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Abstract 
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Abstract  

Cu2ZnSnS4 (CZTS)  is a quaternary semiconductor in thin film form with a direct band gap 

ranging from 1.4 to 1.6 eV and a high absorption coefficient of 104 cm-1. This absorber film 

possesses highly beneficial properties and offers a low production cost. 

This study investigates the potential enhancement of CZTS-based solar cells using the 

numerical simulation program SCAPS-1D by utilizing various hole transport layers (HTLs), 

namely MoOx, CuI, and SnS. Key cell parameters such as CZTS absorber layer thickness, 

defect density, and acceptor concentration are optimized to increase photon energy absorption 

and reduce recombination rates. Our findings highlight the exceptional performance of MoOx 

and CuI as HTLs, achieving a power conversion efficiency of 23.73% and a fill factor of 88%, 

closely approaching the theoretical limits proposed by Shockley-Queisser. This strategy of 

tuning band alignment and optimizing global parameters holds promise for enhancing the 

efficiency of CZTS hetero-junction based solar cells, ushering in a more sustainable era of 

solar energy conversion. 

Additionally, the study examines the structural and electrical characteristics of a Schottky 

junction composed of an aluminum (Al) electrode, a p-type copper zinc tin sulfide (CZTS) 

thin film, and a molybdenum (Mo) substrate. Structural characterization was conducted using 

SEM analysis and EDX spectra, while electrical characterization involved analyzing the 

current-voltage (I-V) characteristics. The study validates the obtained CZTS solar cell 

parameters by simulating the I-V characteristic using extracted parameters and comparing 

them to experimental data. The comparative analysis of experimental and fitted I-V 

characteristics demonstrates the effectiveness of the GA and Newton Raphson method in 

parameter extraction. These findings contribute to a broader understanding of solar cell 

parameter optimization and offer a robust methodology for future applications in the field. 

 

Keywords: CZTS solar cell; HTL candidates; Recombination mechanisms; Optimization; I-V 

characteristic; Schottky diode; Parameters extraction. 
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 الملخص 

  4ZnSnS2Cu )(CZTSشكل فيلم رقيق مع فجوة نطاق مباشرة تتراوح    ىلعموصلات رباعية العناصر  الأشباه    من  هو

للغاية ويوفر تكلفة cm4 10-1معامل امتصاص عالٍ يبلغ   و   eV 1.6إلى  1.4من   الفيلم الماص بخصائص مفيدة  . يتميز هذا 

 .إنتاج منخفضة

 باستخدام برنامج المحاكاة العددية CZTS تهدف هذه الدراسة إلى تحسين كفاءة الخلايا الشمسية المعتمدة على مادة

SCAPS-1Dالثقوب نقل  طبقات  دمج  خلال  من  وذلك   ، (HTLs) مثل تحسين  SnS.  و  MoOx   ،CuI المختلفة  يتم 

الماصة الطبقة  سمك  مثل  للخلايا  الرئيسية  طاقة  CZTS المعلمات  امتصاص  لزيادة  الحاملات  وتركيز  العيوب،  كثافة   ،

، حيث تحقق كفاءة   HTLs كـ CuI و  MoOx الفوتونات وتقليل معدلات إعادة التركيب. تبرز نتائجنا الأداء الاستثنائي لطبقتي 

إلى   تصل  طاقة  بنسبة  23.73تحويل  ملء  وعامل  نموذج%88  بواسطة  المقترحة  النظرية  الحدود  من  بذلك  مقتربة   ،% 

.Shockley-Queisser هذه الاستراتيجية لضبط توافق النطاق وتحسين المعلمات الإجمالية وعوداً بزيادة كفاءة الخلايا    حملت

 .، مما يمهد الطريق لعصر أكثر استدامة في تحويل الطاقة الشمسيةCZTS الشمسية المعتمدة على الوصلة غير المتجانسة

 

( ألومنيوم  تتكون من قطب  الهيكلية والكهربائية لوصلة شوتكي  الخصائص  الدراسة  تعالج  ذلك،  إلى  (،  Alبالإضافة 

(. تم إجراء التوصيف الهيكلي Mo، وركيزة من الموليبدينوم )p( من النوع  CZTSوفيلم رقيق من النحاس والزنك والكبريت )

تحليل   التيارEDXو  SEMباستخدام  تحليل خصائص  الكهربائي  التوصيف  شمل  بينما   ،- ( من  I-Vالجهد  الدراسة  تتحقق   .)

الشمسية   الخلية  التيار  CZTSمعلمات  خصائص  محاكاة  طريق  عن  عليها  الحصول  تم  المعلمات -التي  باستخدام  الجهد 

الجهد فعالية طريقتي  -المستخرجة، ومقارنتها بالبيانات التجريبية. يوضح التحليل المقارن للخصائص التجريبية والمحاكاة لتيار

GA  في استخراج المعلمات. تساهم هذه النتائج في فهم أعمق لتحسين معلمات الخلايا الشمسية وتقدم منهجية    نيوتن رافسونو

 قوية لتطبيقات المستقبل في هذا المجال.

 

التحسين؛ الخصائص  HTL؛ مرشح  CZTS: الخلية الشمسية  الكلمات المفتاحية التركيب؛  ؛ ديود شوتكي؛  I-V؛ آليات إعادة 

 استخراج المعلمات. 
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Résumé 

Le Cu2ZnSnS4 (CZTS) est un semi-conducteur quaternaire sous forme de film mince 

avec une bande interdite directe allant de 1,4 à 1,6 eV et un  coefficient  d'absorption élevé de 

104 cm-1. Ce film absorbeur possède des propriétés très avantageuses et offre un coût de 

production faible. 

Cette étude examine le potentiel d'amélioration des cellules solaires à base de CZTS en utilisant 

le programme de simulation numérique SCAPS-1D avec différentes couches de transport de 

trous (HTLs), à savoir MoOx, CuI et SnS. Les paramètres clés des cellules tels que l'épaisseur de 

la couche absorbeur CZTS, la densité de défauts et la concentration d'accepteurs sont optimisés 

pour augmenter l'absorption de l'énergie photonique et réduire les taux de recombinaison. Nos 

résultats mettent en évidence les performances exceptionnelles de MoOx et CuI en tant que 

HTLs, atteignant un rendement de conversion de puissance de 23,73% et un facteur de 

remplissage de 88%, se rapprochant des limites théoriques proposées par Shockley-Queisser. 

Cette stratégie d'ajustement de l'alignement des bandes et d'optimisation des paramètres globaux 

promet d'améliorer l'efficacité des cellules solaires hétérojonction à base de CZTS, ouvrant la 

voie à une ère plus durable de conversion d'énergie solaire. 

De plus, l'étude examine les caractéristiques structurelles et électriques d'une jonction Schottky 

composée d'une électrode en aluminium (Al), d'un film mince de cuivre-zinc-étain-sulfure 

(CZTS) de type p et d'un substrat de molybdène (Mo). La caractérisation structurelle a été 

réalisée à l'aide d'une analyse SEM et des spectres EDX, tandis que la caractérisation électrique a 

impliqué l'analyse des caractéristiques courant-tension (I-V). L'étude valide les paramètres des 

cellules solaires CZTS obtenus en simulant les caractéristiques I-V à l'aide des paramètres 

extraits et en les comparants aux données expérimentales. L'analyse comparative des 

caractéristiques expérimentales et ajustées I-V démontre l'efficacité de la méthode GA et 

l’algorithme de Newton Raphson dans l'extraction des paramètres. Ces résultats contribuent à 

une compréhension plus large de l'optimisation des paramètres des cellules solaires et offrent une 

méthodologie robuste pour les applications futures dans le domaine. 

Mots-clés : cellule solaire CZTS ; candidats HTL ; mécanismes de recombinaison ; optimisation 

; caractéristique I-V ; diode Schottky ; extraction des paramètres. 
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General Introduction  

 

Commercial applications frequently utilize semiconductor devices, such as those used in 

photovoltaic power generation. These devices convert sunlight into electricity and can be made 

from both elemental and compound materials, which may be non-crystalline or crystalline [1]. 

Crystalline materials typically offer higher conversion efficiency compared to polycrystalline 

and microcrystalline materials, but their production costs are also higher. Recent research has 

focused on enhancing efficiency while reducing costs, addressing the issues of low reliability 

and structural stability. Consequently, production research has significantly increased in recent 

years [2]. 

Currently, thin film technology is fully explored and commercialized as a cost-effective 

and economical way to produce solar cells. Interest in renewable energy sources has surged over 

the years, with solar energy—abundantly available in nature—being a prominent example [3]. 

The high demand for energy has led to the widespread use of solar devices. Alongside the sharp 

decline in organic fuel reserves, which contribute to atmospheric carbon dioxide and climate 

disruption, the demand for solar devices has risen [4]. The goal is to meet consumer electricity 

needs and produce high-efficiency solar cells cost-effectively without damaging the materials or 

photovoltaic cells [5]. 

The extended production potential of silicon-based thin-film photovoltaic cells has led to 

their increased demand. Various manufacturing processes have been employed for the 

production of these cells, including sputtering, evaporation, molecular beam epitaxy, e-beam 

evaporation, close space sublimation, and metal-organic chemical vapor deposition. However, 

these techniques are expensive due to the costs of materials, technology, and energy 

consumption. 

Chalcopyrite solar cells are promising light-to-energy devices due to their high 

conversion efficiency, excellent electrical and optical properties, and high absorption coefficient, 

making them suitable candidates for commercial production. Significant efforts have been made 

over the years to improve the performance of CIGS and CdTe based devices. However, the high 

costs and toxicity of cadmium (Cd)-based CdTe absorbers and the scarcity of tellurium (Te), 

gallium (Ga), and indium (In) have limited their commercial expansion. Toxicity concerns 

hinder the development of solar cells, while the scarcity of materials like indium and gallium 

leads to higher manufacturing costs, restricting commercial production. 
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Quaternary compounds, abundant on Earth, show great potential as semiconductor 

materials due to their kesterite and stannite structures, specifically CZTS/Se and CFTS/Se. 

Copper zinc tin sulfide (CZTS), a naturally occurring absorber material, has a direct band gap of 

1.4 to 1.6 eV, a high light absorption coefficient exceeding 10
4
 cm

-1
, cost-effective 

manufacturing methods, and consistent operational effectiveness [6-12]. These attributes make 

CZTS an attractive candidate for large-scale production of thin-film solar cells (TFSCs). 

Experimental CZTS solar cells have achieved an efficiency of 6.7%, and another study 

reported 8.4% efficiency for TFSCs with a CZTS absorber derived from naturally available 

materials [13]. A Zn1-xCdxS buffer layer added to CZTS solar cells produced an attractive power 

conversion efficiency of 9.2% under functional resistivity conditions[13]. More specifically, the 

most complex hetero-junction device design, Mo/MoS2/CZTS/CdS/ZnO/ITO/MgF2, has a power 

conversion efficiency of nearly 11%, with an open-circuit voltage around 0.73V [14]. However, 

further research is needed as CZTS solar cells' efficiency is only slightly superior to that of 

existing thin-film sol-gel cells. 

The purpose of this research is to maximize the photovoltaic conversion efficiency of 

CZTS-based solar devices for solar energy applications by integrating a hole transport layer 

(HTL) to boost carrier collection efficiency and reduce recombination at the rear-contact surface. 

Novel techniques for utilizing CuI, MoOx, and SnS as HTL candidates in structures with CZTS 

are CuI/CZTS, MoOx/CZTS, and SnS/CZTS. These configurations are evaluated using SCAPS-

1D simulations to assess critical electrical parameters, addressing a significant gap in CZTS solar 

cell research.  

Additionally, this work explores the use of Mo/CZTS/Al-based Schottky diodes to 

evaluate the CZTS absorption layer, emphasizing the extraction of electrical parameters such as 

saturation current, ideality factor, series, and shunt resistance through numerical methods like the 

Newton-Raphson method and genetic algorithm. These methods offer more accuracy and 

efficiency compared to traditional analytical methods, using curve fitting algorithms to better 

match experimental and theoretical models. This comprehensive approach not only optimizes 

solar cell parameters but also enhances the understanding of device behavior under various 

conditions. 

The thesis is organized as follows: 

The first chapter explains semiconductor theory, introduces pn-junctions, diode current 

equations, solar cell physics, and losses in a solar cell. It discusses solar cell technology, 
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generations of solar cells, different types of solar cells, thin-film solar cells, and the historical 

development of solar cells. It also covers fundamental parameters and methods used for 

electrical characterization and conclude with a discussion on advantages, challenges, and 

potential solutions. 

The second chapter provides an overview of the development, fabrication methods, 

design, defects in CZTS material, and its potential use as a photovoltaic cell. 

The third chapter presents the fundamental principles of numerical simulation and the use 

of SCAPS. 

The fourth chapter examines the possible improvement of CZTS-based solar cells using 

different hole transport layers (HTLs) such as MoOx, CuI, and SnS through numerical modeling. 

It enhances crucial cell characteristics, including the thickness of the CZTS absorber layer, 

defect density, and acceptor concentration. 

The fifth and final chapter describes sol-gel Cu2ZnSnS4 thin-film production and Al/p-

CZTS/Mo Schottky diode manufacturing. It analyzes the CZTS thin film's structure with XRD 

and its morphology with SEM. On the other hand, the electrical characterization was 

accomplished by analyzing the current–voltage (I–V) characteristics. A significant part of the 

chapter is dedicated to validating the obtained CZTS solar cell parameters by simulating the I V 

characteristic using extracted parameters and comparing them to experimental data. A 

comparative analysis of experimental and fitted I–V characteristics is presented, showcasing the 

effectiveness of the GA method in parameter extraction. The findings of this research contribute 

to the broader understanding of solar cell parameter optimization and offer a robust methodology 

for future applications in the field.  
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Chapter 1: 

Overview of Principle Physics of Solar Cells 
 

1.1. Introduction  

Electricity has become essential to human life since its discovery. For instance, our phones, 

street lights and cars need power and gas. Our homes use national or local grid-supplied oil, gas, 

or electricity for lighting, heating, and appliances. All these things use fuel. These sources 

pollute and destroy the environment. Solar photovoltaic methods immediately convert solar 

radiation into power, unlike carbon fuel-generated electricity. The earth is working hard to 

reduce carbon emissions and limit global warming. To protect the ecosystem and the earth, we 

must switch to renewable energy. 

In this chapter, we will present several useful concepts related to the photovoltaic conversion. 

Firstly, we define a photovoltaic solar cell and provide an overview of solar radiation, which 

serves as the primary source of energy conversion in solar cells. We delve into the operational 

principles of solar cell, including its equivalent circuit diagram and primary characteristics and 

examining the physical and technological losses that limit its efficiency. Furthermore, we 

explore the different generations and different structures of solar cells. We conclude this chapter 

by highlighting the advantages, challenges, and potential solutions of photovoltaic energy. 

 

 

Figure.1.1: Solar cell device for transforming solar energy into electricity [1]. 

 

1.2. Physics of Photovoltaic 
 

1.2.1. Photovoltaic effect 
 

The origin of the expression "photovoltaic" can be traced back to the Greek word "phos," which 

denotes light, and "voltaic," which pertains to electricity. This term was coined in honor of the 

Italian physicist Alessandro Volta. The word "photovoltaic effect" pertains to the phenomenon of 

electricity generation, wherein electromagnetic light radiation is directly converted into electrical 

energy. The solar cell, an apparatus that transforms solar radiation into electrical energy, 

functions according to this fundamental principle. The cells commonly referred to as 
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photovoltaic cells, utilize sunlight as their primary energy source, facilitating the conversion of 

light into electrical energy. The process of conversion takes place when solar radiation induces 

the unrestricted movement of electrons within the semiconductor material of the cell. The 

generation of an electrical flow, or electricity, is facilitated by the movement of electrons 

through the connection of wires to the positive and negative points of a cell. This electrical flow 

can then be utilized to power a range of electrical devices [1].  

 

1.2.2. Solar radiation  

The emission of solar radiation bears a striking resemblance to that of a black substance at a 

temperature of 5800 Kelvin [2]. The intensity of sunlight is reduced when it traverses the Earth's 

atmosphere as a result of scattering and absorption phenomena. The solar irradiance spectrum 

encompasses a wide array of energies, often known as wavelengths. The notion of Air Mass 

(AM) pertains to the distance that light traverses as it traverses the atmosphere, and functions as 

a metric for quantifying the reduction in light's intensity caused by atmospheric absorption. The 

definition of Air Mass is given by the equation :  

 

 𝐴𝑀 =
1

cos(𝜃)
                                                                    (1.1) 

 

The zenith angle, denoted as κ, plays a crucial role in determining the Air Mass (AM) value, 

which signifies the distance that sunlight travels through the atmosphere. The AM value is 1 

when the sun is positioned directly overhead, causing its beams to be perpendicular to the Earth's 

surface. The conventional range of solar radiation detected at the Earth's surface is commonly 

denoted as AM1.5G, with the abbreviation "G" representing global. The designation AM1.5G is 

associated with a zenith angle of 48.2° and has been adjusted to a solar irradiation of 1 kW/m2. 

The process of normalisation establishes the AM1.5G spectrum as the standard for assessing the 

performance of solar cells under controlled laboratory circumstances. On the other hand, the 

AM0 spectrum, which represents the standard spectrum outside the Earth's atmosphere, signifies 

the absence of atmospheric attenuation of sunlight. The assessment of the anticipated 

performance of solar cells in space applications heavily relies on the AM0 spectrum [3]. Figure 

1.2 illustrates the distinctions between the AM0 and AM1.5G spectra, offering significant 

insights for the advancement of solar cell research and development under diverse 

circumstances. 
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Figure 1.2: Solar irradiance spectrum above atmosphere and at Earth surface [3]. 
 

1.2.3. Principle of working of a photovoltaic cell 

A photovoltaic (PV) cell operates established on the photovoltaic effect, which occurs when 

electromagnetic radiation causes a potential difference to be made at the junction of two different 

materials. The observed phenomena bears resemblance to the photoelectric effect, which is 

distinguished by the release of electrons from a substance when it absorbs light with a frequency 

exceeding a particular threshold that is dependent on the material. Albert Einstein clarified the 

photoelectric effect in 1905, introducing the concept that light is composed of distinct energy 

packets called photons. The equation that determines the energy of a photon is 

 

 E = hv                                                                         (1.2) 

 

In this context, the symbol E denotes the energy of the photon, ν  is the frequency of the light 

and h represents Planck's constant (ℎ = 6.626 × 10-23 𝐽𝑠),  where 𝑣 = 𝑐⁄𝜆 and c is the speed of 

light in a vacuum (C=3×108 𝑚/𝑠). This foundational principle underlies the operation of PV cells, 

where photons with sufficient energy can excite electrons across the semiconductor's bandgap, 

generating an electron-hole pair and there by producing electrical energy through the separation 

and collection of these charges. The photovoltaic effect can be distributed into the subsequent 

three basic processes [4]. 
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a. Generation of charge carriers due to photon absorption 

Photons absorption into the photovoltaic material excites the electrons to higher energy state than 

initial created between 𝐸𝑖→𝐸𝑓 as shown in Figure 1.3. In Figure 1.3 (a), photons energy 

represented as 𝐸𝑝ℎ = ℎ𝑣 excites the electrons from the valence band to conduction band after it 

absorbs the photons energy from Figure 1.3 (b) when ℎ𝑣> 𝐸𝑔 while other energy converted to 

thermal energy. 

 

Figure 1.3: Charge carrier generation by absorption of photons [5] 

 

Photon energy can be absorbed when there are electron energy levels 𝐸𝑓 and 𝐸𝑖 present. The 

equation (1.3) states that the photon energy is determined by the difference between 𝐸𝑓 and 𝐸𝑖. 

 

ℎ𝑣 = 𝐸𝑓 − 𝐸𝑖                                                              (1.3) 

 

In an ideal situation electron occupy energy levels below the valence band edge (𝐸𝑣) and above 

the conduction band edge (𝐸𝑐) in a semiconductor. There are no further energy levels for the 

electron population between these two states. Therefore, the disparity in energy between 𝐸𝑐 and 

𝐸𝑣 is referred to as the band gap energy, as stated in equation (1.4). Hence, photons with energy 

lower than the band gap energy will not be absorbed. 

 

            𝐸𝑔 = 𝐸𝑐 – 𝐸𝑣                                                               (1.4)    
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b. Photogenerated charge carrier separation 

Recombination is the process in which an electron goes rear to its primary energy state, resulting 

in the release of energy. This energy can be released either through radiative recombination, 

which involves the emission of a photon, or through non-radiative recombination, where the 

energy is transferred to other electrons and holes. The existence of semi-permeable membranes 

on both sides of the absorber layer enables the efficient extraction of energy from electron-hole 

pairs in an external circuit. Electrons are emitted through one membrane, while holes are 

discharged through another, as seen in Figure 1.3 [5]. This diagram depicts the segregation of 

electrons and holes by the use of semipermeable membranes, which are formed by employing p-

type and n-type materials. The solar cell design guarantees that electron-hole pairs reach their 

respective membranes prior to recombination. Hence, in order to ensure that the carrier travel 

time to each membrane is shorter than their lives, it is necessary to restrict the thickness of the 

absorption layer. 

c. Photogenerated charge carrier extraction 

 

1. Photon absorption generates electron-hole pair. 
2. Electron-hole recombination. 
3. Semipermeable membrane electron-hole separation. 
4. Separated electron external circuit. 
5. Electron-hole recombination following external circuit electrons passage 

Figure 1.4: Simple solar cell model[5]. 

 

The process of extracting charge carriers generated by the absorption of light is made easier by 

connecting electrical contacts outside. This allows the energy to be used in an external circuit. 

The process is clearly illustrated in Figure 1.4, where the conversion of light energy into 

electrical energy is successfully shown. After moving via the external circuit, electrons join with 

holes at the junction between the back contact and the absorber layer, so completing the 

conversion process. 
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1.2.4. Physics of p–n junction 

Semiconductor photovoltaic cells consist of two layers of semiconductors: an n-doped layer and 

a p-doped layer, which create a p-n junction [4], as shown in Figure 1.5.a. A homojunction is 

formed when both halves of the p-n junction are composed of the identical material. A 

connection formed by the combination of different materials in the n and p regions is referred to 

as a heterojunction. The majority charge carriers undergo diffusion in the junction region when 

their concentration is at their minimum. During the process, electrons undergo diffusion towards 

the p region, while holes undergo diffusion towards the n region. As a consequence, a region 

close to the interface is formed, which contains immobile charges and lacks mobile charge 

carriers. The region is referred to as the depletion zone, sometimes known as the Space Charge 

Region (SCR). Within the context of the SCR, the principle of electrical neutrality is 

disregarded, resulting in the generation of an electric field. This field hinders the spread of 

electrons and holes by causing electrons to accelerate in the opposite direction of the electric 

field  �⃗� , and causing holes to accelerate in the same direction as the electric field �⃗� . 

This occurrence is referred to as drift. Once equilibrium is established, a voltage difference Vd 

arises at the junction. Figure 1.5.b illustrates the comprehensive PN junction and the 

corresponding phenomena. 

 

 

Figure 1.5: p–n junction in thermal equilibrium with zero-bias voltage applied [5]. 
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The photovoltaic cell comprises a PN junction with electrodes affixed to the extremities. These 

electrodes facilitate the accumulation of photo-generated charges that are segregated by the 

electric field. When the depletion zone is not considered and the junction is in a state of balance, 

electrical neutrality is upheld. The regions adjacent to the SCR are referred to as Quasi-Neutral 

Zones (QNZ). Charge carriers in the QNZ exhibit movement through diffusion without any cost. 

Therefore, if these charges are not collected within a time period τ, they will undergo 

recombination. The diffusion length of a charge is the distance it covers over its lifetime τ before 

recombining. Charges produced by light in the QNZ are only gathered if they are created within 

a distance shorter than their diffusion length from the PN junction. 

1.2.5. Equivalent circuit of photovoltaic cell 

In order to understand how a solar cell works, it is advantageous to create a model that is 

electrically equivalent. A perfect solar cell can be represented by a basic model consisting of a 

constant current source and a diode connected in parallel, as seen in Figure 1.6. The continuous 

current source functions as a generator, driving electrons into the external circuit. The 

photocurrent, represented as 𝐼𝐿, is generated as a result of the photovoltaic effect. The size of the 

photocurrent depends on the intensity of the available sunshine; hence, the current from a source 

is exactly proportional to solar radiation. This indicates that a rise in the strength of accessible 

sunlight requires a proportional increase in 𝐼𝐿. The symbol ID denotes the reverse saturation 

current of the solar cell [6]. 

 

Figure 1.6: Ideal photovoltaic cell [6]. 

  

Photovoltaic cells are inherently imperfect. Therefore, both shunt and series resistance 

components are included in the analogous circuit. The following similar circuit is depicted in 

Figure 1.7. 
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Figure 1.7: Photovoltaic cell equivalent circuit [6]. 

 

Equation 1.6 shows that the output current of a photovoltaic cell may be calculated by 

subtracting the photo-generated current, diode current, and shunt resistance current from each 

other. This is demonstrated in the schematic of a solar cell equivalent circuit. 

𝐼 = 𝐼𝐿 − 𝐼𝐷 − 𝐼𝑆𝐻                                      (1.6) 
 

The voltage across these components regulated the flow of electric currents. 

 
𝑉𝐷 = 𝑉 + 𝐼𝑅𝑆                                                                                               (1.7) 

 

The voltage across the shunt resistance and diode is denoted as VD, whereas the output terminal 

voltage is represented as V. The voltage across the series resistance is referred to as I RS.  

Diode current from Shockley diode equation is:  

 

𝐼𝐷 = 𝐼0[𝑒𝑥𝑝(𝑞.𝑉𝐷
𝑛𝑘𝑇

) − 1]                                                    (1.8) 

Current flows through shunt resistance can be calculated from ohms law 

𝐼𝑆𝐻 =
𝑉𝐷

𝑅𝑆𝐻
                                                                         (1.9) 

By substituting these values in equation 1.6 

𝐼 = 𝐼𝐿 − 𝐼0 [𝑒𝑥𝑝 (
𝑞(𝑉+𝐼𝑅𝑆)

𝑛𝑘𝑇
) − 1] −

𝑉+𝐼𝑅𝑆

𝑅𝑆𝐻
                                        (1.10) 

 

The photovoltaic cell is non-ideal in practice. The factors that contribute to resistance effects are 

edge leaks, recombination, and contacts. Figure I.7 depicts the two resistors. 

The series resistance (Rs) represents the interface resistance between the front and rear contact. 

The short circuit resistance (Rsh) is connected in parallel with both the diode and the current 

generator. It minimizes the occurrence of a short circuit within the cell. Typically, the value of 

Rsh is bigger than Rs by at least one order of magnitude. Decrease the series resistance (Rs) and 

increase the shunt resistance (Rsh) in order to minimize losses. An optimal scenario occurs when 

Rsh is infinite and Rs is zero [7]. 
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Figure 1.8: The influence of the series resistance and shunt resistance on the current-voltage (I-V) 
behavior of the solar cell [3]. 

 

1.2.6. Photovoltaic Cell Parameters  

The J-V curves of a solar cell under dark and illumination conditions are depicted in Figure 1.9. 

Current density is defined as the amount of current flowing through the cell per unit area. The J-V 

profile undergoes a shift due to the short circuit current density (Jsc) when exposed to light. The J-V 

curve of a solar cell is often characterized by the 4th quadrant, and the fundamental characteristics of 

the photovoltaic cell are obtained from this curve.  

 

The current density created by illuminating a solar cell in short circuit is referred to as Jsc.  𝐽𝑠𝑐 is 

defined as the negative value of 𝐽𝑝ℎ and is contingent upon the intensity of light. The short circuit 

current density of a solar cell is determined by the point at which the J-V curve intersects the J axis at 

V=0. 

 

The open circuit voltage (𝑉𝑜𝑐) is another crucial element of a solar cell. The open-circuit voltage is 

the electrical potential difference across a solar cell when it is exposed to light and there is no 

external load connected. The intersection of the V axis (J=0) with the J-V curve yields the value of 

𝑉𝑜𝑐, as depicted in Figure 1.9.  
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Figure. 1.9: Typical dark and light solar cell current density-voltage characteristics[9]. 

 

1.2.6.1. Short-circuit current density Jsc  

The short circuit current Isc is the current that drifts through the external circuit when the 

electrodes of the solar cell are short circuited. The short circuit current of a solar cell depends on 

the photon flux incident on the solar cell, which is determined by the spectrum of the incident 

light. For standard solar cell measurements, the spectrum is standardized to the AM1.5 spectrum. 

The Isc depends on the area of the solar cell. In order to remove the dependence of the solar cell 

area on Isc, the short-circuit current density is often used to describe the maximum current 

delivered by a solar cell. The maximum current that the solar cell can deliver strongly depends 

on the optical properties of the solar cell, such as absorption in the absorber layer and reflection. 

A cell with zero potential delivers short-circuit current density. The cell can deliver this current 

maximum. As a function of temperature, radiation wavelength, cell active surface, and light 

intensity received on the cell region, carrier mobility is linearly influenced by light intensity 

(I.11): 

𝐽𝑠𝑐 = 𝐽𝑝ℎ − 𝐽0. (𝑒𝑥𝑝 (
𝑞𝑅𝑠𝐽𝑠𝑐

𝑛𝐾𝑇
) − 1) −

𝐽𝑠𝑐𝑅𝑠

𝑅𝑠ℎ
                                             (1.11) 

When (Rs=0 and Rsh→∞)  

Jsc=Jph                                                                                                            (1.12) 

 

1.2.6.2. Open-circuit voltage Voc  

The open-circuit voltage (VOC) of a solar cell is the maximum voltage it can produce while there 

is no current flowing through it. The open-circuit voltage is a consequence of the forward bias of 

the solar cell junction caused by the current created by light. The equation (I.13) yields the result. 
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0 = 𝐼𝑝ℎ − 𝐼0. (𝑒𝑥𝑝 (
𝑞𝑉𝑜𝑐

𝐴𝐾𝑇
) − 1) −

𝑉𝑜𝑐

𝑅𝑠ℎ
                                                        (1.13) 

 

When (Rs=0 and Rsh→∞)  

𝑉𝑜𝑐 =
𝑛𝐾𝑇

𝑞
𝑙𝑛 (

𝐼𝑠𝑐

𝐼0
+ 1)                                                                      (1.14) 

¸ 

1.2.6.3. Fill Factor FF  

The Fill Factor is a quantitative measure that evaluates the shape quality of the current-voltage 

characteristic J-V. It is also the ratio between the highest power output of a cell and the theoretically 

achievable power output for optimal performance [8][9].  The equation utilized to define this ratio is 

as follows: 

𝐹𝐹 =
𝑃𝑚

𝐼𝑠𝑐𝑉𝑜𝑐
=

𝐼𝑚𝑉𝑚

𝐼𝑠𝑐𝑉𝑜𝑐
                                                                   (1.15) 

 

Im and Vm denote the current-voltage pair at which the cell delivers the maximum power, denoted as 

Pm. Theoretical research suggest that the fill factor ranges from 0.25 to 1. When the fill factor falls 

below 25%, it often indicates the presence of a non-ohmic contact or an oxidized/insulating layer at 

the interface between the material and electrode. This event can provide information on the quality of 

the material-electrode interfaces. 

 

1.2.6.4. Power Conversion Efficiency PCE 

The power conversion efficiency (PCE) is the fundamental parameter used to evaluate the 

performance of a solar cell. The cell's efficiency is determined by its capacity to convert light energy 

into electrical power, which may be quantified as the ratio between the highest power output of the 

cell and the incident power Pin. The mathematical expression that represents this relationship is as 

follows: 

 

𝑃𝐶𝐸 =
𝑃𝑚

𝑃𝑖𝑛
=

𝐼𝑠𝑐𝑉𝑜𝑐𝐹𝐹

𝑃𝑖𝑛
                                                              (1.16) 

 

The incident power of the light is equivalent to the solar power, which is measured at 100 

mW/cm2. To enhance conversion efficiency, one might increase the Fill Factor, short-circuit 

current, and open-circuit voltage [10]. 

 

1.2.7. Generation and Recombination  

Carrier generation and recombination take place when an electron undergoes a transition from 

the conduction band (𝑬𝑽) to the valence band (𝑬𝑪) inside the bandgap of a semiconductor. This 
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transition occurs due to interactions with other electrons, holes, or photons. During the process of 

generation, electron-hole pairs are formed by the excitation of an electron, resulting in the 

creation of a vacancy in the 𝑬𝑽. Recombination is the inverse phenomenon in which electrons 

from the conduction band (EC) and holes from the valence band (EV) mix, leading to the release 

of a photon. The duration of carrier production in semiconductors is determined by 

recombination processes, which restrict the current generation and thus impact the device's 

performance. There exist three distinct categories of conventional recombination processes 

[11,12,13]: 

 

✓ Auger Recombination 

Auger recombination is highly efficient in semiconductors with a high density of charge 

carriers due to intense doping under concentrated sunlight. It includes three carriers. Upon 

recombination, the electron and hole do not emit a photon, but instead transfer their energy to a 

third carrier, an electron in the 𝑬𝑪. This mechanism restricts the duration and effectiveness of the 

solar cell. In this process, at low injection level, the expression of the recombination rate is 

related to the excess carrier concentration and to doping density [20]: 

 

𝑅𝐴𝑢𝑔𝑒𝑟 = (𝐶𝑝. 𝑝 + 𝐶𝑛. 𝑛)(𝑛𝑝 − 𝑛𝑖
2)                                             (1.14) 

 

with Cn and Cp the Auger coefficients for electrons and holes. 

 

✓ Radiative (band-to-band) Recombination 

Radiative recombination is the primary mechanism of recombination in direct bandgap 

semiconductors. This phenomenon takes place when an electron from the conduction band (𝑬𝑪) 

immediately joins with a hole in the valence band (𝑬𝑽) and emits a photon with energy that 

closely matches the bandgap of the semiconductor. 

The formula for the total recombination rate is given by: 

 

𝑅𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 = 𝐵. (𝑛. 𝑝 − 𝑛𝑖
2)                                            (1.15) 

 

Here B is a proportionality constant which is called radiative recombination coefficient; n 

and p are the concentrations of free electron and hole. 
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✓ Shockley-Read-Hall (SRH) Recombination 

Shockley-Read-Hall recombination, also known as recombination by defects. It happens when an 

electron or hole becomes stuck in an energy state within the forbidden gap, which is created by 

imperfections in the crystal lattice. The unbound carriers are caught by the traps and then 

released by a thermal activation procedure. 

The theory for recombination through these localized traps was for the first time analyzed by 

Shockley and Read [12, 13] and then by Hall. Their analytical model which describes the 

recombination rate (SRH-rate) is given by: 

 

𝑅𝑆𝑅𝐻 =
𝑝𝑛−𝑛𝑖

2

𝜏𝑝(𝑛+𝑛𝑖 exp(
𝐸𝑇−𝐸𝐹𝑖

𝑘𝑇
))+𝜏𝑝(𝑝+𝑛𝑖 exp(−

𝐸𝑇−𝐸𝐹𝑖
𝑘𝑇

))
                                        (1.16) 

 

Where ni is density of intrinsic charge carriers. Here, ET and EFi are, respectively, the 

recombination center and the intrinsic Fermi energy levels; and σn ,(σp)  is the capture cross 

section, that is an estimation of how much the electron (hole) must be near to the trap to be 

captured. 

 

 

Figure I.10: Generation and types of recombination processes [11]. 

 

1.2.8 Minority Carrier Lifetime 

If minority electrons in the conduction band, when in an excited state, remain uncollected for a 

certain period or if the concentration of minority carriers significantly surpasses that of the bulk 

volume, these excess minority electrons will undergo recombination with majority holes. The 

duration between generation and recombination is termed as the minority carrier lifetime of a 

material, which plays a crucial role in solar cell performance. In materials experiencing low-level 
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injection (where the number of minority carriers is less than the doping), the minority carrier 

lifetime is directly proportional to the excess minority carrier concentration (∆n) and inversely 

proportional to the recombination rate (R), as described in equation 1.17. 

τ = ∆𝑛
𝑅

                                                                                       (1.17) 

Nevertheless, recombination can occur in both the surface and bulk of the semiconductor. 

Consequently, there are two lifetimes, τs and τb, associated with these respective recombination 

mechanisms. The effective minority carrier lifetime is the sum of both surface and bulk 

recombination lifetimes. 

 

1

𝜏𝑒𝑓𝑓
=

1

𝜏𝑠
+

1

𝜏𝑏
                                                                           (1.18) 

The recombination in the bulk may result due to radiative, trap or Auger process. Thus the 

minority carrier lifetime in the bulk region can be written as,  

1

𝜏𝑏
=

1

𝜏𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 
+

1

𝜏𝑆𝑅𝐻
+

1

𝜏𝐴𝑢𝑔𝑒𝑟
                                                   (1.19) 

  

1.2.9. Energy Band alignment  

When two semiconductors, SC-1 and SC-2, with electron affinities χ1 and χ2 respectively, are 

brought into contact, energy equilibrium is formed. This causes the Fermi levels of both 

materials to align, resulting in band bending at the interface, as shown in Figure 1.11. 

The energy discontinuities can be estimated using the Anderson's approximation [15], under the 

assumption of a flawless contact. 

 

The conduction band offset (CBO): 

∆𝐸𝑐 = 𝜒1 − 𝜒2                                                                              (1.20) 

 

The valence band offset (VBO): 

Δ𝐸𝑉 = 𝐸𝑔1 − 𝐸𝑔2 − Δ𝐸𝑐                                                               (1.21) 
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Figure 1.11: Band structure of a hetero-junction [15]. 

A positive band discontinuity is commonly known as a spike-like energy barrier. If the 

discontinuity has a negative value, it is referred to as an energy step for electrons in the 

conduction band. In this scenario, it forms a barrier that resembles a cliff-like. 

Figure 1.12 depicts a schematic illustration of the two aforementioned types of barriers. 

 

Figure 1.12: Two types of barriers: (a) spike-like barrier and (b) cliff-like barrier [15]. 

 

In the case of a negative conduction band difference, the open-circuit voltage Voc decreases 

significantly due to the absence of any obstruction to electron flow and the promotion of their 

recombination at the interface defects. In contrast, when there is a positive difference (ΔEc > 

0.4), electrons may have difficulty in transferring from the absorber to the buffer layer because 
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of the overly elevated barrier. This will have an impact on the amount of electric current that can 

be collected. However, when the energy difference (0< ΔEc <0.40) between two barriers exists, it 

can be surpassed by the thermionic effect. This enables a balance to be achieved between the 

photo-voltage and photo-current. 

1.3. Photovoltaic cell technologies 

Commercial photovoltaic solar cells can be categorized into two main groups: crystalline silicon 

(c-Si) wafer-based solar cells and thin-film solar cells. Currently, the distribution of the annual 

global market is 85-90% for the first generation and 10-15% for the second [16]. Furthermore, 

there exists a variety of now developing technologies, such as sophisticated thin-film designs, 

PV concentrators, organic, and photo-electrochemical solar cells. Over the course of time, novel 

and inventive ideas are under consideration. It is anticipated that the implementation of nano-

geometries, plasmonic effects, and up or down conversion will result in a substantial 

improvement in performance and a decrease in costs [16]. Figure 1.13 illustrates a comparison of 

different technologies in terms of their efficiency in converting solar energy to electricity. This 

comparison serves as a guide to understand the chronological and topical development of 

photovoltaic (PV) technology. The new concepts are categorized into three generations based on 

their technological advancements [17]. 

Solar cells are traditionally categorized into three generations. 

 

 

Figure. 1.13: An analysis of the historical, present, and future state of photovoltaic technology [17]. 
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1.3.1 First Generation solar cells 

Presently, it holds the highest level of usage. Nevertheless, it is evident that the efficacy of cells 

in this particular group has either remained stagnant or had minimal growth in the last two 

decades. This is mostly due to the constrained absorption range of silicon, which is limited to the 

visible and near-infrared regions. However, it is the most developed technology and provides the 

most favorable ratio of price to performance. Different module technologies can be classified 

according to the production of silicon material.  

 

After oxygen, silicon is the second most abundant element found in the Earth's crust. It is 

advantageous because it can be manufactured from a nearly unlimited natural resource called 

silica, which is found in granite, sand, and sandstone [16]. In 1954, the initial silicon solar cell 

was produced at Bell Laboratories in the United States, achieving an efficiency of 6% [17]. This 

sector comprises monocrystalline and multicrystalline variants of silicon-based materials with a 

crystalline structure. 

 

Figure 1.14: The manufacturing process for standard commercial crystalline silicon solar cells [16]. 

 

1.3.2. Second Generation solar cells 

The primary thin-film technologies comprise amorphous silicon, which has been employed in 

many applications for a considerable period, particularly in watches and calculators, CdTe 

(Cadmium Telluride heterojunction), CIS or CIGS (Copper Indium Gallium Diselenide 

heterojunction). This talk will mostly discuss single-junction cells, which function in a similar 

manner as multi-junction cells by utilizing different layers to capture a wider range of solar 

energy. Nevertheless, these technologies are highly intricate and now limited to specialized niche 
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applications, such as concentrating solar power, predominantly employed in spacecraft. Thin-

film technologies utilize materials that have a high coefficient of absorption for the solar 

spectrum, such as: 

• Amorphous Silicon (a-Si): The utilization of amorphous silicon can be traced back to the 

early 1970s (Figure 1.15). The utilization of thin-film form presently yields cost-effective 

generators that rival preceding technologies. 

 

• Cadmium Telluride (CdTe) is a type of polycrystalline material that is applied onto glass 

substrates. The initial cells were created in 1972. The conversion efficiency attained 

using this method is considerably more gratifying. Nevertheless, the primary constraint 

hindering the extensive implementation of this technique is the hazardous nature of 

cadmium. 

 

• Copper Indium Selenide (CIS or CIGS) is a technologically advanced material that has 

great promise for future advancements, with laboratory efficiency reaching up to 20% 

[15]. Nevertheless, there is a limited supply of the ingredients needed for producing this 

particular form of cell [14]. Furthermore, their efficiency is now the highest among thin-

film solar cells. A solar cell measuring around 0.5 cm², manufactured by Solar Frontier-

Japan, reached a record efficiency of 22.3% on December 8, 2015 [17]. 

 

 

 

Figure 1.15: Thin film Photovoltaic Cell [14]. 

 

CIGS cells have higher heat resistance compared to crystalline silicon cells; however they are 

not as resilient as CdTe cells. Furthermore, thin-film technologies have a minor advantage in 

capturing light throughout the early morning and late afternoon, with an increase in efficiency of 

a few percentage points. CIGS cells can be fabricated on plastic supports, soda-lime-silicate 

glass with a thickness ranging from 1 to 3 mm, or on metal foils. 
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1.3.3. Third Generation solar cells 

The objective is to create a next-generation of significantly lighter and more efficient cells by 

utilizing polymers and organic components. The fundamental concept is to substitute the mineral 

compounds that make up the solar cell with polymers or organic molecules. The goal for today is 

to enhance the effectiveness of light absorption and manipulate the structure of cells in order to 

raise overall efficiencies. Upcoming organic cells will possess the qualities of transparency, 

flexibility, and notably thinness. When placed on rooftops, walls, or even windows, these 

devices will provide the necessary electricity for the building's energy use. Designed for 

compatibility with mobile phones and portable devices, they will offer power. 

 

Figure 1.16: Organic Photovoltaic Cell "HeliaFilm"[18] 

The perovskite sector refers to a novel kind of solar cells. It is still in the experimental phase and 

has not been released for public use. Perovskite is a crystalline structure that is based on the 

structure of calcium titanate CaTiO3 [18]. The photovoltaic characteristics of this material, such 

as its ability to absorb photons, which is 10 times higher than silicon, efficient separation of 

electric charges, and their mobility, are attributed to a recent discovery [18]. The credit for this 

finding is attributed to two renowned experts in the field: Michael Graetzel from the Ecole 

Polytechnique Federale de Lausanne, and Henry Snaith from the University of Oxford. In 2009, 

Toin University in Japan developed the inaugural photovoltaic cell with an efficiency rating of 

3.8% [18]. The Ecole Polytechnique Federale de Lausanne (EPFL) holds the world record in this 

field. Nevertheless, the primary obstacle faced by perovskite solar cells is their long-term 

stability and the inclusion of lead within their molecular structure. 
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1.4. The advantages, Challenges, and Possible Solutions 

Like any other technology, PV technology has its own unique advantages and disadvantages. 

The list below provides reasons for the differing opinions on the technology, along with 

corresponding solutions to the challenges [19]. 

1.4.1. The advantages  

Solar PV technology offers a multitude of advantages. The following paragraphs provide a clear 

explanation of these points: 

1. Renewable energy: The electricity generated by solar PV modules does not produce any 

greenhouse gas (GHG) emissions. Greenhouse gases (GHGs) are the primary cause of significant 

environmental harm, including global warming and climate change. Photovoltaic (PV) 

technology guarantees that energy generation is free from any emissions. 

2. PV technology is centered around the conversion of sunlight into electricity using Silicon 

modules, which are derived from sand and are one of the most plentiful elements on Earth. This 

makes it a sustainable energy source. As long as solar radiation reaches the Earth, we can ensure 

a consistent supply of electricity. 

3. Noiseless technology: Photovoltaic systems typically lack any mechanical components that 

could generate noise. Thus, it is regarded as a viable renewable resource that can be implemented 

in residential areas. However, other renewable generation systems are excessively large in size 

and intricate in operation to be suitable for installation in local areas. 

4. Minimal maintenance requirement: Photovoltaic modules necessitate minimal technical 

upkeep. Periodic cleaning is necessary to prevent waste materials from obstructing the modules' 

access to sunlight. 

5. PV module manufacturers typically offer a linear performance warranty for the modules listed 

in their datasheet, which covers the entire operating lifespan [20].  

6. There are no limitations based on location: Photovoltaic (PV) modules can be installed 

anywhere in the world, regardless of site conditions. This is because PV modules are capable of 

generating electricity even in cloudy areas. Nevertheless, it is more desirable to install PV 

systems in a sunny location that is unobstructed by the shadows of tall trees or buildings. 

7. Affordable: Over the past twenty years, the price of PV modules has significantly decreased, 

reaching a global ex-factory gate price of 0.214 $/W for polycrystalline Silicon modules. Recent 
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advancements in semiconductor technologies suggest that prices will continue to decrease in the 

near future. 

8. Maturing with continued promise: Despite experiencing a significant boom in the early 

twenty-first century, the photovoltaic (PV) industry has demonstrated considerable maturity and 

potential for integration into the well-established utility grids industry. This potential is expected 

to grow in the coming years due to advancements in efficiency and lifespan. 

9. Solar module recycling: Once a solar module reaches the end of its lifespan, it can be recycled 

due to its composition primarily consisting of glass, silicon, and various metals. 

10. Reduced susceptibility to natural disasters: Solar PV systems exhibit a lower level of 

vulnerability to natural disasters such as earthquakes, floods, and tsunamis [21]. 

1.4.2. The Challenges 

There are specific difficulties related to the installation of solar photovoltaic (PV) technology, 

which is outlined below: 

1. The initial and recycling costs of PV applications are high, but their maintenance costs are 

relatively negligible. Nevertheless, the initial expense can be significantly higher when compared 

to traditional resources for large-scale implementations. Furthermore, after its use, carrying out 

multiple recycling procedures such as segregation, fusion, and disintegration of each component 

may exceed its selling price in terms of expenses. 

2. Inconsistent and variable energy: The amount of energy produced by solar modules depends 

on the unpredictable solar irradiance that is present during the day, which can also change due to 

shading. Thus, due to its intermittent characteristics, solar energy is often regarded as secondary 

in the electricity markets. 

3. The need for energy storage: Energy storage technology provides a solution to the problem of 

solar power's intermittent nature by compensating for fluctuations that occur during periods of 

shading. Nevertheless, the durability of energy storage components, such as batteries, is shorter 

compared to that of solar modules. Consequently, these components need to be replaced multiple 

times over the course of the project's lifespan. Put simply, the addition of a new operating cost 

can result in an increase in the initial cost of the PV system. 

4. Toxicity and disposal concern: The manufacturing process of PV modules does not 

completely eliminate carbon emissions. When solar modules containing heavy elements like 

Cadmium, Lead, and Selenium are taken apart, they can release toxic substances. While solar 
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modules can be recycled, certain components cannot be fully recycled, resulting in additional 

waste. 

5. Footprint: Due to the relatively low efficiency of the light-electricity conversion process, PV 

modules require a substantial amount of space to generate enough energy to meet the load or grid 

demand. This challenge pertains to the placement and financial implications of the land 

installation. 

1.4.3. The Potential Solutions 

As solar technology is being widely adopted worldwide, researchers and engineers are actively 

working on solutions to address its challenges, driven by its rapid evolution. Due to the 

commercialization of the most recent semiconductor technologies, the price of solar modules is 

experiencing a substantial decrease. Despite the high initial cost, the system typically provides a 

quick return on investment. Furthermore, energy storage systems such as Batteries are being 

incorporated to tackle the problem of inconsistent and variable energy. These batteries are being 

used with optimized controllers to enhance their lifespan. Researchers are also endeavoring to 

reduce the cost of recycling and disposing of expired module parts, while also preventing the 

release of toxic substances. Both local and federal regulations are currently being implemented 

to ensure the appropriate disposal of hazardous materials, with the aim of preventing toxicity and 

disposal-related problems. In addition, the use of innovative mounting mechanisms allows 

installers to maximize the utilization of the available land. Ongoing research and progress in 

solar technologies will significantly reduce the difficulties encountered in installing solar 

modules, positioning it as a prominent energy source in numerous regions worldwide in the 

coming years [19]. 

1.5. Conclusion  

In this chapter, we presented the operating principles of a photovoltaic cell, including its I(V) 

characteristics in darkness and under illumination, and its various parameters. These include the 

open-circuit voltage (Voc), the short-circuit current density (Jsc), the fill factor (FF) and the power 

conversion efficiency. We also discussed the losses due to series resistance (Rs) and shunt 

resistance (Rsh), along with a description of the different generations of the cell. We conclude 

with a discussion of the advantages, challenges, and potential solutions. 
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Chapter 2:  

Literature review of CZTS based solar cells 
 

2.1. Introduction 

Solar energy has become a highly abundant resource in the renewable energy sector, with 

applications ranging from large-scale businesses to residential consumption. Thick-film Silicon 

solar cells have dominated the solar cell market since they were first developed. Nevertheless, due 

to recent technological progress, thin film has emerged as the favoured configuration for solar cells 

due to its numerous advantages over thick cells. CIGS (Copper Indium Gallium Diselenide) and 

CdS (Cadmium Selenide) have demonstrated exceptional performance in the field of thin film 

technology. However, because to issues related to toxicity and high expenses, these cells are not 

considered to be practical or viable. 

Cu2ZnSnS4 generally abridged as CZTS (Copper Zinc Tin Sulfide), a substitute for CIGS, has 

remarkable photovoltaic properties and possesses exceptional light absorption capabilities. 

Moreover, the components of CZTS are plentiful in the natural environment, resulting in a 

reduction of associated expenses. In order to improve effectiveness, a variety of structural and 

material characteristics have been altered through experimentation. Despite multiple tries, the 

efficiency of the single-junction CZTS solar cell has not surpassed 13%. This chapter provides a 

comprehensive overview. 

2.2. Advancements in kesterite Solar Cell Technology 

Amazing progress has been made in CZTS solar cells throughout the last twenty years. In order to 

provide a more unambiguous viewpoint, we have gathered the year-wise data of CZTS research 

papers and citations in Figure 2.1, which clearly demonstrates a noticeable upward trend in CZTS 

solar cell research. The fabrication of CZTS thin film solar cells involves the use of substrate and 

superstrate combinations. Considerable research has been conducted on the substrate-structure of 

CZTS-based solar cells, as well as the manufacturing of the superstrate structure of CZTS devices. 

Following a thorough examination spanning many years, the device with a substrate structure 

including a Cd-alloyed CZTS absorber has obtained the highest peak power conversion efficiency 

(PCE) of 12.6%.[1] However, the challenges for researchers in further enhancing the power 

conversion efficiency (PCE) of S-J CZTS solar cells have arisen from issues with the CZTS 

absorber and the front/back interfaces. To address these difficulties, exceptional endeavors have 

been undertaken and documented in the literature. These efforts include doping and alloying 
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techniques, etching and post-annealing treatments for absorber CZTS [2,3], incorporation of 

barrier/passivation layers at Mo/CZTS [4] and CZTS/buffer layer interfaces [5], and investigation 

of new buffer layers. Substantial outcomes have been attained. Furthermore, to surpass the S-Q 

limit, scholars have explored the use of CZTS as a top- and middle-cell in tandem devices for both 

experimental and theoretical studies. Consequently, research has been initiated in this particular 

area. While numerous valuable review papers have been written on kesterite solar cells in recent 

years, the advancements, difficulties, and future potential of pure sulfide-based CZTS solar cells 

have been more extensively examined in conjunction with CZTSe and CZTSSe solar cells.[2,6] 

Notwithstanding their publication in 2018, Khalate et al.[7] and Ravindiran et al.[8] focused 

mostly on sulfide-based CZTS solar cells in their review papers. 

However, much progress has been made in the sector since then, and still, the previously published 

review papers fail to adequately summarize the prior developments in CZTS solar cells. In this 

context, a thorough and current analysis particularly focused on pure sulfide-based CZTS solar 

cells is necessary to close this disparity.  

 

Figure 2.1 : Evolution of the number of publications and citations per year for CZTS material till 
October 2023; search for “Cu2ZnSnS4 (CZTS) solar cells”, source: Web of Science database. [9] 

 

2.3. Properties of CZTS 

CZTS, a polycrystalline semiconductor also known as kesterite, is favored for thin-film solar cells 

due to its abundance, eco-friendly profile, and non-toxic nature [9,10]. Its constituents Copper, 

Zinc, Tin, and Sulfide are relatively plentiful on Earth compared to those in CIGS, making CZTS 
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an appealing alternative [11,12]. With a structure akin to CIGS, CZTS boasts long-term stability 

and excellent light absorption capabilities thanks to its kesterite structure. 

Its absorption coefficient of 104 cm−1 leads to efficient hole-electron pair generation upon exposure 

to light [14]. CZTS features a straight optical band gap, making it an excellent candidate for the 

absorber layer. The band gap can be adjusted between 1.4 and 1.6 eV through various preparation 

methods, dopants, or replacements [11, 15]. Acting as an intrinsic p-type semiconductor, CZTS 

offers promise for thin-film solar cells. Recent research suggests that replacing Sulfide (S) with 

Selenium (Se) can further decrease the band gap to 1 eV [16]. These inherent properties position 

CZTS as a highly viable option for absorber layers in thin-film solar cells. 

2.3.1. The CZTS Structure 

There are three potential tetragonal crystal forms that CZTS (copper zinc tin sulfide) can adopt: 

kesterite, stannite, and primitive-mixed CuAu (PMCA) structures [17,18]. 

The Kesterite type structure is formed by substituting In atoms with Zn and Sn in the Chalcopyrite 

type CuInS2 (CIS) structure [19]. The kesterite structures consist of layers arranged in a certain 

pattern: CuSn, CuZn, CuZn, and CuZn at z=0, 1/2, 1/2, and 3/4, respectively. The kesterite CZTS 

crystal has a tetrahedral bonding configuration, in which the anions and cations are arranged in a 

stacking pattern reminiscent of zinc blende structures such as ZnO or ZnS. 

The exclusive distinction between the stannite and kesterite structures lies in the organization of 

the layers. The kesterite structure consists of alternating layers of ZnSn and Cu2, as previously 

indicated. Nevertheless, the arrangement of layers in the stannite structure varies [20]. The PMCA 

consists of two kesterite structures and one stannite unit cell, creating a singular and 

distinguishable arrangement. According to research, the kesterite structure of CZTS is more 

thermodynamically stable compared to the other two forms [21]. It has been chosen in preference 

to alternative constructions. Based on both theoretical and experimental evidence, it has been 

established that tetragonal kesterite has the most stable crystal structure for Cu2ZnSn(S,Se)4 [22]. 

Aside from stannite, several other metastable structures have been shown, including Zinc blende, 

wurtzite, wurtzite-kesterite, and wurtzite-stannite (Figure.2.2). 
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Figure 2.2 : a Kesterite, b Stannite and c PMCA structure of the CZTS material based on the 
different alternating planes[23]. 

 

2.3.2. The CZTS Phases  

CZTS exhibits subsequent phases. The suggested chemicals are zinc sulfide and copper sulfide 

[24, 25]. The identification of the secondary phases is accomplished through the use of X-ray 

diffraction (XRD), microprobe fluorescence analysis, Raman spectroscopy, and X-ray absorption 

near-edge spectroscopy. 

In zinc-rich structures, the significance of ZnS secondary phases is heightened due to their large 

formation energies. The presence of these secondary phases can influence the optical 

characteristics of the compound [26]. However, their existence may also limit the performance of 

the solar cell absorber layer. While empirical evidence supporting this claim is lacking, variations 

in band offsets with CZTS in different scenarios are possible. 

When the band gap of the secondary phase is smaller than that of CZTS, both majority and 

minority carriers are attracted to it, posing challenges for carrier separation [27, 28]. This 

phenomenon could impede the efficient collection of hole-electron pairs. Conversely, if the band 

gap of the secondary phase exceeds that of CZTS, it not only reduces the conductivity of CZTS 

but also inhibits the formation of electron-hole pairs (Figure.2.3). 
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Figure 2.3: Secondary phase generation in the CZTS material [28]. 

Additionally, the process of synthesizing quaternary compounds is more intricate in order to 

prevent the formation of binary and tertiary phases. Cu2ZnSnS4 consists of four distinct elements 

and has the ability to form various more binary and ternary compounds, such as CuS, Cu2S, ZnS, 

SnS, SnS2, and Cu2SnS3. (Figure  2.4) 

During the synthesis of Cu2ZnSnS4, heterocyclic compounds are formed when the composition 

percentage of any unidentified components increases or when there is a change in the growth 

environment. 

 

Figure 2.4: CZTS quaternary phase diagram containing the known phases [28]. 
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Table 2.1: Different properties of secondary phases detected in CZTS materials [29] 
 

Properties Cu2ZnSnS4 Cu2SnS3 ZnS Cu2S SnS2 

Band gap Eg ∼1.45 eV 
0.98-1.35 

eV 
3.54-3.68 eV 1.21 eV 2.2 eV 

Electrical 

properties 

Semiconductor, 

p-type 
p-type 

Semiconductor 

n-type 

p-type, 

metal like, 

highly 

defective 

n-type 

Structural 

properties 
Kesterite 

Cubic and 

Tetragonal 

Sphalerite 

and wurtzite 
Chalcocite Rhombohedral 

Impact on 

solar cell 

performance 

Essential 

absorbing 

material 

Affect 

carrier 

collection 

efficiency 

Insulating, 

reduce 

device active 

area 

Metallic, 

short solar 

cell 

n-type, forms 

diode and 

barrier 

for carrier 

collection 

 

2.3.3. CZTS Defects 

Aside from the secondary phases, PV solar cells can be influenced by various inherent point 

defects, including vacancy defects, antisite defects, interstitial defects, and complex defects, which 

have the potential to impact their performance. Among the most prevalent defects found in CZTS 

crystals are vacancies, with notable examples being the copper vacancy (VCu), zinc vacancy (VZn), 

tin vacancy (VSn), and sulfur vacancy (VS). In addition, there are defects known as antisite defects, 

including the presence of CuZn (copper on zinc antisite), ZnCu (zinc on copper antisite), CuSn 

(copper on tin antisite), SnCu (tin on copper antisite), ZnSn (zinc on tin antisite), and SnZn (tin on 

zinc antisite). Other flaws that can be identified in CZTS are interstitials, notably copper 

interstitials (Cui) and zinc interstitials (Zni), as seen in Figure 2.14. Furthermore, there exist defect 

pair complexes that are balanced in charge and consist of vacancies for both donors and acceptors, 

as well as antisites and interstitial defects. The combinations include [CuZn + ZnCu], [SnZn + ZnSn], 

[CuSn + SnCu], [ZnSn + 2ZnCu], and [2CuZn + SnZn]. Additionally, there are other intricate 

abnormalities such as [VCu +ZnCu], [VZn +SnZn], and [2VCu +SnZn]. Defects in CZTS lead to the 

creation of several energy levels within the band gap. The levels consist of shallow acceptor and 

donor levels, a mid-gap level, and deep trap levels. Figures 2.5 and 2.6 depict the levels for CZTS 

[30-36]. 

VCu and CuZn are both shallow acceptor levels, with CuZn being deeper than VCu since its formation 

energy level is larger at 120 meV, compared to VCu is 20 meV. The abundance of VCu and CuZn in 

CZTS results in a substantial population of hole carriers, leading to p-type conductivity. The 

performance of solar cells is improved based on the concentration of faults and the chemical 
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composition. More precisely, a copper-poor situation is defined as having a Cu/Zn+Sn ratio of 1 

or less, whereas a zinc-rich condition is defined as having a Zn/Sn ratio of 1 or greater. Higher 

composition ratios have a detrimental effect on the performance of CZTS by causing the formation 

of a large number of inherent defects and increasing losses due to recombination [38].  

High energy production energies of 220 and 230 meV can be used to identify additional acceptor-

level defects in CZTS, such as VZn and ZnSn, respectively. CuSn exists in CZTS as many deep-level 

acceptors with formation energies that differ at the mid-gap level. In addition, it possesses a low 

formation energy and serves as recombination centers in CZTS, which has a detrimental effect on 

the efficiency of solar cells [37, 32, 39, 40]. Figure 2.5 depicts the main differentiation between 

CIGS and CZTS. More precisely, CZTS displays mid-gap states and tail states, but these states are 

not present in CIGS. 

 

 

Figure 2.5: Different levels of defects present in both CIGS and CZTS materials [41]. 

 

However, there are other undesirable flaws, such as ZnCu, SnCu, SnZn, Cui, and Zni. All of these 

imperfections are classified as donor levels in the CZTS material. ZnCu is categorized as a shallow 

donor level, whilst the remaining ones are regarded as deep donor levels with a high formation 

energy [32]. SnCu displays two discrete energy levels: a shallow donor level located in proximity 

to the conduction band, and a deep donor level positioned at the mid-gap energy level.  

 

The elucidation of these energy levels can be achieved by examining the atomic orbital energies, 

particularly the multi-valence of Sn. Cui and Zni are categorized as a shallow donor level and two 

mid-gap levels, respectively. Moreover, Vanadium Sulfide (VS) functions as a profound electron 

donor, leading to the formation of energy states located in the middle of the energy gap. However, 
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these flaws serve as sites where hole-electron couples can recombine, which has the potential to 

limit the performance of CZTS. This is seen in Figure 2.6 [42, 32]. 

 

 

Figure 2.6: The energy levels at which intrinsic point defects arise in the band gaps of CZTS [32]. 
 
 
 

Defect complexes have a notable impact on the efficiency of CZTS solar cells, as illustrated in 

Figure 2.6. As an illustration, the compound [CuZn +ZnCu] exhibits the lowest energies for both 

shallow acceptors and donors, measuring at 200meV. This leads to a decrease in the band gap of 

CZTS. Conversely, the compounds [SnZn + ZnSn] and [CuSn + SnCu] exhibit a significant formation 

energy exceeding 200 meV, resulting in a reduction of the band gap of CZTS by 300 meV. The 

intricate defect [VCu +ZnCu] exhibits a low formation energy, yet it results in an augmentation of 

the band gap of CZTS [42]. The presence of antisite defect pairs in CZTS is not influenced by the 

chemical composition. Finally, the formation energy for the compounds [VZn + SnZn] and [2CuZn 

+ SnZn] is between 300 and 600 meV, as shown in Figure 2.7. The occurrence of these flaws in 

CZTS is influenced by the synthesis procedure, particularly by modifying the proportions of 

copper and zinc. These defects are observed during the synthesis of CZTS under conditions of 

copper deficiency and zinc excess. This phenomenon has been recorded in various studies, 

specifically studies [32, 43, 44, 45]. 
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Figure 2.7: Different defect complexes change CZTS's valence (green) and conduction (blue) bands 
[32]. 

 

Nevertheless, it is evident that the existence of tin defects, both point and complex, results in a 

important increase in the formation energy, primary to a reduction in the energy band gap of CZTS. 

The significant formation energy of these defects renders them challenging to occur 

spontaneously. The formation energy of certain defects, such as [2CuZn+SnZn], [SnZn+ZnSn], and 

[ZnSn+2ZnCu], is measured at 600, 860, and 830 meV, respectively. In addition, there are other 

intricate defects with formation energies exceeding 1.2 eV, such for example [CuSn+SnCu], [ZnSn 

+Zni], [VZn+SnZn], and [2VCu+SnZn]. 
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Table 2.2: Possible CZTS defects/complexes defects [29]. 

 Details of defects Ionization levels 

(Donor/Acceptor) 

Effect on CZTS solar cell 

Performance 

V
a
ca

n
ci

es
 d

ef
ec

t 

Tin vacancy (VSn) 

 

One, Acceptor Negatively impact the 

performance of the device, 

particularly at deep levels. 

Ionization from neutral to -1 

Zinc vacancy (VZn) Two, Acceptor Unfavorable, profound depths 

Copper vacancy (VCu) Four, Acceptor 

 

state and transition level, ε(-/0), 

creates shallow state, enhancing 

solar cell efficiency. 

Sulfur/Selenium vacancy 

(VS/VSe) 
One/One, 

Donor/Donor 
unfavorable, mid gap states 

A
n

ti
si

te
s 

d
ef

ec
ts

 

Copper-on-Zinc antisite 

(CuZn) 

One, Acceptor Deeper than copper vacancy, 

contribute to the p-type nature of 

CZTS 

Zinc-on-Copper antisite 

(ZnCu) 

One, Donor Not favorable, shallow level near 

conduction band 

Copper-on-Tin antisite 

(CuSn) 

Three, Acceptor Not favorable, deep and multi 

Levels 

Tin-on-Copper antisite 

(SnCu) 

Two, Donor Not favorable, deep level/mid 

gas state 

Zinc-on-Tin antisite (ZnSn) Two, Acceptor Not favorable, deep levels 

Tin-on-Zinc antisite (SnZn) Two, Donor Not favorable, mid gap states 

In
te

rs
ti

ti
a
ls

 Zinc interstitial (Zni) 
 

Two, Donor 
 

Not favorable, mid gap states 

Copper interstitial (Cui) One, Donor Not favorable, shallow states 
adjacent conduction band 

D
ef

ec
t 

co
m

p
le

x
es

 

Non-stoichiometric-

conserving 

defect complex 

(VCu+ZnCu), (VZn+SnZn), 

(ZnSn+2ZnCu), (2CuZn+SnSn) 

Formation energy 

∼0.3-0.6 eV 

Significant impact and 

responsible for local variation in 

chemical potential and 

stoichiometric in-homogeneity 

 

Stoichiometric-conserving 

defect 

complex 

(CuZn+ZnCu), (CuSn+SnCu), 

(ZnSn+SnZn) 

 (CuZn+ZnCu): ∼0.2 

eV formation 

energy, for other 

two >0.2 eV 

 (CuZn+ZnCu): Low impact on 

optoelectronic properties 

other two have significant 

impact on CZTS and decrease 

band gap by 0.3 eV 

 

2.3.4. Band Gap energy  

The band structure of CZTS is contingent upon the diverse compositions of the materials within 

the compound. Additionally, the introduction of doping alters the energy band gap of the 

compound. Decreasing the Cu/(Zn+Sn) ratio causes the band energy of CZTS to increase [46]. 

Diverse energy bands are represented by distinct band structures. The transition from the Kesterite 
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structure to the stannite structure is accompanied by changes in the energy bands, as shown in 

Table 2.3. 

 

Table 2.3: Band gap of CZTS/CZTSe simulated and measured experimentally. 

 

Material Energy Band (eV) 

Simulated Experimental 

CZTSe kesterite  0.55 [18] 1.0 [27] 

CZTS kesterite  0.87 [22] 1.5 [26] 

CZTSe stannite  0.35 [28] 0.9 [12] 

CZTS stannite   0.68 [47] 1.45 [27] 

CZTSe stannite  0.35 [28] 0.9 [12] 

CZTS PMCA  0.27 [14] 0.65 [14] 

 

Theoretical calculations have revealed that the optical bandgap of stoichiometric kesterite-CZTS 

is 1.50 eV [15]. The experimental results showed that the bandgap of CZTS thin film, deposited 

using various methods, ranged from 1.4 eV to 1.5 eV [26, 27]. The CZTS thin film is well 

acknowledged to have an absorption coefficient of up to 104 cm-1. The CZTS thin film produced 

using sol-gel synthesis in our research group has been found to exhibit an absorption coefficient 

above 104 cm-1 for photon energies above 1.2 eV.  

  

Figure 2.8: a) Typical band-gap and (b) Absorption coefficients of a CZTS thin film [90]. 

 

2.4. Deposition Techniques for CZTS 

Various methods exist for the synthesis of CZTS materials. Researchers have been interested in 

the preparation of thin-film solar cell materials for over a decade. Various methodologies have 

been examined, empirically executed, and outcomes have been computed. The efficiency of CZTS 
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varies depending on the preparation method used. This section will cover various techniques for 

preparing CZTS materials. 

There are two main methods when it comes to the processing of the material. [48]. 

1. Vacuum-based methods 

2. Non-vacuum-based methods. 

 

2.4.1. The Vacuum based methods 

Vacuum-based methods are indeed costly, but they come with notable advantages. These processes 

yield materials with superior uniformity, resulting in exceptional quality. Moreover, they offer a 

high level of reproducibility. During these procedures, material compositions are deposited onto a 

substrate using various techniques, which will be elaborated on in the following section. By 

meticulously controlling pressure and temperature throughout the process, an optimal composition 

is maintained with high efficiency. Vacuum-based methods can be categorized as follows: 

2.4.1.1. Evaporation techniques 

Considering the high degree of achievement seen in the building of thin-film solar cell absorber 

films using the evaporation procedure, it is reasonable to select this method for preparing CZTS 

material. There are multiple methods available for evaporation. There are two approaches to 

accomplish the evaporation of the mixture. The first phase involves the simultaneous deposition 

of the components. Following the sulfurization process, the second phase of the procedure involves 

sequentially depositing the material compositions, which are then subjected to sulfurization. The 

precursor ingredients are deposited onto soda-lime glass (SLG). This process utilizes ethylene 

alcohol, copper (II) chloride dihydrate, zinc (II) chloride, tin (IV) chloride tetrahydrate 

(SnCl4•4H2O), and thiourea (CH4N2S) [49]. The use of molybdenum (Mo) coated soda-lime glass 

has resulted in the highest efficiency ever achieved in CZTS solar cells. The evaporation rate 

remains efficient at 8.4%. 

2.4.1.2. The Pulsed Laser Deposition technique (PLD) 

Pulsed Laser Deposition (PLD) is a deposition technology that involves directing high-power laser 

pulses onto a solid state target in a vacuum chamber. This process is non-equilibrium in nature 

[13]. Laser ablation is a phenomena that occurs when a laser beam strikes a target. In this process, 

the target material absorbs the photons, which are usually millisecond UV pulses, through rapid 

interactions between photons and electrons. The energized electrons promptly (within a few 

picoseconds) transfer their energy to the lattice through phonon scattering, resulting in the eventual 

vaporization of the material as a partially ionized plasma. The interaction between the material and 
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the laser is highly intricate, and a comprehensive theory of plasma creation has not been 

established [50-53]. However, it is clear that it is not a straightforward process of evaporation. 

Yes, the plasma's effective temperature can exceed the boiling point of the target and typically 

ranges from 1 to 100 electron volts (eV), depending on the laser energy density and interaction 

characteristics. After its formation, the plasma rapidly spreads away from the target in a forward 

direction and ultimately reaches the substrate, where it is then deposited as a thin coating. The 

substantial kinetic energy exhibited by the atoms when they reach the substrate yields various 

advantageous outcomes on the formation of the film, rendering PLD a technology that operates 

outside of non- equilibrium technique. 

2.4.1.3. Sputtering techniques 

First described by Grove in 1852, this technique involves bombarding the surface of the target, 

which represents the material to be deposited (cathode), with non-reactive ions, typically argon 

ions (Ar+). The sputtering effect mostly occurs when energy is transferred from the incident ions 

to the atoms on the surface of the blasted material. Surface atom removal is triggered when the 

amount of energy supplied above the binding energy of the atoms. The atoms that have been 

uninvolved gather and solidify onto a heated substrate, known as an anode, at a high temperature, 

resulting in the formation of a layer. The ions are generated in a plasma with the application of an 

electric discharge, either direct current (DC) or radiofrequency (R.F), at a low pressure range of 

0.02-0.2 torr. This method enables the application of almost all types of materials (including 

semiconductors and insulators) to make thin films that have the same composition as the desired 

material. Additionally, it allows for the production of large-area deposits. Ito and Kanazawa [54] 

were the initial researchers to fabricate thin CZTS layers using this technique. They achieved a 

CZTS bandgap energy of 1.45 eV. Subsequently, Katagiri et al [55] discovered that immersing 

thin CZTS layers in demineralized water prior to depositing CdS enhances solar cell efficiency to 

6.77%. In 2016, Yu-Pin Lin and colleagues [56] developed a solar cell using an 

SLG/Mo/CZTS/CdS/i-ZnO/IZO/Al structure. This solar cell achieved an efficiency of 5.2% when 

exposed to AM1.5 illumination. Recently, a group of researchers led by K. Sun et al [57] created 

a solar cell using a KS-CZTS material and a Zn1-xCdxS buffer layer composed of three elements. 

Their efficiency reached 9.2%, with the following current-voltage I(V) characteristics: Voc, Jsc, and 

FF, measuring 747.8 mV, 19.5 mA, and 63.2%, respectively. 
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2.4.2. A Non‑vacuum‑based methods 

After extensive research and long-term application, it has been observed that vacuum processes 

are costly, complex, and do not optimally utilize composition materials. Given the rising demand 

for thin-film solar cells like CZTS, it became essential to explore more cost-effective and efficient 

production methods at an industrial scale. Consequently, non-vacuum processes have emerged as 

a superior alternative. These processes offer greater material utilization, require less energy, and 

incur lower costs compared to their vacuum counterparts. Additionally, the advantage of not 

requiring a vacuum environment makes non-vacuum processes especially beneficial for large-

scale production. 

The subsequent methods are employed in non-vacuum processes. 

2.4.2.1. Spray pyrolysis methods 

A precursor solution is made by combining elemental salts of copper, zinc, and tin. Subsequently, 

the solution is applied onto the substrate and subjected to precise thermal conditions. The 

temperature of the substrate is essential in determining the outcome of this operation. Excessive 

temperatures hinder the layer from sticking to the substrate surface, whilst excessively low 

temperatures can cause crystallization problems with the composition materials. The applied 

coating undergoes a desulfurization procedure utilizing hydrogen sulfide (H2S) gas. 

This method is straightforward and provides a high level of efficiency. Optimal optical 

characteristics are achieved by maintaining the substrate temperature within the range of 500–650 

°C. No documented cases exist where CZTS generated using this technology has been utilized in 

thin-film solar cells. 

2.4.2.2. Electrochemical deposition methods 

Lately, electrochemical deposition techniques, also known as electro-deposition methods, have 

been extensively used for the fabrication of thin-film solar cell materials [58,59]. The initial 

semiconductor electrochemical deposition technique was performed almost forty years ago [60]. 

It employs two distinct methodologies. There are two methods for depositing the material: single-

step deposition and sequential deposition. In this procedure, an aqueous solution electrode is 

immersed, with one serving as the anode and the other as the cathode. An electric potential is 

useful among the anode and cathode, resulting in the deposition of a layer onto the substrate. Prior 

to the procedure, the substrate undergoes a cleaning process, often followed by the application of 

a Mo coating onto the substrate. Electrodeposition is employed due to its superior material 
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utilization and precise process control. Additionally, this procedure becomes highly advantageous 

for extensive regions of sediment accumulation. 

The first occurrence of CZTS manufacture using electrochemical deposition involved dissolving 

CuCl, SnCl, and ZnCl individually in NaOH and sorbitol, and thereafter depositing them in a 

sequential order. The maximum efficiency achievable for a solar cell using this specific approach 

is 6.03% [61]. Furthermore, in 2008, Bath University in Britain achieved the creation of CZTS 

with an efficiency of 0.8% [62,63], which was then enhanced to 3.2% in 2010 [64]. In 2009, 

Ennaoui at the Helmholtz-Zentrum Berlin (HZB) in Germany successfully attained an efficiency 

of 3.6% through the utilization of the electrochemical deposition method [65, 47]. 

2.4.2.3. Sol–gel deposition method 

Despite being around for over 150 years, the sol-gel process has advanced significantly in the 

previous two decades. Before studying sol-gel chemistry, review certain definitions. 

Sols are stable liquid colloidal suspensions. Solid particles, which are denser than liquid, must be 

small enough to prevent gravity from overwhelming dispersion forces. 

Gels are stable, connected, three-dimensional solid networks extended in liquid. Colloidal gels 

have colloidal particles in their solid networks. Polymeric gels include sub-colloidal chemical 

units, such as macromolecules [66]. 

German auto rearview mirror manufacturer Schott Glaswerke filed the first Sol-Gel patent in 1939. 

Later patents covered various products, including cathode ray tube screen coatings that improved 

visual contrast. In 1981, Padua hosted the first international convention on glass and glass ceramics 

made from gels [67]. 

Sol-gelation, also known as solution-gelation, uses room-temperature chemical reactions like 

polymerization to solidify a liquid-phase precursor solution. The initial solution contains a 

precursor, alcohol solvent, water, and sometimes an acidic or basic catalyst. Measuring each 

component is crucial to the gel's properties. Precursor choice depends on intended material. 

Chemical properties of the precursor, the solution's major component, dictate solvent and catalyst 

choices [40]. 

The preparation room humidity and temperature, solution pH, catalyst properties, and deposition 

solution concentration control this process. 

Various research groups have made efforts to create CZTS films using the sol-gel process, as 

documented in the literature. Agawane et al utilized the spin coating technique to create CZTS thin 

films. The purpose was to examine how the morphological, structural, and optical properties of 
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these films were affected by annealing temperatures ranging from 525 °C to 575 °C, while being 

exposed to an environment of H2S gas. The CZTS absorber layer, which achieved an efficiency of 

3.01%, underwent annealing at a temperature of 575 °C [68]. Yeh et al conducted a study where 

they synthesized CZTS thin films using copper chloride (II), zinc chloride (II), tin chloride (IV), 

and thiourea in a water-based solution. They also investigated the impact of annealing temperature, 

which varied from 160 °C to 320 °C [69]. 

Table 2.4: The efficiencies achieved by CZTS materials using various preparation methods 

Preparation Methods 

of CZTS 

Efficiency 

Recorded 

Precursors Years 

Sputtering  6.77 Cu, SnS, ZnS 2008 [55] 

Electrochemical 

deposition   

3.14 Cu, Zn, Sn 2009 [25] 

NP based methods  0.23 Copper(2) acetylacetonate, zinc acetate, 

tin(2) chloride dehydrate, elemental 

sulfur 

2009 [70] 

Screen Printing   0.49  CZTS microparticle 2010 [21] 

CBD ion Exchange  0.16 tin chloride dehydrate, zinc acetate 

dehydrate, aqueous Cu2 + 

2011 [71] 

Electron beam 

deposition  

5.43 Cu, Zn, and Sn 2011 [72] 

Sol gel-based 

methods  

2.23 Copper (2) acetate monohydrate zinc (2) 

acetate dehydrate tin (2) chloride 

dehydrate 

2011 [49] 

Pulsed laser 

deposition  

3.14 in-house fabricated CZTS pellet 2011 [73] 

Spray pyrolysis 1.15 - 2011 [74] 

Ink based 

Fabrication    

11 - 2012 [75] 

Vacuum Sputtering  6.8 Cu2, Zn, Sn, S4 2013 [76] 

Rapid Thermal 

Annealing  

2.56 Cu2, Zn, Sn, S4 2014 [77] 

 

2.5. Design of CZTS solar cell 

CZTS has rapidly dominated thin-film solar cell research due to its outstanding photovoltaic 

properties. The thin-film solar cell is classified as a second-generation solar cell because of its 

polycrystalline/heterojunction structure [78,79]. The CZTS layer in thin-film solar cells functions 

as a p-type region. The CZTS material undergoes light absorption, resulting in the generation of 

electron-hole pairs. These pairs are then separated by the electric field at the junction. Periodically, 
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the basic architecture of the CZTS solar cell has undergone several enhancements in order to 

improve its overall efficiency (Figure 2.9).  

 

 

Figure 2.9: General structure of single-junction thin-Film CZTS solar Cell [80]. 

 

The provided design illustrates the fundamental framework of the solar cell [80]. Thin-film solar 

cells generally consist of five primary layers, as depicted in Figure 2.9. The absorbing layer, 

Cu2ZnSnS4 in this instance, is the most vital component of the photovoltaic cell. Its primary 

function is to absorb solar radiation and produce charge carriers, namely electrons and holes. The 

experiments and simulations are conducted using only sunlight as the primary source to determine 

the efficiency of the device (Figure 2.10). 

 

Figure 2.10: Transportation of electrons and holes in thin-film solar cells constructed from CZTS 
[80]. 
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2.5.1. Anti‑reflecting layer 
 

Traditional glasses are efficient transparent barriers that facilitate the passage of light. However, 

in the context of solar applications, it is imperative to have an antireflection layer that also exhibits 

conductivity. The anti-reflective characteristic is crucial for minimizing the energy loss of photons 

(reflected photons), hence enhancing the generation of electron-hole pairs. In addition, the layer 

must have conductivity to collect the electrons generated in the pn-junction. As the number of 

electrons in the system rises, the short-circuit current will also increase. ITO is a highly 

commendable option for an anti-reflective coating. The layer possesses both transparency and 

conductivity. The material qualities are suitable for use in the solar cell. Indium tin oxide is a 

binary chemical consisting of tin and indium. The material is a doped n-type material with a band 

gap of 4 electron volts (eV), which means that it absorbs very little light in this layer [81,82]. One 

advantage of the ITO compared to its competitors is its superior production capability. It 

demonstrates a lower temperature at which it may be deposited and has desirable features for 

etching. In addition, ITO demonstrates decreased series resistance, which enables unimpeded 

electron mobility. 

Aluminum Zinc Oxide is a type of Transparent Conductive Oxide (TCO) material that has 

applications in solar cells. It exhibits high electrical conductivity and allows the transmission of a 

broad spectrum of light [83]. However, ITO is still the preferred choice due to its superior 

conductivity compared to AZO and its ability to resist degradation when exposed to the external 

environment [84]. However, in terms of cost, ITO is generally more expensive than AZO. 

2.5.2. The Window layer 

Beneath the anti-reflection layer, there is a layer called the window layer. The material exhibits n-

type conductivity and possesses both transparency and electrical conductivity. It is imperative that 

no obstruction is present to allow the passage of light to the PN junction. In summary, the material 

must possess a band gap that exceeds the energy range of visible light. This layer, which functions 

as a transparent barrier, is commonly referred to for example the window layer. The surface of the 

absorber layer in CZTS solar cells is predominantly rough, primarily as a result of sulfurization. 

The surface's roughness increases the possibility of direct contact among the TCO and absorber 

layer, resulting in significant band incoherence and a decrease in the pen circuit voltage of the 

device [85]. In order to bypass this issue, an additional layer of glass is inserted between the layer 

that conducts electricity and the layer that absorbs light. Optimizing the layer is necessary to 

enhance the efficiency of the solar cell. 
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The thickness is crucial. Increasing the thickness results in a decrease in series resistance and an 

increase in conductivity, which is advantageous?. However, excessive increase in thickness may 

result in a higher absorption of light within this layer [86]. Conversely, an excessive number of 

thin layers will result in a high level of band discontinuity, while a layer that is too thick will 

disrupt the built-in field, preventing the efficient collection of electron-hole pairs. The parameter 

utilised to assess the performance of the windows layer or determine its appropriateness as a 

windows layer is defined by the ratio of conductivity to absorption. Performance improves as the 

ratio increases. Furthermore, the analysis takes into account factors such as work functions, 

thermal stability, homogeneity, corrosiveness, and other relevant factors (Figure 2.11). 

 

 

 
Figure 2.11: CZTS thin-film solar cells use Zinc Oxide's crystal structure as a resistive layer[85]. 

 
 

Zinc Oxide is the conventional material used as a window layer in thin-film solar cells. This 

material exhibits a high degree of light scattering. Photons effectively reach the absorber layer. 

The resistivity of the i-ZnO material is determined to be (1.5-2.0)×104 per cm. The material 

demonstrates Hall mobilities reaching up to 60 cm2/Vs, approximately 2.0 refractive indices, and 

a typical transmittance of 85%. The band gap of i-ZnO is in the range of 3.35–3.45 eV. Due to its 

favorable characteristics, it is highly suitable for utilization as the windows layer in thin-film solar 

cells, as well as in CZTS solar cells. 

2.5.3. The buffer layer 

The buffer layer, also known as the emitter layer, has a significantly smaller thickness compared 

to the absorbing layer, usually designed to be approximately 40-50 nm. The purpose of this is to 

establish the p-n junction and facilitate the separation of charges. Recombination occurring at the 
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interface between the absorber and buffer layers has been recognised as a major cause of loss in 

CZTS solar cells. This is due to the relatively long lifetime of charge carriers in the CZTS 

absorber[83], which can extend up to a few nanoseconds. The recombination rate at the interface 

in a CZTS cell has been quantified to be roughly 105 cm/s. 

Cadmium sulphide (CdS) is frequently employed as the buffer layer due to its superior suitability 

for CIGS cells, which have been extensively utilised in the construction of CZTS cells. The large 

energy gap of CdS allows for efficient passage of light to the absorbing layer [85], and cadmium 

atoms have been shown to deactivate flaws at the interface between the absorber and buffer layers. 

Typically, the bandgap at the interface between CZTS and CdS is reduced due to the presence of 

localised states, which results in an increase in the valence band maximum in CZTS[87]. This 

phenomenon is responsible for the prevalence of interface recombination in CZTS solar cells. 

Additional materials that have been effectively utilised as buffer  layers in conjunction with   CZTS  

include  CeO2[87],  In2S3[88], InS2[89], TiO2,  a-Si[90], ZnO[91], ZnS[92], and Zn1-xCdxS[93]. 

 

Table 2.5: Possible buffer layer materials that can be utilized taking into account their band gap 

[93]. 

Buffer layer material  Band Gap (eV) Electron Affinity (eV) 

ZnO 3.3 4.6 

ZnS 3.5 4.5 

ZnSe 2.9 4.1 

CdS 2.4 4.2 

Cd0.4Zn0S 2.98 4.2 

In2S3 2.8 4.7 

Zn1MgO 3.32- 3.65 4.53-4.21 

 

  

Due to the myriad detrimental effects, it became imperative to find a substitute for CdS. Zinc 

sulphide (ZnS) was determined to be a feasible substitute. Zinc sulfide (ZnS) benefits from an 

abundant availability of raw materials, leading to a comparatively reduced cost. Moreover, the 

substance is non-toxic, thus it does not present any danger to the environment. As toxicity is not 

present, the cost of packaging decreases. The material has a band gap ranging from 3.10 to 3.40 

eV, which is greater than that of CdS. A larger band gap facilitates the transmission of a higher 

quantity of photons towards the junction. Increasing the band gap of the solar cell also improves 

its blue response, thereby enhancing its efficiency. Zinc sulfide (ZnS) demonstrates a higher  

level of lattice matching with copper zinc tin sulfide (CZTS), which consequently leads to an 

improvement in efficiency [91]. Experimental results have demonstrated that reducing the 

thickness of the buffer layer enhances the efficiency of the solar cell during the optimization 
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process. This phenomenon occurs because a thinner buffer layer enables a larger quantity of 

photons to generate a greater quantity of electron-hole pairs in the junction. Figure 2.12. 

 

 

 
Figure 2.12: Band-to-band comparison of ZnS and CdS, the best communal buffer layer materials, 

with CZTS [93]. 
 

 

 

The other alternative buffer layers include In2S3, SnS2, and ZnSe. Experimental observations 

have shown that ZnS is the most effective buffer layer [88],[89]. The primary reason for the recent 

preference of thinfilm CZTS solar cell developments is its stability at higher temperatures and its 

efficiency. This is supported by Figures 2.13 and 2.14, as well as Table 2.6. 
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Figure.2.13  I-V characteristics of simulated CZTS solar cells with varying absorber layer 
thicknesses[93]. 

 
 
 

 

Figure 2.14: Efficiency analysis of the simulated thin-film CZTS solar cell, considering both 
external and internal factors [93]. 
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Table 2.6: Efficiency attained employing diverse buffer layers in CZTS solar cell[93] 

 
Buffer layer material Conduction Band 

Offsets(eV) 

Valance Band 

Offsets(eV) 

EV of Buffer 

layer (eV) 

Efficiency of 

the device (%) 

CdS 0.1-0.40 1-1.30 2.31 8.77 

ZnO 0.09 +1.78 3.37 - 

CeO2 -0.12 +1.919 3.3 6.6 

ZTO 0.3  3.8-4 5.4 

ZnS 0.86 - - 2.87 

Zn1-xSnxOy - - - 9.0 

Zn1-xCdxS 0.37 -0.83 2.7 9.2 

In2S3/CdS  - - - 6.62 

 

2.5.4 Back contact 

The primary function of the back contact is to establish optimal contact with the absorber layer, 

thereby facilitating efficient hole transmission. Therefore, it is essential to select a material that 

possesses the appropriate work function, band gap, and lattice constant. Problems like cracking, 

bulking, bubbling, and pinhole development in the back contact of the device have been identified 

as factors that reduce its performance [94–96]. The diminished efficacy of the solar cells can be 

attributed to mechanical stresses caused by various deposition techniques and the difference in 

thermal expansion between CZTS and the material used for the back contact. Moreover, the 

dispersion originating from both the layer that absorbs and the underlying material can also 

contribute to the identical outcome. Molybdenum is the preferred material for the rear contact of 

CZTS solar cells because of its favorable work function and band gap [97]. An inherent issue with 

molybdenum is that, during the desulfurization process, it undergoes a reaction with sulfur, 

resulting in a decrease in the effective thickness of molybdenum disulfide. An additional concern 

arises from the chemical interaction between sulphur (Su) and molybdenum disulfide (MoS2). The 

performance parameters of the solar cell have been assessed by replacing molybdenum with other 

materials. Recent endeavors have been made to address the concerns associated with the back 

contact. A buffer layer is deposited between CZTS and MoS2 to inhibit any chemical reaction 

between the absorber and the back contact material [98]. According to reference [99], AZO is the 

favored option for an intermediate layer. 

2.6. Interface Buffer /Absorber layer 

The electrical characteristics of the solar cell are significantly impacted by the band alignment 

between the buffer layer and absorber layer. The CIGS/Se structure exhibits superior current 

properties compared to the CZTS/Se configuration, primarily due to less interface recombination. 

The conduction band offset is essential in easing electron movement through layers and regulating 
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the recombination process at the interface. The band offset in a hetero-junction is determined by 

the variance in electron affinities between the two layers of materials. The presence of positive 

and negative band offsets results in the construction of two distinct structures: a cliff and a spike. 

The CZTS material has a higher electron affinity than CdS, making it the preferred option as a 

buffer layer because of its superior routine characteristics. By way of a result, a steep cliff-like 

structure forms at the hetero-junction of the solar cell [100]. The presence of this unwanted 

precipice-like structure at the intersection impedes the flow of electrons from the absorber to the 

buffer layer, preventing any loss due to recombination. Furthermore, the junction experiences 

electron accumulation, leading to the recombination of the prevailing carriers (holes) and 

electrons. The process of recombination decreases the short-circuit current, hence impacting the 

overall efficiency of the solar cell. Therefore, in order to enhance the conduction band offset, band 

engineering is employed at the junction of CZTS/CdS to create a spike-like structure. The decrease 

in recombination is a result of the positive band offset, which functions as a barrier for electrons. 

This barrier prevents the accumulation of electrons in the junction [101]. To achieve maximum 

efficiency in electron conduction, it is desirable to have a conduction band offset (CBO) in the 

range of +0.3 eV to +0.5 eV. A conduction band offset (CBO) greater than 0.5 electron volts (eV) 

prevents the entrance of electrons, while a CBO lower than 0.3 eV reduces efficiency because of 

the presence of a steep structure [102]. Utilizing front band grading can be used to address the 

CBO problem. The bandgap property of the compound CZTS can be adjusted by employing the 

distinct components of the material, hence achieving a graded bandgap. Substituting Sulphur with 

Selenium leads to a reduction in the bandgap from 1.5 to 0.9 eV. However, it also diminishes the 

substance's electron affinity. 

 

 
 

Figure 2.15: Band alignment of buffer layer in CZTS solar cells compared with and without a spike-
like structure in junction CdS/CZTSSe [100]. 
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Another possible method involves inserting an intermediary layer between the absorber and buffer 

layer, serving as a connecting bridge between the two. The presence of a band gap and electron 

affinity in this layer is necessary in order to generate spike-like formations with both layers. The 

fundamental reason for the low efficiency of the CZTS/Se solar cell is its lower open-circuit 

voltage. The problems related to the open-circuit voltage of the device can be handled by 

enhancing the band alignment in the hetero-junction between the absorber and buffer layer. 

2.7. Prospects for CZTS solar cell in the future 

Recent developments in solar cell research have led to the emergence of CZTS as a promising 

option for minimizing material usage and assuring consistent performance. Because of its high 

thin-film efficiency in capturing abundant light, this second-generation substance can be employed 

as a transparent solar cell. This application is frequently observed in translucent electric car roofs 

and construction materials. Nevertheless, the CZTS layer's high hole mobility makes it an ideal 

candidate for the Hole Transport Layer (HTL) in third-generation Perovskite solar cells. Because 

of its cost-effectiveness and non-toxic nature, it can be used as a replacement for the HTL and 

improve the stability of the device. Furthermore, the incorporation of CZTS nano-particles as an 

additive to the absorber material in solar cells has demonstrated significant efficacy. This has the 

capacity to improve the optical and electrical characteristics of the absorber, hence leading to 

improved performance of the solar cell. There exist numerous unknown domains within the field 

of solar cell research, in which CZTS has the potential to significantly augment the efficiency of 

the device. Undoubtedly, this topic holds substantial potential for the future if we can evaluate it. 

2.8. Conclusion 

In this chapter, a brief overview of the technology of solar cells based on kesterite materials CZTS 

has been presented. The properties and electronic characteristics of the absorber material CZTS 

have been explained. We introduced the cell structure based on the kesterite absorber material 

CZTS, and defined the band structure at the absorber/buffer layer interface. Additionally, we 

mentioned some techniques used in the elaboration of kesterite materials. 
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Chapter 3:  

Numerical Modeling by SCAPS 1-D 
 
 

3.1. Introduction 

By merging numerical analysis techniques with a computer or other virtual machine environment, 

one can utilize them to solve real-life issues. This has enabled the disciple of numerical problem 

solving with computers to come up with an effective approach towards tackling tough problems. 

The introduction of time-saving computing made it feasible to optimize any real-time design 

problem without having to physically implement anything in real test conditions. Global colleges 

prioritize computer-based learning because these systems have benefited semiconductor device 

developers. Semiconductor-based products like solar panels, laptops, computers, and cell phones 

now make up most of the global market. The most well-known area of semiconductor devices is 

the solar cell. It is possible to transform sunlight into electrical energy using a semiconductor 

device, and since customers are consuming too much electricity, solar cells are a good substitute 

to meet demand [1–4]. However, nuclear power plants, coal-fired thermal power plants, natural 

gas-fired thermal power plants, and hydel power plants today provide the majority of the world's 

energy needs [5]. Solar photovoltaic, or solar cells, are the subject of intense research due to the 

significant impact that fossil fuel combustion has on climate change [6–8]. The development of 

new and improved solar cell designs is happening very quickly, with efficiency rising to a 

maximum of 22%. However, there are still issues with these devices' price, accessibility, and 

stability for future commercial growth [9–11]. Therefore, numerical analysis of solar cells using a 

computer can be very important in solving these problems. The computer makes it possible to 

create realistic problems with flexibility, which makes it simple to experiment with various 

theories. Furthermore, it is frequently possible to obtain a full set of device characteristics with 

less time and effort required than a limited collection of manually calculated single point values. 

From the foregoing discussion, it is clear that numerical analysis of photovoltaic solar cells is a 

necessary way to evaluate the viability of the proposed physical structure and its performance, 

hence enabling rapid design and efficiency improvements. This chapter will discuss the impact of 

physical parameters on solar cell performance, including temperature, doping concentration in the 

layers, and layer thickness, using the key input parameters as a guide. When performing a 

numerical study of a solar cell, it is highly beneficial to start from a shared baseline [12]. This 

numerical study will produce consequences for verifying the viability of the suggested physical 

explanation and forecasting the effect of modifications in material attributes. 



Chapter 3                                                                                                              Numerical Modeling by SCAPS-1D 

61 
 

 

3.2. Basic Equations  

The functioning of the majority of semiconductor devices, such as solar cells, may be explained 

using the mathematical equations referred to as semiconductor device equations. The fundamental 

equations governing the functioning of a semiconductor device elucidate the static and dynamic 

properties of charge carriers in semiconductors when subjected to external factors, such as applied 

electric fields or optical excitation, that disrupt the thermal equilibrium state. SCAPS-1D solves 

the one dimensional semiconductor equations. The equations are as follows:  

A. Current –density equations:  

 

Derivations of Boltzmann transport theory have demonstrated that the current densities in the 

continuity equations can be estimated using a conduction-diffusion model [13]. The current 

densities in this scenario are represented by the quasi-Fermi levels EFn and EFp. 

𝐽𝑛⃗⃗  ⃗ = 𝜇𝑛𝑛∇𝐸𝐹𝑛                                                       (3.1) 

𝐽𝑝⃗⃗  ⃗ = 𝜇𝑝𝑝∇𝐸𝐹𝑝                                                        (3.2) 

μn and μp represent the mobilities of electrons and holes, respectively. The quasi-Fermi levels are 

determined by the carrier concentrations and the potential by the application of Boltzmann 

approximations [13]. 

𝑛 = 𝑛𝑖  𝑒𝑥𝑝 (
𝑞𝜓−𝐸𝐹𝑛

𝑘𝐵𝑇
)                                            (3.3) 

𝑝 = 𝑛𝑖  𝑒𝑥𝑝 (
−𝑞𝜓+𝐸𝐹𝑝

𝑘𝐵𝑇
)                                         (3.4) 

These two equations can then be rewritten to define the quasi-Fermi levels [3]: 

𝐸𝐹𝑛 = 𝑞𝜓 − 𝑘𝐵𝑇𝑙𝑛 (
𝑛

𝑛𝑖
)                                       (3.5) 

𝐸𝐹𝑝 = 𝑞𝜓 + 𝑘𝐵𝑇𝑙𝑛 (
𝑝

𝑛𝑖
)                                       (3.6)                              

 

 By replacing these equations in the current density formulas, the resulting current relationships are 

derived as follows: 

𝐽𝑛⃗⃗  ⃗ = 𝑞𝐷𝑛∇𝑛 − 𝑞𝑛µ𝑛∇𝜓 − 𝑛µ𝑛(𝑘𝐵𝑇Δ(ln𝑛𝑖))                                      (3.7) 
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𝐽𝑝⃗⃗  ⃗ = −𝑞𝐷𝑝∇𝑝 − 𝑞𝑝µ𝑝∇𝜓 − 𝑝µ𝑝(𝑘𝐵𝑇Δ(ln 𝑛𝑖))                                     (3.8) 

 Where Dn and Dp represent the diffusion constants for electrons and holes, respectively.  

𝐷𝑛 =
𝑘𝐵𝑇

𝑞
µ𝑛                                                                          (3.9) 

𝐷𝑝 =
𝑘𝐵𝑇

𝑞
µ𝑝                                                                         (3.10) 

The last term in equations (3.7) and (3.8) takes into consideration the gradient of the effective 

intrinsic carrier concentration, which incorporates the impact of bandgap narrowing. The effective 

electric fields are determined by: 

𝐸𝑛
⃗⃗ ⃗⃗ = −∇(𝜓 +

𝑘𝐵𝑇

𝑞
ln 𝑛𝑖)                                                      (3.11) 

𝐸𝑝
⃗⃗⃗⃗ = −∇(𝜓 −

𝑘𝐵𝑇

𝑞
ln 𝑛𝑖)                                                      (3.12) 

This enables us to express the conduction-diffusion equations in their most standard form: 

𝐽𝑛⃗⃗  ⃗ = 𝑞𝜇𝑛𝑛 𝐸𝑛
⃗⃗ ⃗⃗ + 𝑞𝐷𝑛∇𝑛                                                           (3.13)     

             

𝐽𝑝⃗⃗  ⃗ = 𝑞𝜇𝑛𝑛 𝐸𝑝
⃗⃗⃗⃗ − 𝑞𝐷𝑝∇𝑝                                                             (3.14) 

 

B. Continuity equations:  

The continuity equation elucidates the dynamics of surplus carriers over time and space when 

subjected to electric fields and density gradients. 

 

𝜕𝑛

𝜕𝑡
=

1

𝑞
𝑑𝑖𝑣 𝐽𝑛⃗⃗  ⃗ + 𝐺𝑛 − 𝑅𝑛                                                           (3.15) 

 

𝜕𝑝

𝜕𝑡
= −

1

𝑞
𝑑𝑖𝑣 𝐽𝑝⃗⃗  ⃗ + 𝐺𝑝 − 𝑅𝑝                                                        (3.16) 

Where n and p are the concentrations of electrons and holes, Jn and Jp are the current densities of 

electrons and holes, Gn and Gp are the rates of electron and hole generation, and Rn and Rp are the 

rates of electron and hole recombination. 

At steady state: 
𝑑𝑛

𝑑𝑥
= 0  and   

𝑑𝑝

𝑑𝑥
= 0. 
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C. Poisson equation:  

The Poisson equation establishes a relationship between the electric potential and the space charge 

density. 

 

 𝑑𝑖𝑣 (𝜀∇Ψ) = −𝜌                                                                  (3.17) 

 

The variables in the equation are as follows: ψ represents the electrostatic potential, ϵϵ represents 

the permittivity of the medium, and ρρ represents the space charge density of the medium. The 

space charge density of the medium is the cumulative effect of all mobile and fixed charges, 

encompassing electrons, holes, and ionized impurities. 

 

𝜌 = 𝑞(𝑁𝐷 + 𝑁𝐴 + 𝑛 + 𝑝)                                                   (3.18) 

 

The variables in the equation are as follows: q represents the elementary charge, n represents the 

electron concentration, p represents the hole concentration, NA represents the concentration of 

ionized acceptor atoms, and ND represents the concentration of ionized donor atoms. The electric 

field is derived from the gradient of the potential: 

 

�⃗� = ∇𝜓                                                                             (3.19) 

 

Various commercially available software and educational software exist for the numerical analysis 

of solar cells, which effectively solve the fundamental semiconductor equations. Below is a 

compilation of software that is available free of charge for educational purposes. 

 

• SCAPS-1D (Solar cell capacitance simulator) 

• FORS-HET (Automat FOR Simulation of Heterostructures) 

• AMPS-1D (Analysis of Microelectronics and Photonics Structures) 

• PC1D 

• ASA (Amorphous Semiconductor Analysis) 

 

Our work is carried out with SCAPS-1D, which is one of the various software programs that have 

been mentioned above. The reason that we have chosen SCAPS is due to the fact that there is a 



Chapter 3                                                                                                              Numerical Modeling by SCAPS-1D 

64 
 

substantial body of literature available for SCAPS and its potential applications for the analysis of 

a solar cell. 

3.3. SCAPS-1D 

Developed at the Department of Electronics and Information Systems (ELIS) of the University of 

Gent in Belgium, SCAPS-1D, also known as the Solar Cell Capacitance Simulator, is a program 

that simulates solar cells in a single dimension. Alex Niemegeers, Marc Burgelman, Koen Decock, 

Stefaan Degrave, and Johan Verschraegen are just some of the researchers who have made 

contributions to its development. 

𝑆𝐶𝐴𝑃𝑆 − 1𝐷 is a simulation program that is capable of modeling photovoltaic (PV) devices in a 

one-dimensional space. There are seven distinct semiconductor layers that can be taken as input 

in the SCAPS−1D software. These layers are distinct from the back and front contacts. The tool 

known as SCAPS−1D  is freely accessible to the community of photovoltaic researchers and 

available for free download from its web link. It is a window-based operating system environment 

that it operates in. With the help of this software, we are able to simulate and analyze the 

characteristics curve J− 𝑉, as well as the ac characteristics (𝐶 − 𝑉 and 𝑽 − 𝑓), the spectral response 

(QE) of a device, the power conversion efficiency (PCE), the fill factor (𝐹𝐹), the short-circuit 

current (𝐽𝑠𝑐), the open circuit voltage (𝑉𝑜𝑐), the energy bands of the materials used in solar cells, 

and the concentration of various materials used by solving the semiconductor basic equations. 

In our work, we have relied on the simulation package known as SCAPS 1D. The majority of the 

information that we have used comes from the SCAPS manual [14]. Figure 3.1 offers a visual 

representation of the simulation stages known as SCAPS. 

. 

 

Figure 3.1: SCAPS working procedure. 
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3.3.1. Parameters 

In device modeling, input or physical parameters are crucial for solving the fundamental equations 

of semiconductors. SCAPS-1D software utilizes various physical parameters like layer thickness, 

electron-hole mobility, intrinsic carrier concentration, electron affinity, band gap, and doping 

density of absorber, buffer, and window layers, as listed in Table 4.1. Symbols such as Nv represent 

the effective density of states in the valence band, Nc represent the effective density of states in 

the conduction band, both measured in cm−3. p represents the concentration of holes in cubic 

centimeters (cm−3), while n represents the concentration of electrons. W denotes the thickness of 

the material in micrometers (μm). χ represents the electron affinity measured in eV, Eg represents 

the bandgap measured in eV, μeμe represents the electron mobility measured in cm2/Vs, and μpμp 

represents the hole mobility measured in cm2/Vs. 

All simulations are conducted under 1.5 AM solar radiation with an illuminating source of 100 

mW/cm2. Functional parameters of solar cells are provided in Table 3.1. The creation of the device 

serves two primary purposes: understanding and confirming the actual behavior of the device, and 

simulating the device using specific physical parameters to forecast corresponding results. The 

quality of device modeling is determined by how accurately the behavior of the reference device(s) 

is simulated. 

SCAPS provides comprehensive simulations including J−V characteristics curve, AC 

characteristics (C−V and C−f), spectral response (QE), and advanced batch simulations with 

variable input parameters. Batch simulations monitor and analyze predefined physical parameters 

like carrier concentration densities and layer thickness. Outputs from SCAPS-1D software include 

J−V characteristics curve, band alignment diagram, spectral response, and functional parameters 

such as PCE, FF, Jsc, and Voc. These outputs are crucial for producing high-performance 

photovoltaic devices. Measurements are computed for both illuminated and dark conditions, 

varying with temperature. Thermal velocity and effective density of states vary with temperature, 

while bandgap and mobility remain constant. 

The Shockley-Read-Hall (SRH) formalism is employed to describe recombination processes 

occurring at interface states and within deep bulk levels, and to determine their occupation. 
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3.3.2. Interface for the front end of SCAPS-ID 

Figure 3.2 displays the user interface of the SCAPS-1D software. The composition primarily 

comprises four panels, and the following is a summary of these panels. 

1. The problem definition panel is utilized to specify the structure of a solar cell in SCAPS 

software. It allows for the analysis of simulated output, the saving of simulated output data, 

and the clearing of simulated history in SCAPS. In order to specify the structure of a solar 

cell, it is necessary to select a designated button for setting the problem. 

2. The action panel is used to read and adjust the scale settings. It includes the calibration and 

setting of I-V characteristics scale, the capacitance voltage setting of C-V, the capacitance 

frequency setting of C-F, and the quantum efficiency setting of QE. 

3. The illumination panel is used to adjust the spectrum and direction of the light that will 

illuminate the solar cell structure. 

4. The working point refers to the specific temperature at which a system is set to operate. 

 

 

Figure 3.2: SCAPS startup panel: Action panel or main panel. 
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3.4. Solar Cell Definition 

3.4.1. Editing a Solar Cell Structure 

When you click the 'Set Problem' button on the action panel, it brings up the 'Solar cell definition' 

panel. This panel is where you can create and modify solar cell structures, and you can also save 

and load these structures using definition files. These files have the extension '*.def' and are 

standard ASCII files that can be opened using Notepad. Here, you can include various properties 

of your cell such as band gap, electron affinity, thickness, defects, and others. 

You can add layers, contacts, and interface properties by selecting the corresponding boxes shown 

in Figure II.4. Additionally, users can add extra layers by selecting the 'add layer' option. You have 

the flexibility to specify your own reference conventions for the applied voltage V and the current 

density J in the external contacts. 

 

Figure 3.3: Defining a solar cell structure. 

SCAPS 1D offers several features, including: 

1. Voltage Reference Settings: In SCAPS < 4.0, the 'left' setting applies voltage V to the left 

contact, with the right contact serving as the reference. The 'right' setting reverses this, with 

the left contact becoming the reference. This affects the orientation of JV curves. 

2. Current Reference Arrow: When specifying 'consumer', the current reference arrow 

represents power consumed (P = J.V), while 'generator' mode adjusts it to represent power 

generated. The arrow's position depends on voltage reference and consumer/generator 

selection. 
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3. Solar Cell Structure Inversion: Mirroring the structure along the x-axis swaps layers, 

interfaces, and grading information. Double-clicking the inversion icon restores the 

original layout, preserving illumination side, voltage, and current reference settings. 

4. Default Reference Configuration: Internally, SCAPS applies voltage at the left contact 

and represents current from left to right, interpreting it as a consumer. 

5. Consistent Output Representation: Output, including graphs and tables, aligns with the 

user's selected reference. Note: Electric field in SCAPS output is independent of user-

defined V and J references, consistently referenced to the positive x-axis (from left to 

right). 

3.4.2. Adding device structure layers  

To add or define layers in SCAPS 1D software for modeling PV devices, simply click on the "add 

layer" button located in section 1 of Fig 3.3. The layer properties interface will appear as a pop-up 

when you click the button. The layer's physical parameter values are established or inserted 

through the layer properties interface. Figure 3.4 illustrates the user interface. 

 

 

Figure 3.4: Layer properties panel. 
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Once the physical characteristics of each layer, including the absorber layer, buffer layer, and 

window layer, have been determined, the device structure is analyzed using numerical modeling 

in SCAPS 1D software. An investigation is conducted to examine the influence of different 

physical characteristics on the performance of photovoltaic devices. The physical parameters of 

the absorber and buffer layers include their thicknesses, doping concentrations, and operating 

temperature. 

 

3.4.3. Contact 

The contact properties can be configured by selecting either the front or back contact button on the 

cell definition panel, which will open the 'contact properties panel', as shown in Figure 3.5. 

The user can input the metal work function Φm for majority carriers. Alternatively, the user has 

the option to select "flat bands". SCAPS calculates the metal work function Φm for each 

temperature, ensuring that flat band conditions are maintained. The panel allows for the 

modification of the 'thermionic emission/surface recombination velocity (cm/s)' values for both 

electrons and holes. Additionally, various electrical and optical properties of the cell can be 

incorporated using this panel. 

 

Equation (3.20) is employed when the layer next to the contact is of n-type. Equation (3.21) is 

employed when the material is in the p-type. Equation (3.22) is utilized when it is deemed to be 

inherent. It is evident that the calculation of the flat band metal work function only considers the 

shallow doping density. 

 

 Φ𝑚 = 𝜒 + 𝑘𝐵𝑇 𝑙𝑛 (
𝑁𝑐

𝑁𝐷−𝑁𝐴
)                                                            (3.20) 

 

Φ𝑚 = 𝜒 + 𝐸𝑔 − 𝑘𝐵𝑇 𝑙𝑛 (
𝑁𝑐

𝑁𝐴−𝑁𝐷
)                                                    (3.21) 

 

 Φ𝑚 = 𝜒 + 𝑘𝐵𝑇 𝑙𝑛 (
𝑁𝑐

𝑛𝑖
)                                                                    (3.22) 
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Figure 3.5: Contact properties panel. 

 

3.4.4. Defects and Recombination 

 

A diode is a device that converts current from hole current at the p-contact to electron current at 

the n-contact. Recombination must occur within the diode, even in an ideal device. Therefore, the 

user must specify recombination at least in one location (layer, contact, or interface). Failure to do 

so leads to convergence failure, resulting in non-equilibrium conditions (non-zero voltage and/or 

illumination). Recombination processes in semiconductor layers can be introduced as defects, 

radiative, and Auger. 
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Figure 3.6: Recombination model and defects. 

There is a possibility that a semiconductor layer could contain as many as seven defects. This 

depends on the type of cell, the type of semiconductor, and the defects that are related to each 

defect (Figure 3.7). The parameters that govern each defect can be edited by clicking the 

appropriate Add/Edit-button, which opens the 'defect properties panel' (Figure 3.6). In addition, 

everything that pertains to the defects that are present in a single layer, including the defect type, 

the electron thermal capture cross section, the hole thermal capture cross section, the energetic 

distribution, and other related factors. 

It is also possible to right-click on one of the "defect summary text boxes," which will then open 

a panel that allows a defect to be removed, duplicated, or added. This process is very similar to the 

one that was used when removing, duplicating, and adding a layer. 
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Figure 3.7: The defect properties panel. 

3.4.5 Interfaces 

In SCAPS, it's possible to define an interface between any two semiconductor layers. Interface 

transport is typically modeled using thermionic emission, which correlates the thermal velocity of 

interface transport with the smallest thermal velocity of the adjacent layers. Even in the absence 

of band offsets, this model implies a step in quasi-Fermi level energy values at the interface, albeit 

relatively small. 

Recombination centers may also be present at interfaces, similar to bulk layers. Interface defects 

are defined similarly to bulk defects, with three potential defects and univalent charge types. 

Interface defect parameters can be modified by selecting the checkbox located on the interface, 

allowing for the addition of defect parameters. 
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Figure 3.8: Interface defects panel. 

3.5. Conclusion  

This chapter provides an introduction to the SCAPS 1-D simulation program, including its 

operational methodology and the simulation units employed to replicate the technological 

processes and electrical characteristics of solar cell devices. In addition, we provided an overview 

of the different commands and physical principles governing the operation of the SCAPS 

simulation device. 
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Chapter 4:  

Performances of CZTS TFSC using different HTLs Layer 

 

 

4.1. Introduction 

The exponential growth of the global population coupled with the pervasive use of an 

ever-expanding array of technological devices has driven an unprecedented surge in our planet's 

energy demand [1,2]. To meet this soaring need, vast quantities of fossil fuels are being 

consumed, exerting profound and detrimental effects on our fragile ecological system. The 

overreliance on conventional energy sources is depleting finite resources, and the environmental 

consequences are becoming increasingly apparent. Fortunately, renewable energy sources offer a 

lifeline, promising sustainable and eco-friendly solutions to the world's energy crisis [3,4]. 

Among these renewable sources, solar energy stands out as a beacon of hope [5–7]. Its 

renewable, sustainable, and costfree nature presents an opportunity to mitigate the global energy 

challenge. However, the key to harnessing the full potential of solar energy lies in the 

development of efficient methods for its capture and storage. It is imperative to advance the 

technology surrounding solar cells to generate electricity with minimal environmental impact [8–

12]. Recent strides in science and technology have bolstered the likelihood of harnessing cost-

effective, non-toxic materials characterized by a high absorption capacity for use in 

semiconductor technology [13]. Historically, the photovoltaic (PV) sector has been dominated by 

crystalline silicon, which accounted for over 90% of the industry. A fundamental aspect of solar 

cell design and manufacturing revolves around achieving a high conversion efficiency while 

minimizing material usage [14]. Solar cells serve as the pivotal bridge between solar photons and 

electricity, necessitating materials with exceptional light absorption capabilities. Copper zinc tin 

sulfide (CZTS), a naturally occurring absorber material, boasts a compelling set of advantages, 

including a direct band gap ranging from 1.4 to 1.6 eV, a remarkably high light absorption 

coefficient exceeding 104 cm-1, cost-effective manufacturing methods, and consistent operational 

effectiveness. These attributes make CZTS an attractive candidate for large-scale production of 

thin-film solar cells (TFSCs) [15–21]. In fact, experimental CZTS solar cells have achieved an 

efficiency of 6.7% 20, while another study reported an 8.4% efficiency for TFSCs with a CZTS 

absorber derived from naturally available materials [22]. Furthermore, the incorporation of a 
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Zn1-xCdxS buffer layer in CZTS solar cells led to a noteworthy power conversion 

efficiency(PCE) of 9.2% in practical conditions [22]. Notably, a sophisticated heterojunction 

device design involving Mo/MoS2/CZTS/CdS/ZnO/ITO/MgF2 achieved an efficiency of 

approximately 11%, with an open-circuit voltage (VOC) of 0.73 V [23]. Nevertheless, additional 

research remains imperative, as CZTS solar cells only marginally surpass the efficiency of 

existing TFSCs. 

 

This study's primary objective is to uncover the most effective means of enhancing the 

photovoltaic conversion efficiency (PCE) of CZTS-based solar devices. To achieve this, 

scientists are exploring the potential of incorporating a hole transport layer (HTL) within CZTS 

based solar cells. This innovative approach seeks to enhance carrier collection efficiency by 

reducing recombination at the rear-contact surface, all while preventing electrons from accessing 

the solar cell's back contacts while permitting the smooth flow of holes [24,25]. The electrical 

properties of CZTS-based photovoltaic devices are meticulously examined both in the absence of 

an HTL and in the presence of various HTL candidates. Simulations typically employ structures 

featuring front contacts like Al:ZnO, ZnO, CdS, CZTS, MoS2, and rear contacts of MoS2. These 

simulations aim to identify the most efficacious HTL material among the diverse candidates, 

including CuI, MoOx, and SnS. Photovoltaic devices with CuI/CZTS, MoOx/CZTS, and 

SnS/CZTS architectures are rigorously simulated and assessed using SCAPS-1D to evaluate key 

electrical parameters such as Voc, Jsc, fill factor (FF), and power conversion efficiency (PCE) 

[26–28]. This study fills a critical gap in CZTS solar cell research by optimizing cell parameters 

and evaluating the performance of specific hole transport layers, achieving exceptional 

efficiency exceeding theoretical limits. 

 

The chapter is structured as follows: first, the introduction elucidates the significance of CZTS 

solar cells and articulates the objectives of their advancement, underscoring the imperative for 

heightened efficiency. Subsequently, the literature review contextualizes the discussion by 

surveying prior investigations into CZTS solar cell technology. Following this, the methodology 

section meticulously outlines the simulation methodology employing the Scaps 1D simulator. 

The results and discussion section then accurately presents and dissects simulation outcomes, 

with a specific focus on the impact of various HTL candidates and design parameters on device 

performance. Finally, the conclusion encapsulates the discoveries, deliberates on their 

implications, and outlines potential avenues for future exploration. 
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4.2. Modeling framework 

4.2.1. Solar cell structure 

For the scope of this study, we adopted a solar cell structure inspired by the research conducted 

by Shin et al., which serves as our reference cell (see Figure 4.1a). To explore avenues for 

enhancing the device's efficiency, we implemented a series of modifications to the cell structure 

[22]. In our proposed configuration (see Figure 1b), we have introduced an innovative 

addition—an HTL (hole transport layer) comprising CuI, MoOx, and SnS positioned between 

the rear contact and the CZTS absorber layer. This alteration forms the focal point of our 

investigation into performance improvement. 

 

 

 

Figure 4.1: Schematic view of typical CZTS structures (a) conventional cell (b) proposed cell. 

 

The experimental absorption coefficients of AZO, ZnO, CdS, and CZTS are shown in Figure 4.2. 

The extinction coefficient, which can be computed with the formula α= 4πk/λ, is associated with 

these coefficients. Interference is not taken into account when complex optical constants are not 

present. It's crucial to remember that wavelength-dependent transmission and reflection can be 

implemented as optical filters at the front and rear contacts. 

(a) (b) 
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Figure 4.2: Absorption coefficients of different layers. 

 

4.2.2. Modeling framework and Material Parameters 

 

To develop a commercially viable device with enhanced conversion efficiencies and a deep 

understanding of its operational principles, it becomes imperative to establish a systematic 

numerical strategy that achieves several critical objectives: reducing manufacturing costs, 

shortening experimental timelines, and enhancing integration capabilities. In pursuit of these 

goals, computational simulations were performed using the freely available 1D Solar Cell 

Capacitance Simulator (SCAPS) software (version 3.3.10) developed by Gent University, 

Belgium, which is compatible with Windows [29–35]. 

 

SCAPS-1D stands out as a precision tool, taking into meticulous consideration a multitude of 

factors, including layer thickness, carrier concentration, defect density, buffer layers, metal work 

function, and the back Hole Transport Layer (HTL) [36–38]. It comprehensively addresses the 

complexities of semiconductor device behavior by solving the fundamental equations governing 

their operation, including the Poisson equation and continuity equations for both electrons and 
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holes, as depicted in Eqs (4.1)-(4.3) below [39]. This sophisticated software serves as a crucial 

tool in unraveling the intricate workings of our solar cell structure. 

 

𝛿

𝛿𝑥
(𝜀0𝜀𝑅

𝛿𝜓

𝛿𝑥
) = −𝑞 (𝑝 − 𝑛 + 𝑁𝑑

+ − 𝑁𝐴
− +

𝜌𝑑𝑒𝑓

𝑞
)                                        (4.1) 

 

−
𝜕𝐽𝑛

𝜕𝑥
− 𝑅𝑛 + 𝐺 =

𝜕𝑛

𝜕𝑡
                                                                                  (4.2) 

 

−
𝜕𝐽𝑝

𝜕𝑥
− 𝑅𝑝 + 𝐺 =

𝜕𝑝

𝜕𝑡
                                                                                  (4.3) 

 

Here, we explore the complex physics of our solar cell through an analysis of important variables 

and formulas. Various physical quantities are represented by symbols in the context of these 

equations; the electrostatic potential is represented by ѱ, and the relative permittivity of the 

semiconductor and vacuum permittivity are denoted by ε0. The symbols for the concentrations of 

free carriers are p and n. The densities of ionized acceptors and donors are denoted by NA
- and 

NA
+. In addition, we introduce ρdef, which stands for the defect charge density. G stands for the 

rate of photogeneration and R for the rate of net recombination in the cell. 

 

The transport of charge carriers is elucidated through the interplay of diffusion and drift 

processes, encapsulated in the following equations: 

 

𝐽𝑛 = −
𝜇𝑛𝑛

𝑞
 
𝜕𝐸𝐹𝑛

𝜕𝑥
                                                                             (4.4) 

 

𝐽𝑝 = −
𝜇𝑝𝑝

𝑞
 
𝜕𝐸𝐹𝑝

𝜕𝑥
                                                                             (4.5) 

 

Here, we investigate the details of our research using important parameters and notations, where 

the current density for holes and electrons is denoted by Jp and Jn, respectively. The mobility of 

electrons and holes is shown by μn and μp, respectively. The concentrations of free electrons and 

holes are denoted by the letters n and p, respectively. 

 

The Fill Factor (FF) is a crucial parameter that determines how well solar cells operate. The 

formula for FF is a calculated comparison of the maximum power output (Pmax) and the 
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theoretical power (Pt) that can be achieved under the conditions specified by the open-circuit 

voltage (VOC) and the short-circuit current (JSC). Equation (4.6) provides an explanation of this 

computation. In addition, a crucial parameter called Power Conversion Efficiency (PCE) 

measures the proportion of energy output produced by the solar cell to energy input from the sun. 

Eqs (4.7) provides a mathematical expression for this efficiency. 

 

 

𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝑃𝑡
=

𝑉𝑚𝑎𝑥𝐼𝑚𝑎𝑥

𝑉𝑜𝑐𝐽𝑠𝑐
                                                                (4.6) 

 

𝑃𝐶𝐸 =
𝑉𝑜𝑐 𝐽𝑠𝑐 𝐹𝐹

𝑃𝑖𝑛
                                                                         (4.7) 

 

In this study, the physical parameters for various material layers were meticulously gathered 

from a combination of well-documented literature sources [23], theoretical considerations, and 

judicious estimation, as delineated in Tables 4.1-4.4. 

 

We carried out the analysis for the CZTS solar cell simulation at an operational temperature of 

300° K and a standard worldwide sun irradiance of 1.5AMG, or 1000 W/m2. 

 

 

Table 4.1: Back and front contact parameters. [16,22]. 

Cell Properties Light 

Cell temperature 300 K 

Series resistance Rs 4.5 Ωcm2 

Contacts Front metal contact Back metal contact 

Metal work function (eV) Flat band Mo 5 eV 

SRV of electron(cm/S) 107 105 

SRV of hole  (cm/S) 105 107 
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Table 4.2: Materials parameters used in the simulation [16,22, 40-43]. 

Parameters (units) Al-ZnO n-ZnO n-CdS p-CZTS p-MoS2 

Thickness (µm) 0.45 0.08 0.08 0.6 0.11 

Bandgap (eV) 3.4 3.7 2.4 1.45 1.3 

Electron affinity (eV) 4.51 4.5 4.11 4.1 4.5 

Dielectric permittivity (relative) 9 9 10 7 10 

Effective density of states Nc 

(cm-3) 

2.20×10+18 2.20×10+18 2.2×10+19 2.20×10+18 2.20×10+18 

Effective density of states Nv 

(cm-3) 

1.8×10+19 1.8×10+19 9.1×10+18 1.8×10+19 1.8×10+19 

Electron mobility (cm²/Vs) 100 100 100 60 100 

Hole mobility (cm²/Vs) 25 25 25 10 25 

Acceptor concentration, NA(cm-

3) 

0 0 0 10+16 1.440×10+18 

Donor concentration, ND(cm-3) 10+21 10+18 10+17 0 0 

Defect type at bulk/interface - - - Donor - 

Absorption coefficient (cm−1) SCAPS 

data 

SCAPS 

data 

SCAPS 

data 

5.104 SCAPS 

data 

Table 4.3: Electrical properties of different HTL layers in solar cells [30, 44-46]  

Parameters CuI 44 SnS 30 MoOx 46 

Thickness (nm) 0.04-0.1 0.04-0.1 0.04-0.1 

Bandgap (eV) 3.2 1.3 3 

Electron affinity (eV) 2.1 4.2 2.5 

Dielectric permittivity (relative) 6.5 12.5 12.5 

Effective density of states Nc (cm-3) 1.92×1018 1.0×1019 2.2×1018 

Effective density of states Nv(cm-3) 2.24×1018 4.13×1018 1.8×1019 

Electron mobility (cm²/Vs) 480 25 25 

Hole mobility (cm²/Vs) 43 100 100 

Acceptor concentration, NA (cm-3) 4.3×1016 3×1018 5×1018 

Donor concentration, ND (cm-3) 0 0 0 

Table 4.4: Defect parameters are used at different interfaces [16]. 

Parameters (unit)  CdS/CZTS  CZTS/CuI  CZTS/MoOx  CZTS/SnS 

Defect type Neutral Neutral Neutral Neutral 
Capture cross-section of electrons 

(cm2) 
10−15 10−19 10−19 10-19 

Capture cross-section of holes 

(cm2) 
10−15 10−19 10−19 10-19 

Reference for defect energy level 

Et 

above the highest 

Ev 

above the highest 

Ev 

above the highest 

Ev 

above the highest 

Ev 

Energy with respect to reference 

(eV) 
-0.120 0.6 0.6 0.6 

Total density (cm−2) 1013 1010 1010 1010 
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4.3.  Results and discussion  

4.3.1. Prediction capabilities of the simulation setup 

To facilitate a robust comparison and validation of our proposed technique, we conducted 

simulations mirroring the initial findings from an experimental solar cell, as reported in reference 

[22]. These simulations were carried out employing the SCAPS program, utilizing a curve-fitting 

approach to closely replicate the observed outcomes. The resulting J-V curve, illustrated in 

Figure 4.3, vividly demonstrates a noteworthy concurrence between the experimental and 

simulated results, underscoring the promise of the SCAPS software as a valuable tool for 

comprehending the behavior of CZTS-based photovoltaic devices. Figure 4.3 vividly showcases 

the simulated and experimental current-voltage (J-V) characteristics. Notably, the CZTS defect 

density, measured at 1016 cm-3, exhibits a compelling agreement between the experimental and 

simulated J-V curves, further attesting to the effectiveness of the SCAPS 1D program in 

modeling CZTS-based photovoltaic devices. The obtained values for JSC, VOC, FF, and PCE 

were found to be 20.18 mA/cm2, 0.674 V, 61.66%, and 8.4%, respectively. These results align 

closely with the experimental data presented by Shin in Table 4.5. It is worth acknowledging 

that the marginal differences between experimental [22] and our simulated results can be 

attributed to the inherent challenges in precisely determining real thickness, band gap (Eg), sheet 

resistance (RS), and other physical parameters inherent to CZTS-based solar cells. 

 

Figure 4.3: A comparison between simulated and real typical solar cells [22]. 



Chapter 4:                                                         Performances of CZTS TFSC using different HTLs Layer 

 

83 
 

Table 4.5: Comparison of characteristics features between the experimental data [22] and our 

simulation results. 

 

4.3.2. Optimization of conventional solar cell 

4.3.2.1. Exploring the Impact of MoS2 Thickness and CZTS on Conventional Solar Cell 

Properties 

It is widely recognized that the characteristics of the absorber layer, particularly its thickness and 

carrier concentration, play a pivotal role in enhancing solar cell efficiency. This is primarily 

because an excessively thick absorber layer can trigger recombination currents within the bulk, 

whereas an overly thin one may lead to inadequate light absorption. Consequently, the absorber 

layer emerges as a critical determinant capable of either significantly enhancing or detrimentally 

affecting solar cell performance. 

 

Figure 4.4: PV performance parameters depend on the thickness of MoS2 and CZTS layers. 

Solar cell parameters Voc (V) Jsc (mA cm-2) FF (%) Efficiency (%) 

Experimental 0.661 19.5 65.8 8.4 

Simulation 0.674 20.18 61.66 8.4 



Chapter 4:                                                         Performances of CZTS TFSC using different HTLs Layer 

 

84 
 

Illustrated in Figure 4.4 is a contour plot showing the interplay between CZTS absorber 

thickness and MoS2 layer thickness, and how these variables impact the device's performance 

metrics. Notably, the data reveals that within the absorber thickness range of 0.2 μm to 2.2 μm 

and MoS2 thickness range of 0.05 μm to 0.3 μm, alterations in these dimensions had negligible 

effects on the device's overall performance. 

 

4.3.2.2. Effect of CZTS and MoS2 Acceptor density on the conventional solar cell 

characteristics 

 

In this research, we delved into the impact of MoS2 and CZTS carrier concentrations on the 

performance characteristics of CZTS solar cells employing sum modulation gating. Additionally, 

we accounted for the experimental parasitic resistance documented in prior studies [40]. As 

illustrated in Figure 4.5, we achieved a maximum efficiency of 10.55%, with corresponding 

values of Voc at 0.774 V, Jsc at 20.1 mA/cm2, and FF at 64.95%. Notably, these optimal 

performance metrics were attained at CZTS and MoS2 carrier concentrations of 1018 cm3 and 

1019 cm3, respectively. It's worth highlighting that our results closely mirror the highest 

efficiency achieved for CZTS in earlier investigations [24]. Slight variations can be attributed to 

disparities in bandgap energy (Eg), thickness, and defect concentration. However, two prominent 

factors emerge as key contributors to the reduced efficiency observed in CZTS-based solar cells. 

Firstly, the significant concentration of defects (~1016 cm3) within the carrier, and secondly, the 

type of contacts formed with the bottom metal work function (Mo), resulting in heightened 

resistance. To enhance the efficiency of CZTS solar cells, we advocate, in the subsequent 

section, the adoption of MoOx, SnS, and CuI hole transport layers as the back surface field, 

complemented by Au serving as the bottom contact. Furthermore, we will investigate how CZTS 

defect density and parasitic resistance affect CZTS solar cell performance. 
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Figure 4.5: The acceptor density of the MoS2 layer and CZTS absorber determines the PV 

performance characteristics. 

4.3.2.3. Impacts of bulk defect density of absorber on PV performances 

 

The presence of defects within the absorber layer constitutes a critical factor influencing the 

attainment of exceptional photovoltaic performance. In the realm of thin-film solar cells 

(TFSCs), the optoelectronic properties of the absorber material can undergo alterations due to the 

presence of these defect states. Consequently, achieving a highly efficient CZTS solar cell 

necessitates a thorough assessment of the quality of the absorber material. Within the scope of 

this study, we meticulously examine the influence of absorber defect density on key photovoltaic 

performance parameters, as showed in Figure 4.6. The absorber defect density is systematically 

varied across a range spanning from 1012 to 1017 cm-3 while maintaining other relevant 

parameters at their optimized values. The results reveal a consistent decline in efficiency as the 
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defect density increases from 1012 to 1017 cm-3. Notably, a precipitous decline in efficiency 

becomes evident beyond a defect density of 1016 cm-3. This observable degradation in 

photovoltaic output at higher defect densities can be attributed to the increased likelihood of 

carrier recombination losses occurring at localized energy centers within the heterojunction. As a 

result, it becomes apparent that the photovoltaic performance is notably compromised at higher 

absorber defect densities. To optimize device performance, we have identified the optimal defect 

density for the envisioned CZTS solar structure, combined with the Hole Transport Layer (HTL), 

to be 1012 cm-3. 

 

Figure 4.6: Impact of absorber defect density on the suggested CZTS solar cell's efficiency using 

HTL. 

4.3.2.4. Impacts of Back contact work function and Temperature on solar cell performances 

 

The work function of the back contact holds a pivotal role in shaping the photovoltaic (PV) 

performance of our solar cell. In our simulations, we explored the influence of the back contact 

work function, ranging from 4.6 to 5.6 eV, on the key parameters of the proposed PV structure. 

The outcomes, detailed in Figure 4.7, unveil an interesting trend: Voc, FF, and efficiency exhibit 

a linear increase with the work function up to 5 eV, after which they reach a saturation point. 

Conversely, JSC remains relatively constant as the back contact metal work function increases. 
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This behavior aligns with observations from previous studies on thin-film solar cells (TFSCs). 

The augmentation of the back metal contact's work function above 5.0 eV is shown to reduce the 

energy barrier height, facilitating the smoother transport of the majority of charge carriers (in this 

case, holes) from the absorber layer. Consequently, this enhancement substantially improves cell 

efficiency [47-49]. These results underscore the importance of a back electrode with a work 

function exceeding 5.0 eV to achieve high efficiency in CZTS TFSCs. Taking cost and material 

efficiency into account, we have chosen gold (Au) as the back metal contact, with a work 

function of 5.4 eV.  

 

 

 

Figure 4.7: Influence of Back Contact Work Function on the Photovoltaic Performance Metrics of 

CZTS Solar Cells. 

 

In a parallel simulation, we explored the impact of temperature across the range of 275 to 

425 K to evaluate the thermal resilience of our proposed CZTS-based solar cell, maintaining the 

optimized physical parameters for various layers as discussed earlier.  
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Figure 4.8: Impact of operation temperature on the suggested CZTS solar cell's PV performance 

characteristics. 

Figure 4.8 illustrates the influence of temperature on VOC, JSC, FF, and efficiency. It 

becomes evident that VOC, FF, and efficiency experience a steady decline as the operating 

temperature increases. The elevated temperature results in a higher generation of electron-hole 

pairs, which, in turn, amplifies recombination rates between energy bands [50][51]. This surge in 

the internal recombination rates elevates the reverse saturation current, consequently diminishing 

VOC. However, there is a slight increase in JSC with rising temperature, a behavior consistent with 

previous research findings [48-51]. This phenomenon can be attributed to the reduction in the 

energy band gap of semiconductors within the heterojunction TFSC as the temperature increases. 

The combined effects of Voc and Jsc translate to a decline in PCE and FF. Specifically, FF 

decreases from 87% at 275 K to 78% at 425 K. Consequently, cell efficiency is calculated at 

24.65% and 18.27% at 275 K and 425 K, respectively. 

4.3.2.5. Impacts of series resistance on cell performances 

The series resistance (RS) stands as a pivotal factor in shaping the photovoltaic characteristics of 

solar cells. Hence, in our quest to optimize cell performance, it becomes imperative to assess the 

influence of Rs. In this context, we conducted simulations on the proposed CZTS solar cell with 

a MoOx HTL, while keeping the previously optimized parameters fixed. We systematically 



Chapter 4:                                                         Performances of CZTS TFSC using different HTLs Layer 

 

89 
 

varied Rs across a range spanning from 0 to 5 Ω.cm2 to scrutinize its impact on key PV 

performance parameters, as illustrated in Figure 4.9. 

 

 

Figure 4.9: Impact of series resistance on the suggested CZTS solar cell's PV performance metrics. 

It's evident from this Figure that Voc (open-circuit voltage) and Jsc (short-circuit current) exhibit 

minimal sensitivity to changes in Rs. However, there is a noticeable decline in efficiency, 

dropping from 24.04% to 20.69%, as Rs increases. The most significant impact is observed in 

the fill factor (FF), which experiences a substantial decrease, plummeting from 88.15% to 

75.56% with higher Rs values. This reduction in FF plays a dominant role in the overall decrease 

in efficiency [51]. In conclusion, both the RS and its associated impact on the FF are fundamental 

determinants of photovoltaic performance in solar cells. Therefore, it is essential to maintain RS 

at lower values to optimize the cell's efficiency. 

 

4.3.3. HTL candidates’ examination 

In order to show the importance of the HTL layer in improving the solar cell performance in 

terms of separation and collection mechanisms. Figure 4.10 shows the electric field variation for 

both investigated structures with and without HTL. 



Chapter 4:                                                         Performances of CZTS TFSC using different HTLs Layer 

 

90 
 

 

 

Figure 4.10: Electric field variation throughout the structure with and without HTL. 

 

The influence of MoOx/Au, CuI/Au, and SnS/Au on the light (J-V) characteristics of CZTS thin 

film solar cells is illustrated in Figure 4.11. Notably, we observe a significant improvement in 

the power conversion efficiency (PCE), escalating from 10.55% in the CZTS solar cell with 

MoS2 [24] to 16.03%, 15.37%, and 13.9% respectively, for the same solar cell but incorporating 

different hole transport layers (HTLs) (refer to Table 4.6). This observation suggests that the 

HTL reflector layer enhances the open-circuit voltage (VOC) and overall efficiency of CZTS-

based solar cells. Besides, high VOC is remarked for structures with HTLs when compared to the 

HTL-less device. This fact is due mainly to the reduction of charge carrier recombination rates 

and the facilitation of efficient carrier extraction at the rear-contact surface, thus minimizing 

electron loss while permitting smooth hole flow, resulting in a pronounced boost in VOC. 
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Figure 4.11: Simulated J-V characteristics of CZTS solar cells with different HTL candidates. 

 

The investigated CZTS solar cells using MoOx and CuI as HTL materials achieve an efficiency 

of 16% and 15% respectively. This fact is due mainly to the electronic properties of these 

materials. This later enhances the VOC of both devices compared to conventional [52-56].  

Besides, Figure 4.12 presented the good alignment of both materials where a high electron 

barrier is established CZTS/MoOx and CZTS/CuI at interfaces and reduces the interfacial 

recombination effect. It can be seen from this figure that the CZTS/MoOx and CZTS/CuI 

interface show a spike-like configuration that creates a barrier for electrons and ensures a smooth 

passage of holes to the HTL layers. On the other hand, SnS and MoS2 establish a cliff-like 

configuration and show a reduced barrier against electrons which boosts the recombination 

phenomenon at the interface. 
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Figure 4.12: Band diagram energy of CZTS solar cells of conventional and proposed cells. 

 

Table 4.6: Output parameters of various CZTS solar cell structures. 

Device architectures Voc (V) Jsc (mA/cm2) FF (%) Efficiency (%) 

Mo/MoS2/CZTS/CdS/ZnO/ZnO-Al 0.774 20.1 69.27 10.55 [24]  

Zn1-xCd x S/ CZTS 0.747 19.5 63.2 9.2 [57]  

Zn1-xSn x Oy/CZTS 0.679 21.6 61.4 9.0 [58]  

CdS/CZTS 0.582 27.72 69.7 11.23 [59]  

CZTS/(Cd,Zn)S 0.39 35.4 61.5 8.7 [60]  

Mo/MoOx/CZTS/CdS/ZnO/ZnO-Al 1.01 21.39 74.00 16,03 (this work) 

Mo/CuI/CZTS/CdS/ZnO/ZnO-Al 1.00 20.82 73.87 15.37 (this work) 

Mo/SnS/CZTS/CdS/ZnO/ZnO-Al 0.99 18.85 74.32 13.9 (this work) 
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4.4. Conclusion 

In summary, our investigation has explored the captivating potential of employing hole transport 

layers (HTLs), specifically MoOx and CuI, in conjunction with SnS, to significantly enhance the 

performance of CZTS-based solar cells. Our study extended beyond the conventional boundaries 

by intricately fine-tuning critical cell parameters, encompassing CZTS absorber layer thickness, 

defect density, and acceptor concentration. The introduction of these HTLs yielded a dual 

advantage: augmentation in photon energy absorption and a notable reduction in recombination 

rates. Notably, MoOx and CuI exhibited exceptional prowess as HTLs, surpassing SnS by a 

considerable margin. This superiority manifested in an impressive power conversion efficiency 

of 23.73% and an exceptional fill factor of 88%. These remarkable outcomes align remarkably 

closely with the theoretical limits laid out by Shockley-Queisser, adding to the intrigue of our 

findings. This revelation not only signals the possibility of enhancing the efficiency of CZTS 

hetero-junction based solar cells but also ushers in the prospect of a more sustainable and 

efficient era in solar energy conversion. This breakthrough holds promise for real-world 

applications in renewable energy technology, paving the way for a brighter and greener future. 
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Chapter 5:  

Structural and Electrical Features: A Comparative Parameter 

Extraction Study of Al/p-CZTS Thin Film Schottky Diodes. 

 

 

5.1. Introduction  

Metal–semiconductor junctions play a pivotal role in the operation of various electronic devices, 

including field- effect transistors, light detectors, and solar cells, due to their significant 

influence on device functionality. Consequently, they are extensively employed as rectifying 

contacts within  the semiconductor industry. Achieving superior performance in these devices 

necessitates the fabrication of high-quality Schottky contacts. Beyond their practical 

applications, Schottky diode structures hold immense importance in both electronic and 

photovoltaic realms. They provide a platform for investigating crucial metal–semiconductor 

parameters such as barrier formation, transport conduction mechanisms, and phenomena 

elucidated through the analysis of current–voltage characteristics [1]. 

Given the paramount importance of photovoltaic applications, Kesterite copper zinc tin sulfide 

(Cu2ZnSnS4, CZTS) thin films emerge as a compelling alternative to existing technologies, 

boasting outstanding photovoltaic properties and promising performance metrics. Notably, CZTS 

thin films exhibit an absorption coefficient surpassing 104 cm−1 and a direct energy band gap 

ranging from 1.4 to 1.5 eV [2–5]. 

In this realm, pivotal steps include delineating the physical parameters of the resulting Schottky 

barrier diode (SBD) and establishing Schottky connections to CZTS thin films. Among these 

parameters, the ideality factor, series resistance, and Schottky-barrier height (SBH) stand out as 

fundamental factors crucial for accurately modeling and simulating the characteristics of these 

devices. Such categorization significantly aids in understanding their behavior across diverse 

operating conditions. 

However, the identification of these critical quantities poses unresolved technical challenges due 

to inherent discrepancies from measured data, necessitating continuous examination. Recent 

times have seen the emergence of various approaches aimed at estimating the parameters of 

SBDs, broadly classified into two groups: analytical methods and numerical methods [6–8]. 
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These advancements mark ongoing efforts to refine the characterization and performance 

prediction of Schottky barrier diodes in CZTS thin film applications. 

Numerical approaches, leveraging curve-fitting algorithms to ascertain the optimal alignment 

between actual properties and theoretical models, exhibit higher reliability and reduced error 

susceptibility compared to analytical methods [9–12]. The accuracy of fitting algorithms is 

intricately tied to several factors, including the algorithm type, the objective function earmarked 

for minimization, and the initial parameter values pre-configured before algorithm execution. 

The meticulous adjustment of these elements significantly influences the precision of the fitting 

algorithms. 

In this study, we provide a comprehensive outline of the fabrication process for the Schottky 

junction Al/p-CZTS/ Mo and the synthesis of Cu2ZnSnS4 thin films using the sol–gel method. 

Structural characterization of the (CZTS)/ Mo thin film was conducted using X-ray diffraction. 

To glean insights into the device’s performance, current–voltage characteristics (I–V) were 

analyzed, extracting crucial parameters such as ideality factor, current of saturation, and series 

resistance, while also considering the impact of parallel conductance. To accurately determine 

the SBD model parameters from experimental I–V data, we explore two methods: the Newton–

Raphson Method (NRM) and genetic algorithm (GA). Our aim is to assess the precision and 

computational efficiency of these methods, providing valuable insights into their applicability for 

parameter extraction in SBD modeling. Our work progresses as follows: we begin with a detailed 

exposition of the experimental fabrication setup. Next, we investigate both the structural and 

electrical properties. Moving forward, we introduce the Modeling framework of SBD. Finally, 

we present our findings and engage in discussion, drawing to a close with a comprehensive 

conclusion and relevant remarks. 

5.2. Experimental setup 

Schottky diodes comprising Al/p-CZTS/Mo were fabricated through a series of steps. Initially, 

Cu, Zn, and Sn metallic layers were deposited sequentially onto a Mo-coated soda lime glass 

(SLG) substrate using a spin-coating process. The precursor solution for this deposition was 

prepared by dissolving copper (II) chloride (0.6 M), zinc (II) chloride (0.42 M), tin (II) chloride 

dehydrate (0.39 M), and thiourea (2.4 M) in de-ionized water, supplemented with 70% vol of 

ethanol, to form a sol–gel solution. The sol–gel solution was gently stirred at room temperature 

for thirty minutes before undergoing the spin-coating process. Spin- coating was carried out for 

30 s at a speed of 3000 rpm. Subsequently, circular electrodes of aluminum (Al) with a 2 mm 

diameter were deposited onto the CZTS thin film, which had been previously deposited on 
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molybdenum (Mo)- coated substrates. The electrodes underwent annealing for one hour at 500 

°C within an argon environment to finalize the creation of Schottky barrier type diodes. Further 

details on the diode manufacturing procedure can be found in [13]. Surface morphologies were 

meticulously   examined using scanning electron microscopy (SEM), while the crystallographic 

structures of the CZTS thin films were thoroughly analyzed via X-ray diffraction (XRD). 

The current–voltage (I–V) characteristics of the structure were measured at room temperature 

utilizing a Keithley 410 programmable ammeter and voltmeter, along with a Keithley LCZ3000 

meter. Figure 5.1 illustrates a schematic cross-sectional image of the Schottky diodes under 

investigation in this study. 

 

Figure 5.1: Al/p-CZTS/Mo Schottky barrier diode schematic cross section. 

 

It is noted, that band alignment at the metal/CZTS interface is pivotal for CZTS solar cell 

efficacy. Achieving optimal alignment enables efficient charge extraction and transport. 

Challenges, such as interfacial defects and Fermi level pinning, complicate this alignment. 

Strategies like surface passivation and interface layer deposition offer avenues for improvement, 

enhancing overall device performance. 

5.3. Structural and electrical properties 

5.3.1. Analysis of CZTS thin film surface morphology 

Figure 5.2 presents scanning electron micrographs (SEM) depicting the precursor-deposited Mo-

coated SLG. The images were captured at magnifications of 46.64 KX and 23 KX. Notably, the  
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SEM images reveal that the entire surface morphology of the precursor films exhibits uniform 

coating with spherical granules. 

 

 

Figure 5.2: SEM surface images of precursor CZTS film. 

 

5.3.2. Elemental analysis of CZTS thin film 

The elemental composition of the stacked   precursor was analyzed using the Energy-Dispersive 

X-ray (EDX) method to ascertain the distribution of elements present. Figure 5.3 showcases the 

EDX spectrum of the CZTS film. Analysis reveals the presence of copper, zinc, tin, and sulfur 

elements in the prepared sample. Table 5.1 provides a comparison of the original weight, final 

weight, and atomic percentage. Notably, the beginning and end weights and atomic percentages 

are nearly identical, affirming the phase development of the Cu2ZnSnS4 film. 
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Figure 5.3: Energy-Dispersive X-ray Spectra of precursor CZTS film. 

 

Table 5.1: Weight and atomic composition of CZTS thin film 

Element 

compositions 

Initial measurements  Final measurements 

wt. % at. % wt. % at. % 

S K 29,76 51,36 29,06 51,26 

SnL 29,93 13,97 33,83 16,10 

CuK 22,48 19,59 20,35 18,12 

ZnK 17,83 15,08 16,76 14,52 

 

5.3.3. Current–voltage (I–V) characteristics 

 

As depicted in Figure 5.4, experimental forward and reverse bias current–voltage (I–V) 

characteristics of the Al/p- CZTS/Mo junction was conducted at room temperature. Notably, the 

junction exhibits a Schottky barrier at the Al/p-CZTS/Mo interface, evident from its nonlinear, 

asymmetric, and rectifying behavior. At a reverse bias voltage of 0.9 V, a modest leakage current 

of 1 × 10−6 A is observed. Additionally, the rectification ratio, calculated as I (+ 2V)/ I (− 2V) = 

8, underscores the junction’s rectifying property. Interestingly, the absence of saturation in the 

reverse voltage characteristics suggests the occurrence of tunneling or defect-assisted generation 

mechanisms. 
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Figure 5. 4 : Room-temperature current–voltage characteristics in forward and reverse bias of the 
fabricated Al/p-CZTS/Mo Schottky junctions 

 

5.4. Modeling framework 

Figure 5.5 illustrates the detailed framework for parameter extraction using optimization 

algorithms in our proposed approach. 

The extraction system relies on inputs from the optimizer section, which incorporates the 

Schottky barrier diode model equation, measured experimental data, and optimization 

techniques. Crucial parameter values for characterization are obtained through optimization 

algorithms aimed at minimizing the disparity between measured data and the model’s response. 

Subsequently the model generates data using these extracted parameters, refining and calibrating 

its predictive accuracy through an iterative process. 
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Figure 5.5: Schottky barrier diode parameters extraction architecture. 

 

5.4.1. Mathematical model of SBD 

The forward bias current-voltage I-V characteristics of SBDs  due to thermionic emission (TE) 

model, which includes the resistive voltage drop, can be expressed as [14,15]: 

 

𝐼 = 𝐼𝑠 [𝑒𝑥𝑝 (
𝑞(𝑉−𝑅𝑠𝐼)

𝜂𝑘𝑇
) − 1], (5.1) 

 

where: 𝜂 is the ideality factor, 𝑉 is the diode bias voltage, q is the electronic charge , 𝑘 is the 

Boltzmann constant, T is the absolute temperature, Rs is the series resistance  

where I denotes the current, V represents the applied diode bias voltage, and other symbols (Is, q, 

Rs, η, k, T) stand for the saturation current, electronic charge, series resistance, ideality factor, 

Boltzmann constant, and absolute temperature, respectively. 
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The formula for calculating saturation current is:  

𝐼s = 𝐴𝐴
∗𝑇2𝑒(−

𝑞∅𝐵
𝑘𝑇

)
, (5.2) 

in this context, ∅𝐵 is the barrier potential, A is the diode's surface area, A∗ denotes the 

Richardson constant. Its value is theoretically in the order of A* =63.6 Acm−2K−2for P-type 

CZTS [16].  

In diodes that deviate from ideal behavior, the observed characteristics typically display more 

complexity due to the influence of shunt resistance Rsh. This resistance primarily affects the 

current-voltage (I-V) characteristics at lower forward voltages and is especially significant in 

altering the reverse characteristics in diodes with a high Schottky barrier height (SBH). 

The SBD model can be expressed as Equation (5.3) to incorporate the effects of side-wall 

leakage and other leakage routes. This equation describes the correlation between the terminal 

current, terminal voltage, and the extraction parameters. Hence, it is evident that this model 

requires the identification of four unknown parameters (Is, η, Rs, Rsh) [17,18].  

The equation can be expressed as 

 

𝐼 = 𝐼𝑠 [𝑒𝑥𝑝 (
𝑞(𝑉−𝑅𝑠𝐼)

𝜂𝑘𝑇
) − 1] +

𝑉−𝑅𝑠𝐼

𝑅𝑠ℎ
. (5.3) 

 

5.4.2. Objective function of parameter extraction problem 

To apply optimisation approaches for solving the parameter identification problem of the 

SBD model, it is necessary to first establish the objective function. The purpose of this function 

is to minimise the discrepancy between the measured and estimated current values. The error 

function F(Ve, Ie, X) is determined for each pair of measured and calculated current data points 

using Equation (5.4). In this equation, Ve and Ie represent the voltage and current of data points 

in experimental I-V curves, while the solution vector X represents the vector of unknown 

parameters that need to be retrieved [19].  

𝐹(𝑉𝑒, 𝐼𝑒 , 𝑋) = 𝐼𝑒 − [𝐼𝑠 (𝑒𝑥𝑝 (
𝑉𝑒−𝑅𝑠𝐼𝑒

𝜂𝑉𝑇
) − 1) +

𝑉𝑒−𝑅𝑠𝐼𝑒

𝑅𝑠ℎ
], (5.4) 

 

𝑋 = [𝐼𝑠, 𝑛, 𝑅𝑠, 𝑅𝑠ℎ]. (5.5) 
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Based on the simplified error function, the root mean square error (RMSE) is defined as the 

objective function, formulated by Equation (5.6), where N is the total number of measurements 

in the dataset 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ 𝐹(𝑉𝑒

𝑖, 𝐼𝑒
𝑖 , 𝑋)

2𝑁
𝑖=1  (5.6) 

 

Finding the SBD parameter values that minimize the RMSE value as much as feasible is the 

primary goal of this optimization. 

 

5.4.3. Determining the initial parameters values 

Selecting the optimal initial parameters could potentially have a significant impact on 

accelerating the convergence process. Contrary, wrong choice of the initial parameters can affect 

the optimization algorithm and increase the iterations number. In this study, the initial 

parameters (𝐼𝑠
0, 𝜂0, 𝑅𝑠

0, 𝑅𝑠ℎ
0 ) will be determined using the method suggested by Lee et al. [20]. 

Through this procedure, an auxiliary function FL(I) is established utilizing the measured values 

of the current–voltage (I–V) characteristics and an arbitrary voltage Va. 

𝐹𝐿(𝐼) = 𝑉(𝐼) − 𝑉𝑎𝑙𝑛𝐼 (5.7) 

From Equation (1) we can write: 

𝑉(𝐼) = 𝑅𝑠
0𝐼 +

𝜂0𝑘𝑇

𝑞
𝑙𝑛𝐼 + 𝜂0

𝑘𝑇

𝑞
𝑙𝑛I𝑠

0. (5.8) 

Each FL(I) function is approximated by 

𝐹𝐿(𝐼) = 𝑎𝐼 + 𝑏𝑙𝑛𝐼 + 𝑐. (5.9) 

The plot of V vs I is fitted by Equation (5.9)    and 

 

𝑅𝑠
0 = 𝑎 (5.10) 

𝜂0 =
𝑏𝑞

𝑘𝑇
 (5.11) 

I𝑠
0 = 𝑒𝑥𝑝

𝑐𝑞

𝜂0𝑘𝑇
. (5.12) 

 

The initial estimation of 𝑅𝑠ℎ
0 , can be calculated by graphical method [21]. In the small voltage values, the 

I = f (V) curve is linear: 
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𝐼 =
𝑉

𝑅𝑠ℎ
0 +𝑅𝑠

0      . (5.13) 

This equation can be written: 

𝐼 = 𝑎𝑉 (5.14) 

where 

𝑅𝑠ℎ
0 = (

1

𝑎
− 𝑅𝑠

0). (5.15) 

 

The shunt resistance 𝑅𝑠ℎ
0  can be determined by adjusting the I=f(V) curve by the curve fitting. 

5.5. Results and discussion 

 Over the years, several methods have been used to solve the problem of SBD parameters 

extraction. In this work, the estimation problem is formulated as a nonlinear optimization problem. The 

Newton–Raphson Method (NRM) and GA algorithms are implemented to obtain parameters of SBD 

model. 

5. 5.1. Newton–Raphson method 

The Newton-Raphson method (NRM) is an efficient method for solving nonlinear equations relying 

on the principle of linear approximation.  

The process begins with a randomly selected starting estimate and thereafter achieves faster 

convergence for the majority of the function, regardless of the beginning estimate [11]. The Newton-

Raphson method (NRM) iteratively approaches the root f(x) using the first-order polynomial of the Taylor 

Series. This polynomial is represented as: 

 

𝑥𝑛+1 = 𝑥𝑛 −
𝑓(𝑥𝑛)

𝑓′(𝑥𝑛)
                                                (5.16) 

 

In Equation (5.16), n represents the nth iteration and   f’(x) denotes the derivative of f(x). Applied to solve 

Equation (5.3), the method allows for the calculation of the output current (I) for a specific voltage by 

iterating:   

     𝐼𝑛+1 = 𝐼𝑛 −
𝑓(𝐼𝑛)

𝑓′(𝐼𝑛)
                                                                                   (5.17) 

Where 

𝑓(𝐼𝑛) = 𝐼𝑛 − 𝐼0 [𝑒𝑥𝑝 (
𝑉−𝑅𝑠𝐼𝑛

𝜂𝑉𝑇
) − 1] −

𝑉−𝑅𝑠𝐼𝑛

𝑅𝑠ℎ
                                                        (5.18) 
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and 

𝑓′(𝐼𝑛) = 1 +
𝐼0𝑅𝑠

𝜂𝑉𝑇
[𝑒𝑥𝑝 (

𝑉−𝑅𝑠𝐼𝑛

𝜂𝑉𝑇
) − 1] −

𝑉−𝑅𝑠𝐼𝑛

𝑅𝑠ℎ
                                                     (5.19) 

The iterative update of the value of I continues until f(I) converges to a predetermined error threshold ε 

when estimating the value of II using NRM. This process commences with an initial value of I. 

Figure 5.6 shows the primary steps of the computational technique for determining the SBD parameters, 

which is based on Newton Raphson’s methodology. 

 

 

Figure 5.6: Flowchart of proposed algorithm for SBD Parameters estimation. 

 

5.5.2. Curve fitting models of solar cell characteristics 

We propose a simple fitting technique that utilizes a single dark current–voltage (I–V) curve to 

forecast the characteristics of a solar cell. This method simplifies parameter extraction as the 

adjustment process is unidimensional. For example, once parameters like η, Rs, Is, and Rsh are 
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extracted; only a few lines of code are required within a MATLAB environment to complete the 

process efficiently. 

5.5.2.1. Determination of the initials value of η, Rs and Is 

This technique includes the presentation of the standard function I = f (V) as V = f (I) which 

provides the calculation of the parameters of the solar cell. 

To evaluate the ideality factor, the series resistance and the saturation current of the diode, we 

use I instead of V as an independent variable in simplified Equation (5.20) (valid in the direct 

polarization region 0.2 V–1 V): 

𝐼 = 𝐼𝑠 [𝑒𝑥𝑝 (
𝑉−𝑅𝑠𝐼

𝜂 𝑉𝑇
) − 1]  (5.20) 

we obtain:  

 

sTsT
IVIRIVV lnln  −+=  (5.21) 

 

Eq. (5.21) can be presented in the form: 

 

V = a.ln I+b.I+c 

where  
 
{

𝑎 =  𝑉𝑇                  

𝑏 = 𝑅𝑠                      

𝑐 = − 𝑉𝑇 ln 𝐼𝑠

          

 

i.e.     

{
 

  =
𝑉𝑇

𝑎
                      

𝑅𝑠 = 𝑏                       

𝐼𝑠 = 𝑒𝑥𝑝 (
−𝑐

𝜂𝑉𝑇
)        

 

Hence, the constants a, b, and c remain fixed for a solar cell or PV module at a given 

temperature. Employing non-linear least squares fit allows determination of these 

constants. Subsequently, parameters such as η, Rs, and Is are deduced from a set of values 

for a, b, and c. 

By utilizing Equation (5.21), this process results in a highly accurate alignment with the 

observed voltage–current (V–I) characteristic. This alignment is visually demonstrated 

through a fitted curve juxtaposed with an experimental solar cell V–I characteristic, as 

depicted in Figure 7a. 
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Figure 5.7: (a) Characteristic V = f (I), equation (5.22), (b) experimental solar cell I-V characteristic and fitted 

curve in the direct polarization region 0.2 V – 1 V. 

 

The obtained η, Rs, Is are respectively :  𝜂 = 9,9467, 𝑅𝑠 = 1.7554𝑘𝛺 and Is =82,77nA. 

5.5.2.2. Determination of Rsh 

 

     For the determination of Rsh we take the linear region (-0.2 V – 0.2 V) of the curve ( )VfI =  

whose function is: 

 

ssh
RR

V
I

+
=  (5.22) 

Equation (5.22) can be presented in the form: 

 

I=a. V      where         
ssh RR

a
+

=
1

  

i.e.           







−=

ssh
R

a
R

1

 

The shunt resistance Rsh can be determined by adjusting the I = f (V) curve by the curve fitting. 

Figure 7b illustrates this result and shows both an experimental solar cell I–V characteristic and 

fitted curve. 
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Figure 5.8: (a) ( )VfI = , equation. (5.22),                 (b) ( )VfI =  of Figure 5.4. 

 

Figures 5.8 a and b show both experimental solar cell I–V characteristic and fitted curve in the 

linear region − 0.2 V – 0.2 V and the obtained Rsh = 0,70857MΩ. 

 

In order to check the obtained CZTS solar cell parameters values, we simulate the I–V 

characteristic (Equation (5.3)) using the extracted parameters η, Rs, Is and Rsh (Sect. 5.4.1) and 

compare it to the experimental one. We use Newton–Raphson’s method to solve Equation (5.1), 

V is chosen between − 1 and 1 V by a linear discretization. Figure 5.9 presents the simulated I–V 

characteristic using the extracted parameters η, Rs, Is and Rsh, alongside the experimental I–V 

characteristic. It turns out that, the modeled I–V curve line up quite rigorously with the 

experimental one. 

-0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
-1.5

-1

-0.5

0

0.5

1

1.5

2
x 10

-6

dotted: experimental I-V

line: fitted curve

I

V

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
-2

-1

0

1

2

3

4

5
x 10

-5

V

I

line: experimental I-V

dotted: fitted curve



Chapter 5                                               Structural and Electrical Features: A Comparative Parameter Extraction Study  

 

113 
 

 

Figure 5.9: ( )VfI = ,  equation 5.3

 

 

5.5.3. Genetic algorithm 

The working principle of genetic algorithm depends mainlyon the theory of biological evolution, 

where in each step the algorithm use, from the current solutions, a random group of individuals 

often called “parents” [22–26]. In our case the solutions denote the vectors of Is Rs  Rsh η. The 

production of children by parents is usually through introducing changes in some actual solutions 

(mutation) or by joining two existing solutions to obtain significant improvements (crossover). 

 

The main idea revolves around the development of the primary population over successive 

generations to achieve the optimum solution. The main factors that contribute to the 

development process are the selection, reproduction and the mutation. 

 

The GA-based approach is utilized as an alternative in this part to extract the key Schottky diode 

figures of merit in terms of reverse saturation current, series and shunt resistance, and ideality 

factor. In broad sense, the root mean square (RMSE) of the difference between the experimental 
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and the predicted currents, determined via the model of double-diode employing measured 

voltages (Vmes) at all points on the I–V curves, is described as objective function. 

The objective function is utilized to fit the complete I–V curve, and the RMSE achieved is often 

depends on the quantity of points N, that must be appropriately selected. 

The region of interest and calculation time must be given particular consideration. X denotes the 

four retrieved schottky diode parameters, which are as follows: 

 

X= [η, IS, RS, Rsh]. 

The GA implementation process for extracting schottky diode parameters is described in full 

hereunder. The following phases are keys in the GA algorithm: initialization, selection, 

crossover, mutation, and replacement. To begin, a population of 100 individuals is chosen 

randomly to serve as initial solution space inside the specified search areas. The entire objective 

function is then analyzed in order to choose the finest people for being parents for the future 

generation based on tournament selection. Following that, these parents are randomly merged 

based on the crossover and mutation procedures to generate the offspring. The two operators 

enable for the diversity of future offspring containing the best solutions. In this study, scattered 

crossover and adaptive feasible mutation are used to improve efficiency. Afterwards, the existing 

population is substituted by the newly updated population. The algorithm repeats across the 

generations until the termination requirements are met, which is generally a satisfying objective 

function value, or until the highest number of generations designated is achieved.  

 

The flowchart in Figure  5.10 summarizes the optimization process used to retrieve the four 

parameters. 
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Figure 5.10: Flowchart of GA approach. 
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To summarize, the GA based extraction technique is focused on reducing the objective function, 

as described in Equation (5.6), in order to match the estimated and experimental currents at the 

same time. 

Table 5.2 provides a summary of all setup parameters used in this investigation for the GA-based 

optimization [27, 28]. 

 

Table 5.2: Configuration parameters used for GA approach. 

Number of variables 4 

Population size 1000 

Maximum number of generations 500 

Selection Tournament 

Crossover Scattered 

Mutation Adaptive Feasible Migration 

Crossover fraction 0.8 

Migration fraction 0.2 

 

5.6. Comparison between Newton–Raphson method (NRM) and genetic 

algorithm (GA)method 

The primary Schottky diode parameters (n, Is, Rs, Rsh) have been extracted from the 

experimental I–V characteristics of the diode. Several techniques, including the genetic 

algorithm (GA) and the Newton–Raphson Method (NRM), were used to accomplish the 

extraction. Ultimately, a comparative analysis was conducted to assess those methodologies’ 

accuracy. Table 5.3 summarizes the parameters extracted using the GA method with 

experimental data.  

Table 5.3: Parameters extracted using the GA method with experimental data. 

Parameter RMSE Is Rs Rsh η 

Value 2.4684×10-06 
2.5213236512730

3×10-08 A 

1810.31888212

277 Ω 

337186.020887

277 Ω 

8.61814964343

631 

 

The starting values of SBD parameters are specified in Table 5.4 and are placed into the NRM 

and GA. The suggested approach was used to determine the initial parameters (I, η, R). Table 5.5 

summarizes the parameters that were extracted using the three different approaches. 

 

 

 

 



Chapter 5                                               Structural and Electrical Features: A Comparative Parameter Extraction Study  

 

117 
 

Table 5.4: Initial parameters value for the Newton–Raphson and GA. 

𝑹𝒔
𝟎 𝑹𝒔𝒉

𝟎  𝐈𝒔
𝟎 𝜼𝟎 

1,7554  kΩ 0,70501MΩ 82,077nA 9 ,9467 

 

Figure 5.11 depicts the fitness value progression as function of generation of the population, 

besides this figure shows the I-V curve for both fitted and experimental results. It can be seen 

that a good coincidence is achieved. 

 

 

Figure 5.11: (a) Evolution of the objective function as function of the evolving generations, (b) Comparison 

of experimental and fitted I-V characteristics. 

 

 Figure 5.12 clearly illustrates that the current–voltage (I–V) characteristics generated by both 

the genetic algorithm (GA) and Newton–Raphson Method (NRM) approaches exhibit excellent 

agreement with experimental data across their entire range. This robust alignment underscores 

the suitability of both methods for accurately determining the parameters of the Schottky barrier 

diode (SBD) model. 
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Figure 5.12:  I-V characteristics comparisons between the experimental data and the predicted by 

NRM and GA. 

 

Table 5.5 compares the NRM and GA techniques yields. 

 

Table 5.5: Results of Schottky diode parameters obtained by Newton–Raphson and GA techniques. 

Parameters NRM GA 

Is 1.4666×10-7 A 2.52×10-8A 

η 10,6592 8.6181 

RS 1,8613 KΩ 1.8103 KΩ 

RSh 3.9111×105Ω 3.3718 ×105Ω 

RMSE 3.6355×10-6 2.4684×10-6 

 

 

Table 5.6 shed light on the performance of the proposed extraction technique against other 

competitive techniques and summarize the limitation of each technique. Each optimization 

method mentioned—Newton–Raphson, Levenberg–Marquardt, Lambert-W function, and 

Genetic Algorithm—has distinct strengths and weaknesses that influence their suitability for 

different types of problems. 
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Table 5.6: Advantages and limitations of different competitive extraction methods [29]. 

 

 

Newton–Raphson excels in accuracy for complex, multidimensional optimization tasks but can 

be computationally intensive, resulting in prolonged execution times. 

Levenberg–Marquardt offers high stability, making it reliable for many optimization scenarios, 

yet it lacks robust control over precision and effectiveness. The Lambert-W function is praised 

for its high accuracy, robustness, and rapid convergence rate, though it may struggle with 

stability in certain contexts. Genetic Algorithms are efficient in navigating complex search 

spaces and often converge faster than other methods but come at the cost of significant 

computational resources. Therefore, the choice among these methods should be guided by the 

specific requirements of the optimization problem, balancing considerations of accuracy, 

stability, convergence speed, and computational efficiency. 

 

5.7. Conclusion 

In overview, we employed the spin coating technique to deposit the CZTS thin film, bypassing 

the need for subsequent sulfurization. Rigorous structural analysis unequivocally verified the 

presence of the distinctive Kesterite CZTS phase. Noteworthy in our exploration, the SEM 

micrograph of the CZTS sample revealed a surface characterized by both density and 

compactness. Turning our focus to electronic properties, the I–V characteristic analysis of the 

Al/p-CZTS/Mo junction unveiled the establishment of a Schottky diode. Within the realm of 

electronic characterization, we delved into the extraction of critical parameters; ideality factor, 

saturation current, series, and shunt resistance, employing two distinct methods. 

Impressively, the parameters derived from these disparate approaches exhibited a remarkable 

concordance, affirming the robustness and reliability of our findings. 
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General Conclusion 

The kesterite-based solar cell is an emerging and promising photovoltaic technology 

that could potentially enable the production of low-cost, high-volume thin-film solar cells. 

Having undergone rapid development over the past few decades, this technology has garnered 

increasing attention and demonstrated significant potential for high efficiency. CZTS 

possesses a narrowly stable region concerning chemical potential, making the formation of 

secondary phases quite easy. The formation of these secondary phases can lead to 

significantly increased resistance; shunt resistance depends on the bandgap of the phase, 

which will also limit device performance. Additionally, the heterojunction interface could 

contribute to performance losses due to unfavorable band alignment or detrimental reactions 

during high-temperature annealing. 

In our work, we focused on two aspects: a purely theoretical aspect based on 

numerical calculations using the SCAPS-1D software for proposed standard solar structure 

devices, and an experimental aspect concerning the development of the Al/p-CZTS Thin Film 

Schottky Diodes the spin-coating technique on soda lime glass substrates, followed by 

appropriate structurel, electrical characterization and parameter extraction of the Cu2ZnSnS4 

(CZTS) Thin film. 

Initially, our work focused on simulating the use of hole transport layers (HTLs), 

specifically MoOx and CuI, in combination with SnS, to greatly improve the efficiency of 

CZTS-based solar cells. In our investigation, we went beyond the usual limits by carefully 

adjusting important cell characteristics, including the thickness of the CZTS absorber layer, 

the density of defects, and the concentration of acceptors. The implementation of these hole 

transports layers (HTLs) resulted in two distinct benefits: an increase in the absorption of 

photon energy and a significant decrease in recombination rates. MoOx and CuI demonstrated 

superior performance as hole transport layers (HTLs), surpassing SnS by a significant margin. 

The superiority was demonstrated by achieving an amazing power conversion efficiency of 

23.73% and an exceptional fill factor of 88%. These impressive results precisely correspond 

to the theoretical limits established by Shockley-Queisser, which further enhances the 

fascination of our discoveries. This discovery not only indicates the potential to improve the 

effectiveness of CZTS hetero-junction based solar cells, but also introduces the possibility of 

a more environmentally friendly and efficient age in converting solar energy. This significant 
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advancement shows potential for practical implementation in renewable energy technology, 

leading to a more optimistic and environmentally friendly future. 

In the second phase of our experimental work, we employed the spin coating technique to 

deposit the CZTS thin film, thereby eliminating the need for subsequent sulfurization. 

Comprehensive structural analysis clearly confirmed the presence of the characteristic 

Kesterite CZTS phase. Notably, the SEM micrograph of the CZTS sample revealed a surface 

that was both dense and compact. Shifting our focus to electronic properties, the I–V 

characteristic analysis of the Al/p-CZTS/Mo junction indicated the formation of a Schottky 

diode. In the realm of electronic characterization, we extracted key parameters such as the 

ideality factor, saturation current, series resistance, and shunt resistance using two distinct 

methods. The parameters obtained through these different approaches showed impressive 

agreement, further validating the robustness and reliability of our results. 

The results obtained through this dissertation also encourage us to carry out additional 

investigations in the field of CZTS solar cells. For example, we aim to explore other 

phenomena that may impact the performance of these devices, necessitating the development 

of alternative models and approaches. 
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A.1 Genetic algorithms 

Genetic algorithms are one of the most used optimization methods. They represent a 

branch of the field of research called evolutionary computation [1]. They make it 

possible to determine the maximum or minimum values of a given function. They mimic 

the biological processes of reproduction and natural selection to find solutions to a given 

problem [1]. Many processes of a genetic algorithm are random. However, this 

optimization technique makes it possible to set the level of probability and the level of 

control [1]. These algorithms are much more powerful and efficient than random search 

and exhaustive search algorithms [1], but do not require additional information about 

the given problem. This feature allows them to find solutions to problems that other 

optimization methods cannot handle due to lack of continuity, derivatives, linearity, or 

other features. 

In what follows, we will give the basic elements of a genetic algorithm. The 

specific parts of the genetic algorithm that have a particular function are called 

operators. In its simplest form, a genetic algorithm is composed of three basic 

operators: 

• Selection 

• Crossover 

• Mutation 

In addition to these basic operators, the generation operator creates the chromosome 

population. In addition, the elitism operator is used to prevent the loss of successful 

individual chromosomes. These operators are applied to the current generation to form 

the next generation. The genetic algorithm continues to evolve until the design criteria 

are met. These criteria are defined by the user at the very beginning of the optimization. 

Figure 1 presents the basic fundamentals of the genetic algorithm. In the beginning, 

the population is evaluated and their physical condition is determined. Then successful 

individuals are selected and they replace those who fail. The next step is to train the next 

population using elitism, crossover and mutation. These processes continue until the 

predefined population number is reached [1]. 
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Figure A .1. Simple flow chart of the genetic algorithm 
 

 

A.1.1. Chromosome concept 

The genetic algorithm uses the concept of chromosome to define the variables. Each 

decision variable is defined in genes to form chromosomes. The common means of 

coding is a binary string.. 

 
A.1.2. Generation 

Based on the data we have, the genetic algorithm will generate an initial population. 

Each population is composed of chromosomes. Each solution (chromosome) will contain 

decision variables generated randomly. The random number generator assigns a 1 or a 0 

to each bit position in the chromosome where the defined number of bits represents 

specific decision variables. This operator is called the "Generation" operator. 

Once the initial population is generated, the genetic algorithm will translate each gene 

into the corresponding variable and calculate the objective function. Once the objective 

function is reached, an analysis must be carried out for each chromosome of the 

population [2]. 

 
A.1.3. Selection 

This operator is used to eliminate the worst chromosomes because of their low 

fitness. Once their objective functions are determined at an earlier stage, a number of 

chromosomes with the worst fitness are replaced by the same number of better 

chromosomes [2]. 

 
Elitisme   
 
Crossover  


Mutation  
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A.1.4. Elitism 

Elitism is used to protect the most suitable chromosomes of crossbreeding and 

mutation. The goal is to have some of the best chromosomes best suited in the next 

generation and not lose them. Elitism can quickly increase the performance of the 

genetic algorithm [2]. 

 
A.1.5. Crossover 

The crossing operator is applied to initiate a partial exchange of bits (information) 

between the parent strings to form two descendants. The genetic algorithm will 

randomly choose two solutions for crossing. 

The crossover rate is defined by the user at the beginning of the study. The most 

popular crossover types are single-point, two-point and multi-point crossings as shown 

in Figure 2. Note that all crosspoints are randomly selected [2]. 

 
 

 
 

Before crossing After crossing 

Single point crossover 
 

 
 
 

 
Crossing in only 2 points 

 

 
 
 

 
Crossing several points 

 

 
 

 

Figure A.2. Crossover Operator 
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A.1.6. Mutation 

Once the moment of application of the mutation is known, the mutation operator 

simply randomly changes the value of a gene. For real genes, this change could be done 

by selecting a number evenly across the range of possible values. Another possibility is 

to use a zero mean Gaussian distribution with a given variance where the number 

generated by this distribution is added to the value of the gene. This could be adjusted so 

that the variance decreases as the algorithm iterates [2]. 

 

A.2 Implementation of a genetic algorithm 

Genetic algorithm follows the following steps [2]: 

Step 1 : Define the number of chromosomes, generation, mutation and crossover 
rates. 

Step 2 : Generate a number of population and initialize the value of the genes with a 
random number. 

Step 3 : Done steps 4 to 7 until the generation number is reached. 

Step 4 : Evaluation of the fitness value of chromosomes by calculating the objective 
function. 

Step 5 : Evaluation of the fitness value of chromosomes by calculating the objective 

function. 

Step 6 : Crossover 

Step 7 : Mutation 

Step 8 : Solution (best chromosome)



Appendix A :                                                                                                                         Genetic algorithms   

 

129 
 

The flowchart of a genetic algorithm is shown below. 
 

Figure A.3. Flowchart of a genetic algorithm 
 

A.3.2Conclusion 

Genetic algorithms provide solutions close to the optimal solution using selection, 

hybridization and mutation mechanisms. A genetic algorithm gives us great freedom in 

the setting and implementation of different treatments. We are then free to modify a 

particular parameter if the solutions obtained do not suit us. 
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Newton-Raphson Method of Solving a Nonlinear Equation 

 

B.1 Introduction 

Methods such as the bisection method and the false position method of finding roots of 

a  nonlinear equation   ( )     require bracketing of the root by two guesses. Such methods 

are called bracketing methods. These methods are always convergent since they are based on 

reducing the interval between the two guesses so as to zero in on the root of the equation. 

In the Newton-Raphson method, the root is not bracketed. In fact, only one initial guess of the 

root is needed to get the iterative process started to find the root of an equation. The method 

hence falls in the category of open methods.   Convergence in open methods is not guaranteed 

but if the method does converge, it does so much faster than the bracketing methods. 

B.2    Derivation 

 
The Newton-Raphson method is based on the principle that if the initial guess of the 

root of  f (x)=0  is at xi , then if one draws the tangent to the curve at  f( xi ), the point  xi-1  

where the tangent crosses the  x -axis is an improved estimate of the root (Figure 1). 

Using the definition of the slope of a function, at x = xi . 

f xi     

     
 (  )   

       


Wich gives                 
 (  )

   (  )
                                (1) 

Equation (1) is called the Newton-Raphson formula for solving nonlinear equations of the 

form f (x)= 0. So starting with an initial guess, i x , one can find the next guess, xi+1 , by using 

Equation (1). One can repeat this process until one finds the root within a desirable tolerance. 

 

Algorithm 

The steps of the Newton-Raphson method to find the root of an equation  f (x) = 0 are 

 

1. Evaluate  f   (x) =0  symbolically 

2. Use an initial guess of the root,  xi , to estimate the new value of the root,  xi+1 , as 

        
 (  )

   (  )
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3. Find the absolute relative approximate error  |  |  as 

 

|  |  |
       
    

|      

 

4. Compare the absolute relative approximate error with the pre-specified relative error 

tolerance,    . If |  |     , then go to Step 2, else stop the algorithm. Also, check if the 

number of iterations has exceeded the maximum number of iterations allowed. If so, one 

needs to terminate the algorithm and notify the user. 
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