 



 
 
 

 

 الملخص

 .  InGaNيادة  عهى شًسٍخٍٍ خهٍخٍٍ ٔيحاكاة دساست ْٕ الأطشٔحت ْزِ يٍ انٓذف 

PPN (p-In0.6Ga0.4N/p-In0.7Ga0.3N/n-In0.7Ga0.3N) ٔ PN (p-In0.7Ga0.3N/n-In0.7Ga0.3N) 

 حشكٍز، ٔكزنك  N-InGaN ٔP انخُبؤ بأي يٍ انخهٍخٍٍ حخًخع بأفضم ايخصاص نهضٕء يٍ خلال دساست حأثٍش سًك طبقاثٔ

  حى حُفٍز أعًال انًحاكاة ْزِ باسخخذاو بشَايج, نكٓشٔضٕئٍت نٓزِ انخلاٌا انشًسٍتا ٕسائظنٓزِ انطبقاث، عهى ان انًُشطاث

SCAPS 1D   انًصًى نًحاكاة انخلاٌا انشًسٍت. 

 PNيٍ بٍُت   حققج كفاءة كًٍت أعهى %PPN(56.03)انكٓشٔضٕئٍت أٌ بٍُت ٕسائظ ٔفقاً نُخائج انًحاكاة، حظُٓش انقٍى انًثهى نه

َإَيخش(.  016فٕنج ) 4.11نذٌٓا فجٕة فً َطاق انطاقت حبهغ حٕانً  p-In0.6Ga0.4N%( لأٌ انطبقت انشقٍقت يٍ 77.22)

كًا اَّ  إنى ححٕل حافت الايخصاص َحٕ فٕحَٕاث انطاقت الأعهى p-In0.6Ga0.4Nٔبالإضافت إنى رنك، أدث انطبقت انشقٍقت يٍ 

 .ٌحخٕي فجٕة َطاق أكبش قهٍلا

 انكٓشٔضٕئٍت، انخلاٌا انشًسٍت. ٕسائظ، انInGaN ،PN ،PPN ،SCAPS 1Dالكلمات المفتاحية: 

ABSTRACT 

 The aim of this thesis is to study and simulate two solar cells on InGaN. 

PPN(p-In0.6Ga0.4N/p-In0.7Ga0.3N/n-In0.7Ga0.3N) and PN (p-In0.7Ga0.3N/n-In0.7Ga0.3N( 

By studying the effect of the thickness of the N-InGaN and P layers, as well as the doping 

concentration in these layers, on the photovoltaic media of these solar cells, these simulations were 

carried out using SCAPS 1D software designed for solar cell simulation. 

According to the simulation results, the optimal PV media values show that the PPN structure 

(30.65%) achieved higher quantum efficiency than the PN structure (22.79%) because the p-

In0.6Ga0.4N thin film has an energy band gap of about 1.44 V (840 nm). In addition, the thin layer 

of p-In0.6Ga0.4N shifted the absorption edge towards higher energy photons and has a slightly 

larger band gap. 

Keywords: InGaN, PN, PPN, 1D SCAPS, photovoltaic media, solar cells. 

RÉSUMÉ 

 Le but de cette thèse est d'étudier et de simuler deux cellules solaires sur InGaN. 

PPN(p-In0.6Ga0.4N/p-In0.7Ga0.3N/n-In0.7Ga0.3N) et PN (p-In0.7Ga0.3N/n-In0.7Ga0.3N( 

En étudiant l'effet de l'épaisseur des couches N-InGaN et P, ainsi que la concentration dopage dans 

ces couches, sur les milieux photovoltaïques de ces cellules solaires, ces simulations ont été 

réalisées à l'aide du logiciel SCAPS 1D conçu pour la simulation de cellules solaires. 

Selon les résultats de la simulation, les valeurs optimales des milieux photovoltaïques montrent que 

la structure PPN (30,65 %) a atteint un rendement quantique plus élevé que la structure PN (22,79 

%) parce que le film mince p-In0,6Ga0,4N a une bande interdite d'environ 1,44 V (840 nm). En 

outre, la couche mince de p-In0,6Ga0,4N a déplacé le bord d'absorption vers des photons d'énergie 

plus élevée et a une bande interdite légèrement plus grande. 

 

Mots-clés : InGaN, PN, PPN, 1D SCAPS, milieux photovoltaïques, cellules solaires. 
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