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Abstract 

 Semiconductor modeling and optimization play a crucial role in dealing with  

semiconductor devices, as they are used to simulate their performances under various 

operating conditions. This dissertation focuses on improving the performance of 

semiconductor-based devices, specifically thin-film solar cells. It discusses the use of 

analytical and numerical modeling techniques, including soft-computing-based 

optimization algorithms, to boost the performance of these devices. First, a 

comprehensive overview of the different equations that govern the physical behavior of 

semiconductors and the use of analytical and numerical modeling techniques in 

semiconductor device design will be provided, where the advantages and limitations of 

both techniques and their potential applications in optimizing device performance will 

be discussed. Finally  a detailed review of metaheuristic-based optimization techniques 

and their potential application in semiconductor device optimization is provided. Next, a 

novel modeling framework for the design and optimization of copper indium gallium 

selenide (CIGS)-based thin-film solar cells using a hybrid GBG-PSO-approach is 

proposed. Moreover the development of new analytical models and the use of numerical 

simulations to confirm the accuracy of the results is discussed. The chapter also 

explores the use of non-toxic elements, such as ZnMgO, instead of conventional toxic 

materials like CdS, to improve solar cell performance. The proposed methodology 

results in a 31.88% relative improvement in solar cell performance compared to 

conventional designs.  Then, a high-efficiency lead-free perovskite solar cell design 

based on the optimization of double-absorber material and charge carrier transport 

layers is proposed, using of eco-friendly and stable lead-free materials. The effect of 

different hole and electron transport layer materials on double-layered perovskite solar 

cell performance is investigated. The proposed design methodology leads to a high-

performing lead-free perovskite solar cell with a power conversion efficiency of 

33.57%. Thereafter, a new design methodology for thin-film tandem solar cells made up 

of a lead-free perovskite-based top sub-cell and a CZTSSe-based bottom sub-cell is 

proposed. The chapter discusses the use of numerical simulations to optimize interfaces 

between the electron and hole transport layers, introducing a graded band-gap profile, a 

back surface field (BSF) layer, and a non-toxic buffer layer (ZnSe) to improve the 

performance of the tandem cell. The proposed design methodology leads to a high-

performing tandem solar cell with a PCE of 28.42%. 

Keywords: Analytical modeling; metaheuristic-based optimization; CIGS; ZnMgO; 

Alignment; Ofset; Metaheuristic; PSO; Photovoltaic; Lead-free; Perovskite; Solar cell; 

Double-absorber; Band-alignment; Current matching; Graded band-gap; Cd-free CZTS; 

Tandem cell; Filtered spectrum. 
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 ملخص

ب فً اٌزعبًِ ِع  ًّ ، زٍث ٌزُ اسزخذاِهب اٌّشوجبد الاٌىزشونٍخرٍعت نّزخخ أشجبه اٌّىطلاد وردىٌذهب دوسًا ِه

ورسسٍن وفبءرهب وسشعزهب هب ، ِّب ٌسّر ٌٍّهنذسٍن ثزسسٍن رظبٌٍُِّسبوبح أدائهب فً ظً ظشوف اٌزشغًٍ اٌّخزٍفخ

 اٌّىطلاد، ورسذٌذاً اٌخلاٌب اٌشّسٍخ أشجبه اٌمبئّخ عٍى اٌعنبطشرشوض هزه الأطشوزخ عٍى رسسٍن أداء  .وِىثىلٍزهب

 اٌمبئّخ اٌزدىٌذ، ثّب فً رٌه خىاسصٍِبد اٌشلٍّخورنبلش اسزخذاَ رمنٍبد اٌنّزخخ اٌزسٍٍٍٍخ و. راد الأغشٍخ اٌشلٍمخ

نظشح شبٍِخ عٍى اٌّعبدلاد اٌّخزٍفخ اٌزً   رمذٌُ  سٍزُ  اٌجذاٌخ،  فً  .اٌعنبطش، ٌزسسٍن أداء هزه اٌٍٍنخعٍى اٌسىسجخ 

 أشجبه  عنبطش اٌّىطلاد واسزخذاَ رمنٍبد اٌنّزخخ اٌزسٍٍٍٍخ واٌعذدٌخ فً رظٍُّلأشبه اٌسٍىن اٌفٍضٌبئً رسبوً

وأخٍشًا .  ِضاٌب وعٍىة وٍزب اٌزمنٍزٍن ورطجٍمبرهّب اٌّسزٍّخ فً رسسٍن أداء الأخهضح  ِنبلشخ سٍزُ اٌّىطلاد، زٍث 

أداء   رسسٍن   فً  اٌّسزٍّخ  ورطجٍمبرهباٌٍٍنخ  اٌمبئّخ عٍى اٌسىسجخ اٌزدىٌذ  ٌزمنٍبد  ِفظً  رىفٍش اسزعشاع  سٍزُ

 راد الأغشٍخ اٌشلٍمخ  إطبس نّزخخ خذٌذ ٌزظٍُّ ورسسٍن اٌخلاٌب اٌشّسٍخٌمزشذثُ  . اٌّىطلادأشجبه عنبطش

 اٌطجمخ اٌّّزظخ راد فدىح نطبق  ثبسزخذاَ أسٍىة(CIGS)  اٌسٍٍٍنٍذ واٌّسزنذح إٌى اٌنسبط الإنذٌىَ اٌغبٌٍىَ

 وّب ٌزُ ِنبلشخ رطىٌش نّبرج رسٍٍٍٍخ خذٌذح و. (GBG-PSO) ِزذسخخ ِمشونخ ِع رمنٍخ اٌزدىٌذ ثسشة اٌدسٍّبد 

، (ZnMgO )ِثً اٌسبِخ، غٍش اٌعنبطش اسزخذاَ أٌضًب ٌسزىشف اٌفظً .اٌعذدٌخ ٌزأوٍذ دلخ اٌنزبئح اٌّسبوبح اسزخذاَ

رؤدي اٌّنهدٍخ اٌّمزشزخ إٌى رسسٍن نسجً . ٌزسسٍن أداء اٌخٍٍخ اٌشّسٍخ( CdS) ثذلاً ِن اٌّىاد اٌسبِخ اٌزمٍٍذٌخ ِثً

 ري وفبءح  ٌزُ الزشاذ رظٍُّ خذٌذ ثعذ رٌهثُ .٪31.88  ثمٍّخفً أداء اٌخٍٍخ اٌشّسٍخ ِمبسنخً ثبٌزظبٍُِ اٌزمٍٍذٌخ

 عٍى رسسٍن اٌّىاد اٌّّزظخ ِجنً اٌخبٌٍخ ِن اٌشطبص،  و اٌجٍشوفسىٍذ اٌّشرىضح عٍىعبٌٍخ ٌٍخلاٌب اٌشّسٍخ

ٌزُ .  ثبسزخذاَ ِىاد طذٌمخ ٌٍجٍئخ وِسزمشح خبٌٍخ ِن اٌشطبصاٌشسنخ ٌسبِلاد اٌنبلٍخ اٌطجمبد واٌطجمخِضدوخخ 

 عٍى أداء اٌخٍٍخ اٌشّسٍخ ثبٌجٍشوفسىٍذ راد الإٌىزشونبد  اٌنبلٍخ ٌٍثمىة و اٌطجمخِخزٍف ِىاد  اٌزسمك ِن رأثٍش

رؤدي ِنهدٍخ اٌزظٍُّ اٌّمزشزخ إٌى اٌسظىي عٍى خٍٍخ شّسٍخ ثبٌجٍشوفسىٍذ خبٌٍخ ِن اٌشطبص عبٌٍخ . اٌطجمزٍن

 ٌزُ الزشاذ ِنهدٍخ رظٍُّ خذٌذح ٌٍخلاٌب اٌشّسٍخ اٌّشوجخ ثعذ رٌه .٪33.57 رهب نستوٌخالأداء ثىفبءح رسىًٌ طبق

، ِىىنخ ِن خٍٍخ فشعٍخ عٍىٌخ ِجنٍخ عٍى اٌجٍشوفسىٍذ اٌخبًٌ ِن اٌشطبص وخٍٍخ فشعٍخ راد الأغشٍخ اٌشلٍمخ

 طجمبد اٌطجمخ اٌجٍنٍخ اٌّىخىدح ثٍنٌزنبوي اٌفظً اسزخذاَ اٌّسبوبح اٌعذدٌخ ٌزسسٍن  (.CZTSSe )سفٍٍخ ِجنٍخ عٍى

 ِدبيطجمخ إضبفخ إٌى   اٌطجمخ اٌّّزظخ راد فدىح نطبق ِزذسخخأسٍىةِسزخذِب نمً الإٌىزشونبد واٌثمىة، 

  اسزخذاَ  ٌؤدي .اٌّشوجخ  اٌشّسٍخ اٌخٍٍخ    أداء ٌزسسٍن (ZnSe)  غٍش اٌسبِخاٌعضي وطجمخ (BSF) اٌسطر اٌخٍفً

 .٪28.42 رظً إٌى طبلىٌخ   رسىًٌ  ثىفبءح  الأداء عبٌٍخ  ِشوجخ   شّسٍخ  خٍٍخ عٍى  اٌسظىي  إٌى  اٌطشٌمخ  هزه

 ،CIGS، ZnMgO  ، اٌّسزنذح إٌى الأسبٌٍت اٌزوٍخاٌزسسٍنبد ، اٌنّزخخ اٌزسٍٍٍٍخ:المفتاحيةالكلمات 

 اٌخٍٍخ ، اٌجٍشوفسىٍذ، اٌخبٌٍخ ِن اٌشطبص، اٌخلاٌب اٌىهشوضىئٍخ،PSO ، روبء اططنبعً، Ofset،ِسبراح

اٌخبٌٍخ ِن  CZTS ، اٌفدىح اٌنطبلٍخ اٌّذسخخ، ِطبثمخ اٌزٍبس، ِسبراح اٌفدىح اٌنطبلٍخ، اٌّّزض اٌّضدوج،اٌشّسٍخ

 .اٌّظفى اٌطٍف ، اٌخٍٍخ اٌّشوجخ،اٌىبدٍِىَ
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Résumé 

 La modélisation et l'optimisation des semi-conducteurs jouent un rôle important 

dans le traitement des dispositifs à semi-conducteurs, car ils sont utilisés pour simuler 

leurs performances dans diverses conditions de fonctionnement, permettant aux 

ingénieurs d'optimiser leurs conceptions et d'améliorer leur efficacité, leur vitesse et leur 

fiabilité. Cette thèse se concentre sur l'amélioration de la performance des dispositifs à 

semi-conducteurs, en particulier les cellules solaires à couche mince. Elle aborde 

l'utilisation de techniques de modélisation analytique et numérique, y compris des 

algorithmes d'optimisation basés sur le calcule souple, pour optimiser la performance de 

ces dispositifs. Tout d'abord, une vue d'ensemble complète des différentes équations qui 

gouvernent le comportement physique des semi-conducteurs et de l'utilisation des 

techniques de modélisation analytique et numérique dans la conception de dispositifs à 

semi-conducteurs sera fournie, où les avantages et les limites des deux techniques et 

leurs applications potentielles dans l'optimisation de la performance des dispositifs 

seront discutés. Enfin, une revue détaillée des techniques d'optimisation basées sur les 

métaheuristiques et de leur application potentielle dans l'optimisation de dispositifs à 

semi-conducteurs est fournie. Ensuite, un nouveau cadre de modélisation pour la 

conception et l'optimisation de cellules solaires à couche mince à base de (CIGS) en 

utilisant une approche hybride GBG-PSO est proposé. De plus, le développement de 

nouveaux modèles analytiques et l'utilisation de simulations numériques pour confirmer 

l'exactitude des résultats sont discutés. Le chapitre explore également l'utilisation 

d'éléments non toxiques, tels que le ZnMgO, au lieu de matériaux toxiques 

conventionnels tels que le CdS, pour améliorer la performance des cellules solaires. La 

méthodologie proposée permet une amélioration relative de 31,88% de la performance 

de la cellule solaire par rapport aux conceptions conventionnelles. Après, une 

conception de cellule solaire à base de perovskite sans plomb à haute efficacité basée 

sur l'optimisation du matériau double absorbeur et des couches de transport de porteurs 

de charge est proposée, en utilisant des matériaux sans plomb écologiques et stables. 

L'effet de différents matériaux de couche de transporteur de trous et d'électrons sur la 

performance de la cellule solaire à perovskite à double absorbeur est étudié. La 

méthodologie de conception proposée permet d'obtenir une cellule solaire à perovskite 

sans plomb performante avec un rendement de conversion de puissance de 33,57%.  

Puis, une nouvelle méthodologie de conception pour les cellules solaires tandem à 

couche mince composées d'une cellule supérieure à base de pérovskite sans plomb et 

d'une cellule inférieure à base de CZTSSe est proposée. Le chapitre discute de 

l'utilisation de simulations numériques pour optimiser les interfaces entre les couches de 

transport d'électrons et de trous, en introduisant un profil de bande interdite graduelle, 

une couche de champ de surface arrière (BSF) et une couche tampon non toxique 

(ZnSe) pour améliorer les performances de la cellule solaire. La méthodologie de 

conception proposée conduit à une cellule solaire tandem performante avec un 

rendement de conversion énergétique (PCE) de 28,42 %.  

Mots-clés: Modélisation analytique; optimisation basée sur des métaheuristiques; 

CIGS; ZnMgO; Alignement; Décalage; Photovoltaïque; Sans plomb; Pérovskite; 

Cellule solaire; Double absorbeur; Alignement de bande; Bande interdite graduelle; 

CZTS sans Cd; Cellule tandem; Spectre filtré. 
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1.Introduction and  state of the art 

 Semiconductor devices are electronic components made of materials with 

properties that lie between those of conductors and insulators. These devices form the 

foundation of modern electronics and are used in a wide range of applications, from 

simple diodes and transistors in everyday electronics to complex integrated circuits in 

advanced computing systems [1]. The semiconductor materials used in these devices are 

typically crystals doped with small amounts of impurities to create regions of either 

positive or negative charge. By controlling the distribution of charge within these 

materials, semiconductor devices can be investigated to exhibit a variety of useful 

electrical properties, including the ability to control the flow of current, amplify signals, 

and store information [1,2]. Semiconductor devices are fundamental building blocks of 

modern electronics and have revolutionized the way we live and work. From the micro-

processors that power our computers and smartphones to the LEDs that light our homes 

and streets, they are essential components of the technologies that shape our world 

[3,4]. The design and optimization of these devices require an accurate understanding of 

their behavior and performance, which is provided by models that simulate the accurate 

operation. In this context, traditional modeling based on analytical and numerical 

approaches have been used to study and model the behavior of semiconductor devices. 

Analytical models provide analytical solutions to the physical equations governing the 

behavior of semiconductors, while numerical models solve these equations using 

numerical algorithms, such as finite difference, finite element, or Monte Carlo methods 

[1,5]. Although these approaches have been widely used and have provided valuable 

insights into the behavior of semiconductor devices, they have some limitations, 

including the inability to handle complex physical phenomena and the difficulty in 

modeling nonlinear behavior. This situation may yield an inaccurate prediction of the 

device performance [6].  In order to overcome this issue, Soft computing techniques 

(SoCo), have been proven to be effective in modeling and optimizing complex systems 

in various fields. Soft computing is a branch of computer science dealing with 

approaches that can effectively handle imprecision, uncertainty, and partial truth. Unlike 

hard computing, which relies on precise mathematical models and algorithms [7], SoCo 

techniques are designed to mimic the way humans think and make decisions[8]. It 

encompasses a range of methods, including fuzzy logic, neural networks, genetic 

algorithms, and machine learning. These techniques can be used to develop systems that 
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are able to learn and adapt from experience, recognize patterns, and make decisions 

based on incomplete or uncertain information. SoCo approaches are particularly useful 

in applications that involve complex, real-world problems where traditional methods 

may be impractical or ineffective [7,8].  

 Soft computing has a wide range of applications across various domains [9-16], 

including but not limited to: 

-Engineering: This technique is widely used for tasks such as system control, fault 

diagnosis, optimization, and prediction. For example, neural networks and fuzzy logic 

are often used for process control in manufacturing, while evolutionary computation is 

used for optimizing complex engineering designs. 

-Finance: For tasks such as fraud detection, credit scoring,  predict stock prices, market 

trends, and investment decision-making. For example, neural networks and fuzzy logic 

are used for predicting stock prices, while evolutionary computation is used for 

optimizing investment portfolios. 

-Medicine: It has been used in medical diagnosis and decision-making systems, which 

can analyze medical data and assist in diagnosing diseases, predicting the risk of 

developing a disease, and suggesting treatment options. 

-Robotics: It is used for tasks such as motion planning, obstacle avoidance, and control. 

For example, swarm intelligence algorithms are used for multi-robot coordination, 

while fuzzy logic is used for controlling robot movements. 

-Image and speech recognition: Methods such as neural networks and deep learning 

have been widely used in computer vision and speech recognition applications. They 

can recognize patterns and identify objects in images and speech with high accuracy. 

-Natural language processing: Tasks such as text classification, sentiment analysis, and 

machine translation. For example, neural networks and fuzzy logic are used for 

language modeling, while evolutionary computation is used for optimizing machine 

translation systems. 

-Optimization: Genetic algorithms (GA) and particle swarm optimization (PSO) can be 

used to solve complex optimization problems in various domains. 
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 The semiconductor industry is continuously striving to improve device 

performance and reduce development time and cost. For addressing these challenges, 

SoCo techniques have emerged as powerful tools by analyzing large amounts of data 

and optimizing device parameters.  

 One of the most used devices in electronics is the transistor. In the context, Soft 

computing techniques have been used both in the modeling and optimization of 

transistors. Concerning the modeling process, these techniques have been used to 

develop accurate and reliable models of transistor behavior under a wide range of 

operating conditions. For instance, artificial neural networks have been used to learn 

complex relationships between inputs and outputs from large datasets of transistor 

performance data, while fuzzy logic and genetic algorithms have been used to capture 

the non-linear behavior of transistors under different conditions [17-21]. Regarding the 

optimization, SoCo techniques have been used to optimize the performance of 

transistors and electronic circuits. For example, genetic algorithms, particle swarm 

optimization (PSO) and other optimization techniques can be used to search through a 

large space of transistor designs to find the best configuration for a particular 

application. Similarly, artificial neural networks can be trained on data to predict the 

performance of a particular transistor design, allowing designers to make informed 

decisions about which design to use [21-24].  

 In the setting of optoelectronic devices, SoCo can be used to model the behavior 

of devices such as solar cells, photodetectors, and light-emitting diodes (LEDs), and to 

optimize their performance. It can be used to optimize the design of photodetectors by 

 combining numerical techniques with GA (Genetic Algorithm) or using a combined 

semi-analytical modeling and PSO-based optimization approaches to improve the 

sensor performance [25-27]. In photovoltaic domain, as shown in Figure 1, the intense 

competition in the photovoltaic domain, where researchers are striving to attain the 

maximum efficiency through the utilization of various materials and improvement 

techniques. SoCo techniques are particularly useful in this regard, as they can model 

complex nonlinear relationships between input and output variables. Fuzzy logic, for 

instance, can provide accurate predictions of the output variables based on the input 

variables to model the solar cell behavior and extract their parameters [28]. SoCo can 

handle imprecise and uncertain information and provide accurate control decisions 

based on the current operating conditions of the PV system (MPPT) [29-31]. While GA  
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and PSO can be used to optimize the design of the photovoltaic system, such as the 

selection of the best combination of materials, the sizing of the system components, and 

the configuration of the system layout [32-35]. Soft computing approaches can also be 

used to analyze large datasets and extract meaningful patterns and insights. This can be 

particularly useful for understanding the behavior of complex optoelectronic devices, 

and for identifying areas for improvement. 

SoCo approaches offer a powerful tool for modeling and optimizing semiconductor 

devices, improving their efficiency, reliability, and performance in various applications. 

SoCo can facilitate the development of more efficient and effective optoelectronic 

devices. These innovations can impact fields such as materials science, energy, 

telecommunications, computing, consumer electronics, and more. From smartphones 

and laptops to medical devices and space probes, many of today's innovations have been 

made possible by soft computing techniques. 

2.Dissertation outline 

 This dissertation is structured into four chapters that outline the conducted 

research work. The first chapter is dedicated to the modeling and optimization of 

semiconductors. First, different analytical and numerical modeling techniques are 

presented, followed by different optimization techniques based on metaheuristics, where 

their basic concepts are explained in detail. The application of these metaheuristic 

approaches to optimize semiconductor devices is also introduced. 

 In the second chapter, new analytical models are developed to study the behavior 

of solar cells by proposing a new design strategy to enhance the performance of CIGS-

based thin film solar cell using the coupling of graded band gap (GBG)  engineering 

with PSO technique. Furthermore, the impact of the band-gap engineering of the buffer 

layer on the cell's performance is studied. Additionally, the influence of the band-gap 

profiles for both of the buffer and absorber layers on the device properties is 

investigated, and finally, the extent improvement of  the solar cell performance by 

combining the global optimization technique PSO with GBG engineering. 

 The objective of the third  chapter is to examine how the performance of lead-

free PSCs can be improved by utilizing appropriate carrier transport layers and double 

absorber lead-free perovskite engineering. The performance is evaluated through 

numerical modeling and simulations using a design strategy. Finally, by employing the 
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double-absorber layer engineering and band alignment optimization, the improvement 

of the device performances is carried out.  

 Chapter IV of this dissertation addresses novel design strategies to enhance the 

performance of a tandem cell consisting of two sub-cells, which can be influenced by 

appropriate carrier transport layers and band alignment. Besides, the study also explores 

the impact of graded band-gap (GBG) engineering on the overall performance of the 

device, specifically by applying it to the absorber layer in the bottom sub-cell. The use 

of a non-toxic buffer layer is also evaluated as a means of improving junction band 

alignment and enhancing conversion efficiency. 

 The aim of this dissertation is to investigate the potential of soft-computing-

based approaches to study and model the behavior of semiconductor devices. The focus 

is on developing new models that can accurately represent the complex physical 

processes involved in these devices and on optimizing their performance. 
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CHAPTER I 
Modeling and optimization of semiconductor devices 
 

Abstract 

This chapter provides an overview of the different analytical and numerical modeling 

techniques used in the field of semiconductor devices, including their advantages 

and limitations. The focus is on the application of these methods using 

semiconductor equations to gain a better understanding of the system and optimize 

device performance. Additionally, the chapter discusses the classification and basic 

concepts of metaheuristic-based optimization techniques, such as MOGA, PSO, ML, 

and ABC-based algorithms, and their potential applications in semiconductor device 

optimization. The chapter serves as a comprehensive introduction to the methods 

and techniques used in the field of semiconductor device optimization, providing a 

solid foundation for further research and development. 
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I.1 Introduction    

 Modeling of semiconductor devices involves using mathematical equations and 

computer simulations to represent the behavior of semiconductor materials and devices. These 

models   allow engineers and scientists to predict and understand the performance of 

semiconductor devices, under various operating conditions [1-4].   It is an important tool to 

design and optimize the microelectronic devices. In general, modeling semiconductor devices 

involves understanding the underlying physics of the materials, including the transport of 

charge carriers (electrons and holes), the generation and recombination of carriers,  the 

interaction of carriers with impurities, defects, and applied electric fields. It also includes 

understanding the electrical properties of the materials and how they change with temperature 

and other parameters [5-7]. There are several approaches to modeling semiconductor devices, 

including analytical, numerical and physical (empirical) models. Analytical modeling uses 

mathematical equations to describe the behavior of the device and are often used for simple 

devices or to gain a basic understanding of the device's behavior. Numerical models explore 

complex computer algorithms to solve the non linear equations that describe the device's 

behavior and can be used to model more complex devices or to analyze the device's 

performance in more details. Physical models use experimental data or measurements to 

represent the device's behavior and can be used to validate the results of analytical or 

numerical models [7-9]. Once the model is developed, optimization techniques such as 

gradient descent, particle swarm optimization, or genetic algorithm are used to find the design 

and operating conditions that will result in the best performance for the device [10]. This can 

include finding the optimal dimensions and doping levels for the device to minimize the 

global resistance and maximize the current flow, or finding the best materials and fabrication 

processes for the photovoltaic devices to maximize efficiency. 

 Semiconductor device modeling and optimization techniques is an active area of 

research and development, as it plays a critical role in the design and optimization of new 

semiconductor devices and technologies such as transistors, solar cells, and diodes. The goal 

is to develop more efficient, cost-effective and reliable devices [11-14]. Moreover, the 

optimization of semiconductor devices is becoming increasingly important for the nanoscale 

and complex devices. The smaller dimensions of these devices can result quantum effects and 

complex electron transport behavior, where an accurate modeling and optimization becomes 

necessary to develop low cost and  high performance devices [12,13]. 
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I.2 Analytical modeling 

Analytical models are based on mathematical equations and analytical solutions, which are 

derived using mathematical concepts and techniques such as calculus, linear algebra, and 

differential equations. These models can be used to make predictions about the behavior of a 

system, process or phenomenon based on certain assumptions and known inputs. The 

solutions to the equations are usually in closed-form, meaning they can be expressed in terms 

of known mathematical functions [15-16]. Examples of analytical models include 

mathematical models of fluid dynamics, circuit analysis, and economic models. In 

semiconductor modeling, analytical models can provide a simple and intuitive understanding 

of the behavior of semiconductor devices, but they typically make simplifying assumptions 

that may not be valid in all cases [17]. Therefore, they are often used in conjunction with 

numerical simulations to provide a more accurate prediction of the device performance. There 

are several important equations used to model semiconductor devices, these equations are part 

of the set of basic equations used to model semiconductor devices, however depending on the 

device application and physics of the problem you're modeling, other equations might be used 

as well. 

  I.2.1 Poisson's equation  

Poisson's equation is a fundamental equation in physics that describes the distribution of 

electric potential in a region. In a semiconductor, the electric potential is determined by the 

distribution of charge in the material [1,3,5-8]. Poisson's equation for a semiconductor is 

given by: 

𝑑𝑖𝑣(ℰ∇𝜓) = −𝑞(𝑁𝐷 + 𝑁𝐴 + 𝑛 + 𝑝)        (I.1) 

Where 𝜓 is the electric potential, q denotes the elementary charge, ε represents the 

permittivity of the semiconductor, p and n are the hole and electron concentrations, 

respectively, ND  and NA are respectively, the doping concentration of donor and acceptor 

impurities. 

  I.2.2 The continuity equation 

 The continuity equation is a statement of the conservation of charge in a semiconductor. It 

states that the rate of change of the charge density in a semiconductor is equal to the sum of 
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the current densities flowing into and out of a small volume [1,3,5-8]. The continuity equation 

for a semiconductor is given by: 

𝜕𝑛

𝜕𝑡
=

1

𝑞
𝑑𝑖𝑣𝐽𝑛    + 𝐺𝑛 − 𝑅𝑛          (I.2) 

𝜕𝑝

𝜕𝑡
= −

1

𝑞
𝑑𝑖𝑣𝐽𝑝    + 𝐺𝑝 − 𝑅𝑝          (I.3) 

Where n, p are the electron and hole concentration, Jn and Jp refer to the electron and hole 

current density, Gn and Gp are respectively  the generation rate of electron and holes, and Rn, 

Rp designate the recombination rate of electron and holes, respectively. 

  I.2.3 The drift-diffusion equations 

 The drift-diffusion equations describe the transport of charge carriers (electrons and holes) in 

a semiconductor. They are based on the balance of the electron and hole current densities and 

the continuity equation [1,3,5-8]. The drift-diffusion equations for electrons and holes in a 

semiconductor are given by: 

𝐽𝑛    = 𝑞𝜇𝑛𝑛𝐸  +  𝑞𝐷𝑛∇𝑛               (I.4) 

𝐽𝑝    = 𝑞𝜇𝑝𝑝𝐸  −  𝑞𝐷𝑝∇𝑝               (I.5)

  

Where Jn and Jp are the electron and hole current density, respectively, μn and μp are the 

electron and hole mobility, Dn and Dp are the electron and hole diffusivities, respectively, and 

E denote the electric potential field. 

I.3 Numerical  modeling 

Numerical modeling, on the other hand, uses complex computer algorithms and simulations to 

approximate the behavior of a system. The equations and relationships used in numerical 

models are usually too complex or too uncertain to be solved analytically [18]. Numerical 

models involve breaking down a system or process into smaller, more manageable parts and 

solving the equations for each part using a computer algorithm. The solutions to the equations 

are not in closed-form, meaning that the solutions cannot be expressed in terms of known 

mathematical functions. Instead, the solutions are approximations that are based on the input 

data and assumptions of the model [18-19]. Numerical modeling of semiconductor devices 
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involves using computer simulations to predict the behavior of semiconductor materials and 

devices. This can be done using a variety of techniques, such as solving the Schrödinger 

equation for electrons or the drift-diffusion equations to model the transport of charge carriers 

in a semiconductor using various numerical techniques such as finite difference method, finite 

element method, boundary element method,. The goal of numerical modeling is to predict the 

performance and characteristics of semiconductor devices, such as solar cells, transistors, 

diodes,  to aid in the design and optimization of these devices [20]. 

  I.3.1 Finite element method 

The engineers have been using the finite element method (FEM) to address issues in structural 

mechanics even before mathematicians discovered it. The method is favored by engineers 

because it offers a high degree of geometric adaptability and it is relatively simple to apply to 

complex problems [21-22]. From a mathematical perspective, the method can be seen as a 

way to find approximate solutions for a continuous problem through a weighted residual 

approach, which involves formulating the problem in a variational form     𝑤𝑖𝜙𝑖𝑖  where the 

𝜙𝑖  are trial functions. The weights 𝑤𝑖  are calculated so that they minimize a specific 

functional [23]. The Rayleigh-Ritz-Galerkin technique is the origin of these methods. The 

finite element method introduces an innovative aspect where the trial functions are broken 

down into smaller parts, represented by piecewise polynomials, each defined within a specific 

subdomain or element. Instead of using functions that cover the entire domain. This specific 

feature is the reason why the finite element method is so successful in many different fields. 

Finite element methods are considered "standard" when no additional techniques, such as 

upwinding, fitting or inverse averaging, are employed during their development. If any of 

these techniques are used, then the method is considered "non-standard" [24-25]. The general 

flowchart of the FEM process typically includes the following steps: 

 Discretization of the domain: The domain of the problem, such as a structure or a 

region in space, is divided into small, manageable elements. 

 Selection of shape functions: Shape functions are chosen to approximate the solutions 

within each element. These functions are chosen based on the type of element, such as 

a linear or quadratic element, and the type of problem being solved. 

 Development of element equations: Element equations are derived for each element 

using the chosen shape functions and the governing equations for the problem. 
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 Assembly of global equations: The element equations are assembled to form the 

global equations. This step involves applying the continuity conditions at the nodes 

shared by multiple elements. 

 Incorporation of boundary conditions: The global equations are modified to account 

for any boundary conditions. These conditions are used to determine the values of 

unknowns at specific locations on the boundary. 

 Solution of global equations: The global equations are solved for the unknowns. This 

step can be done using numerical methods such as Gaussian elimination or iterative 

methods like the conjugate gradient method. 

 Interpolation of results: The results are interpolated to the entire domain. This step is 

done by using the values of the unknowns at the nodes and the shape functions to 

approximate the solution at all other points within the elements. 

 Post-processing: This step is used to analyze the results obtained from the solution and 

to create visual representation of the solution. 

 

 

 

 

 

 

 

 

 

Figure I.1: Flow diagram of finite element method (FEM) 

  I.3.2 Monte Carlo method 

Monte Carlo method (MCM) is a computer simulation approach that uses random sampling to 

model the behavior of a system. It involves generating random inputs for a model and using 

them to estimate the output of the system. The technique is named after the city of Monte 
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Carlo in Monaco, which is known for its casinos and the use of random sampling in games of 

chance [26-28]. 

MCM is useful for predicting the behavior of complex systems or analyzing the risk and 

uncertainty associated with a particular decision. It can be applied to a wide range of fields, 

including finance, engineering, and science. The accuracy of the results depends on the 

quality of the model and the number of random samples used in the simulation [29]. 

Monte Carlo modeling can be used to simulate the behavior of semiconductor devices, such 

as transistors, diodes, and solar cells. The technique can be used to analyze the performance 

of the device under different operating conditions, such as temperature, voltage, and material 

properties [27-30]. It can also be used to study the effects of random variations in the device 

parameters, such as the dopant concentration or the dimensions of the device, on the device 

performance. 

In semiconductor device simulation, MCM is often used in conjunction with other numerical 

techniques, such as finite element analysis or drift-diffusion modeling. The Monte Carlo 

method can be used to sample the input parameters for these models, and the resulting outputs 

can be used to estimate the statistical properties of the device, such as the mean and variance 

of its performance characteristics [30]. 

The basic flowchart for a Monte Carlo algorithm to simulate the behavior of a semiconductor 

device typically includes the following steps: 

 Initialization: The initial conditions of the simulation, such as the device dimensions, 

doping levels, and applied voltage or current, are set. A random number generator is 

also initialized. 

 Generation of random numbers: A large number of random numbers are generated, 

which will be used to simulate the movement of carriers (electrons and holes) in the 

device. 

 Calculation of carrier movement: The movement of carriers in the device is calculated 

based on the random numbers and the physical properties of the materials used in the 

device, such as their electrical conductivity and carrier mobility. 

 Collection of data: Data on the movement of carriers and the resulting electrical 

current and voltage in the device is collected at regular intervals. 
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 Analysis of data: The collected data is analyzed to calculate important performance 

parameters of the device, such as its current-voltage characteristics or its efficiency. 

 Repeat steps 2-5 for a large number of iterations: The simulation is repeated for a 

large number of iterations, typically on the order of millions, to ensure that accurate 

and reliable data is collected. 

 Post-processing: The final data is post-processed, and the results are analyzed. The 

results are usually presented in the form of graphs and tables 

 Comparison and optimization: the results are compared with the design parameters 

and if there is a mismatch, the design parameters are optimized until the desired 

results are obtained 

 

 

 

 

 

 

 

 

 

 

  

Figure I.2: Flow diagram of Monte Carlo method (MCM) 

It's worth noting that more advanced Monte Carlo algorithms can include additional steps 

such as the incorporation of scattering mechanisms and the use of more complex models to 

take into account quantum mechanical effects in the device. 
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  I.3.3 Density Functional Theory method 

Density Functional Theory (DFT) is a computational method used to study the electronic 

structure of a wide range of materials, including molecules, solids, and surfaces. It is a 

theoretical approach that is based on the density of electrons in a system, rather than the 

wavefunction of individual electrons. DFT is a powerful and widely used method in 

computational chemistry and materials science because it can accurately predict the properties 

of a large number of systems with relatively low computational cost [31-33]. 

The basic idea behind this method is that the total energy of a system can be expressed as a 

functional of the electron density. This means that the total energy of a system can be 

calculated by knowing the distribution of electrons within the system. The most common 

method to solve the DFT is the Kohn-Sham method [31-32], which maps the many-body 

problem of interacting electrons to a non-interacting system with an effective potential. 

One of the most popular functionals used in DFT is the local density approximation (LDA) 

and the generalized gradient approximation (GGA). These functionals provide a good balance 

between computational efficiency and accuracy. 

Density Functional Theory is widely used in the modeling and simulation of semiconductor 

devices. It allows to understand the electronic structure and properties of semiconductor 

materials and devices at the atomic and electronic level [33], which is crucial for the design 

and optimization of new devices. 

One of the main applications of DFT in semiconductor devices is the prediction of electronic 

band structures and density of states of semiconductor materials. This information is essential 

for understanding the electronic properties of the materials and their suitability for different 

types of devices, such as solar cells, transistors, and light-emitting diodes [34]. 

Another important application of DFT in semiconductor devices is the study of defects and 

impurities in semiconductor materials. DFT calculations can provide detailed information 

about the properties and effects of different types of defects, such as point defects, extended 

defects, and impurities, on the electronic and optical properties of the materials. 

DFT can also be used to study the electronic structure and properties of interfaces in 

semiconductor devices, such as metal-semiconductor interfaces, semiconductor-

semiconductor interfaces, and dielectric-semiconductor interfaces [33]. This information is 
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important for understanding the performance and reliability of devices that involve these 

interfaces. 

DFT is a powerful tool that is widely used in the modeling and simulation of semiconductor 

devices, allowing to predict and understand the electronic properties of semiconductor 

materials, defects and impurities, and interfaces, which is crucial for the design and 

optimization of new devices.  

The flow chart for the DFT modeling of semiconductor devices is Detailed below: 

 Initialize the crystal structure of the semiconductor device, including the unit cell, 

lattice vectors, and atomic positions. 

 Apply the periodic boundary conditions to the electron density and the potential. 

 Choose an appropriate exchange-correlation functional for the DFT calculation. 

 Set up the initial electron density and the electrostatic potential due to the applied bias. 

 Calculate the effective potential by solving the Poisson equation with the electron 

density as the source term and adding the external potential and the exchange-

correlation potential. 

 Solve the Kohn-Sham equations in the periodic crystal potential and obtain the 

electron density and the total energy. 

 Check for convergence by comparing the electron density of the current iteration with 

that of the previous one. 

 If the convergence criterion is not met, go back to step 5 using the new electron 

density and electrostatic potential as the input. 

 If the convergence criterion is met, calculate the output quantities such as band 

structure, density of states, charge density, etc. 

 Repeat the steps above for different interfaces, if necessary, using the slab or supercell 

method. 

this basic flow chart is illustrated in Figure I.3 which, can be adapted to different levels of 

accuracy and computational resources, as well as specific systems and applications. The 

choice of the functional approximation and the method of solving the Kohn-Sham equations 

can also affect the accuracy and computational resources needed, so it's important to choose 

the appropriate methods and parameters for the specific system and application. 
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Figure I.3: Flow diagram of Density Functional Theory method  

I.4 Metaheuristic technique  

Metaheuristics are high-level problem-solving strategies that guide a local heuristic search 

method to explore the solution space of a problem [35-36]. These algorithms, such as Genetic 

Algorithms, particle swarm optimization, Simulated Annealing, Artificial Bee Colony, and 

Ant Colony Optimization [37-40], are often inspired by natural mechanisms and have been 

shown to be effective in solving global optimization problems. Metaheuristics are not specific 

to any particular problem and employ strategies to effectively avoid getting stuck at local 

optima. They also involve efficient strategies for balancing the exploration of new regions of 

the solution space with the focus on certain regions to find high-quality solutions. 

Some examples of popular metaheuristic optimization algorithms include: 

Genetic algorithms: These are based on the principle of natural selection and use a process of 

reproduction, mutation, and selection to evolve a population of solutions over time. 
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Simulated annealing: This algorithm is based on the process of physical annealing, in which a 

material is slowly cooled to minimize the defects in its structure. The algorithm starts with a 

random solution and gradually improves it by making small, random changes and accepting 

or rejecting the changes based on their impact on the objective function. 

Particle Swarm Optimization (PSO): This algorithm simulates the behavior of a swarm of 

birds or insects searching for food. The algorithm uses a population of solutions (particles) 

that move around the solution space and adapt their positions based on their own best 

solutions and the best solutions found by other particles. 

Ant Colony Optimization (ACO): This algorithm simulates the behavior of ants as they search 

for food. The algorithm uses a population of solutions (ants) that move around the solution 

space and adapt their positions based on the solutions found by other ants and a set of 

heuristic rules. 

Differential Evolution (DE) this is an algorithm based on the genetic concept of natural 

selection, it uses an iterative process where solutions are evolved by combining properties of 

existing solutions, instead of recreating solutions randomly. 

Artificial Bee Colony (ABC): This algorithm is inspired by the behavior of bees as they 

search for nectar. It uses a population of solutions (bees) that are divided into three groups: 

employed bees, onlookers, and scouts. The employed bees and onlookers update their 

solutions based on the solutions found by other bees, while the scouts explore new areas of 

the solution space. 

Cuckoo Search (CS): This algorithm is inspired by the behavior of cuckoos and their eggs. It 

uses a population of solutions (cuckoos) that lay eggs in different nests (solutions) and update 

their positions based on the best solutions found by other cuckoos. 

Firefly Algorithm (FA): This algorithm is inspired by the behavior of fireflies as they flash 

their lights to attract mates. It uses a population of solutions (fireflies) that adapt their 

positions based on the brightness (objective function value) of other fireflies. 

Bat Algorithm (BA): This algorithm is inspired by the behavior of bats as they search for food 

using echolocation. It uses a population of solutions (bats) that adapt their positions based on 

the frequency and loudness (objective function value) of their echolocation calls. 
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Harmony Search (HS): This algorithm is inspired by the process of improvisation in music. It 

uses a population of solutions (musical notes) that are combined together to form different 

harmonies (solutions). 

Hybrid Metaheuristics: These are optimization algorithms that combine multiple 

metaheuristics in order to take advantage of the strengths of each individual algorithm. 

Metaheuristic optimization algorithms are useful for solving problems with high-dimensional 

search spaces and complex objective functions. They can also handle constraints and have the 

ability of handling multiple objectives. Moreover, they do not require the objective function 

to be differentiable or have a specific structure, and they are often used in applications such as 

function optimization, engineering design, and machine learning. 

All these examples, as well as the previously mentioned ones, are all metaheuristic 

optimization algorithms that can be used to solve a wide range of optimization problems with 

different characteristics. The choice of the algorithm is determined by the characteristics of 

the problem and the specific requirements of the application. Some algorithms may work 

better for certain types of problems or have specific advantages in certain scenarios. 

  I.4.1 Multi Objective Genetic Algorithm optimization (MOGA) 

MOGA is a variant of genetic algorithm which is adapted to handle optimization problems 

with multiple objectives. Its basic principle is similar to that of a traditional genetic algorithm 

(GA) [37], where a population of solutions is evolved over time using operations such as 

selection, crossover, and mutation. However, in MOGA multiple objective functions are 

optimized simultaneously, rather than a single objective function. The population of solutions 

is represented by a set of points in a multi-dimensional space, where each point corresponds 

to a set of values for the parameters of the problem. These points can also be represented as 

individuals in the population [41-43]. 

The algorithm starts with a random population of individuals, then it applies genetic operators 

to evolve the population over multiple generations until it reaches a satisfactory solution. The 

selection process uses a combination of elitist and non-elitist selection methods, where a 

fraction of the best individuals from the current population is carried over to the next 

generation (Elitist selection) and the remaining individuals are selected based on their fitness 

values, the individuals are then mated to generate offspring (Non-elitist selection). Crossover 

and Mutation are genetic operators used to generate offspring in MOGA. A crossover 
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operator is used to combine the genetic information of two parents to create new offspring, 

while a mutation operator is used to introduce small random variations in the genetic makeup 

of the individuals. 

In semiconductor device optimization, MOGA can be used to find the optimal design of a 

device by adjusting its various design parameters to achieve the desired performance while 

satisfying constraints such as cost and manufacturability. For example, in the case of a solar 

cell, MOGA can be used to optimize the doping levels, layer thicknesses and material 

properties of the various layers in the solar cell in order to maximize its efficiency while 

minimizing its cost. The algorithm can also consider other constraints such as the maximum 

allowable recombination rate and series resistance. MOGA can also be used to optimize the 

performance of other semiconductor devices such as LEDs, transistors, and photodetectors 

[43-44]. It can also be used to optimize the performance of integrated circuits by adjusting the 

layout and routing of the various components on the chip. One of the advantages of using 

MOGA for optimization of semiconductor devices is that it can handle multiple objectives 

and constraints simultaneously, which is particularly useful for problems where the objectives 

are conflicting. It also can handle continuous, discrete and mixed variables which makes it 

suitable for a wide range of semiconductor devices optimization problems. 

The flowchart of a typical Multi-Objective Genetic Algorithm (MOGA) is as follows: 

 Initialize the population: A initial set of solutions is randomly generated and evaluated 

according to the multiple objectives. 

 Selection: The solutions are ranked based on their fitness, and the best solutions are 

selected to be included in the next generation. 

 Crossover: A crossover operation is performed on the selected solutions to create new 

solutions. 

 Mutation: A mutation operation is performed on the new solutions to introduce genetic 

diversity. 

 Evaluation: The new solutions are evaluated according to the multiple objectives. 

 Stopping Criteria: Check if stopping criteria are met, such as a maximum number of 

generations or a satisfactory solution being found. 

 Repeat steps 2-6 until stopping criteria are met. 
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 Pareto Front: The solutions found by the MOGA are used to construct the Pareto 

Front, which shows the trade-off between the multiple objectives. 

 Decision making: The Pareto Front is presented to the decision maker, who selects the 

best solution according to their preferences. 

 

 

 

 

 

 

 

 

 

 

 

Figure I.4: Flow diagram of Multi Objective Genetic Algorithm (MOGA). 

  I.4.2 Particle Swarm Optimization (PSO)  

It is a metaheuristic optimization algorithm that is inspired by the behavior of a swarm of 

birds or insects searching for food. The algorithm uses a population of solutions, called 

"particles," that move around the solution space and adapt their positions based on their own 

best solutions and the best solutions found by other particles [45]. 

The basic idea behind this method is that each particle represents a possible solution to the 

problem, and the algorithm uses the principles of social interactions and communication to 

direct the movement of the particles. Each particle has a position in the solution space and a 

velocity that determines the direction and magnitude of its movement. The position of a 

particle is updated based on its current velocity and its previous position. 
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The PSO algorithm uses two main concepts: the personal best solution and the global best 

solution. The personal best solution of a particle is the best solution that it has found so far, 

and the global best solution is the best solution found by any particle in the population. 

The movement of a particle is updated based on its current velocity, its personal best solution 

and the global best solution. The velocity of a particle is updated using the following 

equation: 
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where n denotes to the swarm size, the particle position and velocity are presented by k

iX  and 

k

iV  ,
 

k

lip  and k

gip  are particle's best position and particles group’s best position in the swarm 

respectively,  c1 and c2 represents the cognitive and social acceleration factors, r1 and r2 reveal 

the random numbers, which are picked from the range [0,1], w represents the inertia weight 

applied to balance the global exploration and k

iX  is the actual position of the particle in the 

swarm. 

In the context of semiconductor devices, PSO can be used to optimize various design 

parameters such as doping concentration, layer thickness, and material properties, in order to 

achieve the desired device performance. For example, in the case of a solar cell, PSO can be 

used to optimize the doping levels, layer thicknesses and material properties of the various 

layers in the solar cell in order to maximize its efficiency while minimizing its cost. PSO has 

been used to optimize a wide variety of semiconductor devices, such as solar cells, LEDs, and 

transistors. It has been shown to be effective in solving optimization problems with complex 

and non-linear objective functions [46-48]. Some of the advantages of PSO are its simplicity, 

easy of implementation and the ability to handle continuous and discrete variables. 

Like other optimization algorithms, the choice of the PSO algorithm depends on the specific 

problem and the preferences of the decision maker. It is important to note that, PSO algorithm 

could be sensitive to the initial parameters, such as the number of particles, the maximum 

velocity, the inertia weight and the cognitive and social factors. The algorithm`s basic flow 

chart is illustrated in Figure I.5 
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Figure I.5: Flow diagram of Particle Swarm Optimization (PSO) 

  I.4.3 The Artificial Bee Colony (ABC) algorithm  

Artificial Bee Colony is a metaheuristic optimization algorithm that is inspired by the 

behavior of bees as they search for nectar. The algorithm uses a population of solutions, 

where each solution is represented by a "bee". The algorithm uses a set of heuristic rules to 

control the movement of the bees in the solution space, and it is designed to efficiently 

explore and exploit the solution space to find the best solution to the problem [49-50]. 

The ABC algorithm has three main components: the employed bees, the onlooker bees, and 

the scout bees [49]. The employed bees are responsible for updating the solutions of their 

corresponding food sources. They generate new solutions by modifying the current solutions. 

The onlooker bees observe the solutions of the employed bees and choose the food source 

with the highest quality. Then, they generate new solutions based on the chosen food source. 

The scout bees are responsible for discovering new food sources by randomly generating new 

solutions. They are used to overcome the stagnation problem that can occur when the 

algorithm gets stuck in a local optimum. 

The algorithm uses a probabilistic selection mechanism that encourages exploration and 

exploitation of the solution space. It starts with a random set of initial solutions and uses the 
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employed and onlooker bees to iteratively improve the solutions. The scout bees are used to 

discover new solutions and to overcome the stagnation problem that can occur when the 

algorithm gets stuck in a local optimum. The algorithm stops when a stopping criterion is met, 

such as reaching a certain number of iterations or achieving a certain level of quality in the 

solution. 

ABC algorithm has been applied to solve a wide range of optimization, it uses a set of 

equations to control the movement of the bees in the solution space and to update the 

solutions [49-52]. The main equations used in the algorithm are: 

The equation for the initial solutions: X = Xmin + λ (Xmax - Xmin) This equation is used to 

generate the initial solutions for the problem, where Xmin and Xmax are the lower and upper 

bounds of the solution space. The initial solutions are randomly generated within the solution 

space by multiplying a random number λ between 0 and 1 with the difference of the upper and 

lower bounds, and then adding it to the lower bound. The variable n is the number of 

solutions and corresponds to the number of bees in the colony. 

The equation for the new solutions generated by the employed bees: V = X + σ (X - Xr) 

This equation generates new solutions by modifying the current solutions. The bee chooses a 

randomly another bee's solution (Xr) and generate a new solution by adding (or subtracting) 

the difference between X and Xr multiplied by a random number σ between -1 and 1. This 

equation aims to exploit the best features of the neighborhood of the current solutions, and it 

guarantees that the new solutions will be similar to the current solutions. 

The equation for the new solutions generated by the onlooker bees: V = X + σ (Xbest - X)  

This equation generates new solutions by modifying the best solution found so far (Xbest) . 

The bee chooses the solution that has the highest fitness (Xbest) and generates a new solution 

by adding (or subtracting) the difference between the best and the current solution multiplied 

by a random number λ between 0 and 1. This equation aims to explore other regions of the 

solution space, that potentially contain better solutions. 

The equation for the fitness or quality: Fitness(i) = f(X(i)) Where f(X(i)) is the objective 

function to optimize and i is the solution or food source to evaluate. 
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The equation for the selection probability: P(i) = Fitness(i) / Σ Fitness(k) where i is the 

solution or food source and k is the index of the food source. This equation is used to 

determine the probability of selecting a certain food source. 

In  the scout bee Phase the abandonment counter of all employed bees is checked against a 

limit set by the designer. If an employed bee's counter exceeds the limit, replace it with a 

randomly generated solution. The flowchart of ABC algorithm is given in Figure I.6. 

 

 

 

 

 

 

 

 

 

  

Figure I.6: Flow diagram of Artificial Bee Colony (ABC) algorithm 

  I.4.4 Machine learning (ML)  

It is a subfield of artificial intelligence (AI) that focuses on the development of algorithms and 

models that can learn from data and make predictions or decisions without being explicitly 

programmed [53-55]. It encompasses a wide range of techniques and methodologies, 

including supervised learning, unsupervised learning, semi-supervised learning, and 

reinforcement learning [54]. 

Supervised learning: It is the task of inferring a function from labeled training data, the 

algorithm tries to find a relationship between the input and output variables. The goal is to 
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generalize this function to new examples, this can be done with classification and regression 

problems. 

Unsupervised learning: it is the task of inferring a function to describe hidden structure from 

unlabeled data. Clustering and dimensionality reduction are example of unsupervised learning 

tasks 

Semi-supervised learning: is a variation of supervised learning where only a small portion of 

the data is labeled, the algorithm uses this limited labeled data and the vast amount of 

unlabelled data to make predictions. 

Reinforcement learning: It is the task of creating agents that learn how to behave in an 

environment, so as to maximize some notion of cumulative reward. This can be applied to a 

wide range of problems, from controlling a robot to playing games or optimizing a business 

process. 

These are some examples of machine learning techniques, it also has a lot of subfields such as 

deep learning, computer vision, natural language processing, etc. 

Machine learning algorithms can be used for a wide range of tasks, such as image recognition, 

speech recognition, language translation, natural language processing, and many other 

applications that require decision making and predictions. They have been used in many 

different industries, including finance, healthcare, transportation, and e-commerce [54-57]. 

For semiconductor device modeling, researchers have been using ML techniques to model 

and predict the behavior of various semiconductor devices, such as solar cells, transistors, 

diodes, and other optoelectronic devices [55-58]. ML can be used in a number of ways, 

including: 

 Modeling and optimization of device performance: it can be used to model and 

optimize the performance of semiconductor devices by predicting their response to 

different inputs and identifying the optimal design parameters. 

 Characterization and diagnosis of device behavior: it can be used to analyze and 

diagnose the behavior of semiconductor devices, such as detecting defects or 

identifying failure modes. 

 Inverse Modeling : Machine learning can be used to find the input parameters that 

give rise to a specific set of output measurements. 
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 Data-Driven approaches: Data-driven methods, such as neural networks and other 

deep learning algorithms, can be used to analyze large datasets and extract useful 

information about the devices. 

Researchers have been using various ML techniques, such as neural networks, decision trees, 

and support vector machines to model and predict the behavior of semiconductor devices. The 

use of ML for semiconductor device modeling has the potential to significantly improve the 

design and optimization of these devices. 

Machine learning can be very useful in device modeling and optimization as it can handle 

high-dimensional input-output data and can provide an accurate prediction even if the 

physics-based models are not available or too complicated to use. 

A flowchart for a basic machine learning process may include the following steps: 

 Define the problem and gather data: Identify the problem you want to solve and 

collect the relevant data that will be used to train and test the model. 

 Prepare the data: Clean and preprocess the data to make it suitable for modeling. This 

may include tasks such as handling missing values, normalizing the data, and 

removing outliers. 

 Select a model: Choose an appropriate machine learning model based on the type of 

problem you are trying to solve and the characteristics of your data. 

 Train the model: Use the prepared data to train the model. This may involve using 

techniques such as cross-validation to tune the model's parameters. 

 Evaluate the model: Use a set of test data to evaluate the performance of the model 

and determine how well it is able to make predictions on new, unseen data. 

 Fine-tune the model and repeat steps 4 and 5 until satisfactory performance is 

achieved: This step involves adjusting the model's hyperparameters, or the parameters 

that are not learned during training, in order to improve its performance. This may 

include adjusting the learning rate, number of hidden layers, or number of neurons in a 

neural network. 

 Use the trained model to make predictions on new, unseen data: Once the model has 

been trained and fine-tuned, it can be used to make predictions on new, unseen data. 

This can be used for tasks such as image classification, speech recognition, or natural 

language processing. The basic flow chart is illustrated in Figure I.7 
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Figure I.7: Flow diagram of Machine learning (ML). 

These are the general steps, the specific implementation details can vary depending on the 

problem and the chosen algorithm. 

I.5 conclusion  

In this chapter, we have represented the different equations that govern the physical behavior 

of a semiconductor. we have discussed the use of analytical and numerical modeling 

techniques in the field of semiconductor devices. The Analytical modeling involves the use of 

mathematical equations to model the performance of the device, while numerical modeling 

involves using computational methods such as the finite element, Monte Carlo, and density 

functional theory to simulate the complex behavior. Both techniques have their own 

advantages and limitations, and the choice of the appropriate technique is mainly  depending 

on the specific problem being addressed and the desired level of accuracy. Analytical 

modeling can provide closed-form solutions and is generally faster, but may not be able to 

accurately capture complex or nonlinear phenomena. Numerical modeling can provide more 

accurate results, but can be more computationally expensive and may require iterative 

methods. In this chapter, we have discussed the application of these methods using 
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semiconductor equations. The use of both analytical and numerical methods can provide a 

better understanding of the system and can be used to optimize the device performance. 

The second section of this chapter has provided a comprehensive review of metaheuristic-

based optimization techniques and their classification. The different global optimization 

approaches, such as MOGA, PSO, ML, and ABC-based algorithms, have been thoroughly 

discussed and their basic concepts have been explained in detail. The application of these 

metaheuristic approaches to optimize semiconductor devices has also been introduced. The 

use of these techniques can significantly improve the performance of semiconductor devices 

and aid in the design and optimization of new devices. The chapter has effectively defined the 

basic concepts associated with these approaches and provided insight into their potential 

applications in the field of semiconductor device optimization.  
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Abstract: 
 
 In this chapter we propose a new modeling framework based on combining 

graded band-gap (GBG) engineering and metaheuristic optimization to improve 

the Cd-Free ZnMgO/CIGS solar cell performances. Analytical and numerical 

calculations are carried out to assess the influence of band-gap profiles of both 

buffer and active layers on the electronic and optical properties of the studied 

solar cell. This investigation shows a great improvement of solar cell efficiency 

by increasing the optoelectronic Figures of Merit (FoMs) through tuning and 

optimizing the band-gap profiles and the conduction band offset (CBO) at the 

ZnMgO/CIGS interface. Moreover, metaheuristic-based optimization models are 

developed to optimize the GBG profiles and enhance the optical and electrical 

performances of the solar cell. In this context, we recorded very satisfactory 

results, where the optimized design with GBG paradigm offers a high efficiency 

of 31.88% compared to 23.35% provided by the conventional CdS/CIGS solar 

cell. Therefore, this study provides a new strategy in enhancing the efficiency of 

thin-film solar cells by exploiting the graded band-gap engineering combined 

with metaheuristic optimization approach. 
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II.1 Introduction  

 The current demand for energy in the world with the depletion of the earth's 

resources from non-renewable energies, put researchers in face to severe challenges for 

getting sustainable and eco-friendly alternatives [1-5]. Among the proposed solutions 

are thin-film solar cells (Amorphous Si, perovskite, CZTS, CdTe and CIGS), which are 

witnessing increasing interest due to their low-cost and less material utilization [2-10]. 

In this context, the perovskites and CZTS have received a great attention from 

researchers in the last few years due to many advantages. Regarding perovskites, the use 

of synthetic materials that do not require complex metallurgy or refining processes, and 

also require a very small amount of material in the manufacture, and low-cost 

fabrication processes using low temperature budgets. As for the CZTS, it is composed 

of only abundant and non-toxic elements, having a larger tuning band-gap close to the 

optimal single junction value of ~1.5 eV. In contrast, there are some shortcomings that 

make copper indium gallium selenide (CIGS) the best choice compared with other thin 

film materials, among which we have material toxicity, device hysteresis and material 

stability within perovskite. While for the CZTS, we have the efficiency value which is 

really far from its theoretical limit (η~30%). This is mainly due to sever interface 

recombination effects, lattice mismatching, the conduction band offset (CBO) at the 

buffer/absorber interface and the Sulfur diffusion at CZTS/Mo back contact which can 

increase the total series resistance of the CZTS solar cell [9-13]. At front of the 

efficiency race, CIGS solar cells attracted additional interest because of several 

characteristics like their high conversion efficiency, stability of performance, very 

flexible modules availability, low-cost industrial manufacturing, durability due to the 

"powder" build up with no wafers to crack or damage, weight down to 2.9 kg/m
2
, and a 

better reliability against high temperature effects. The fabrication of CIGS absorber 

layer can be carried out by vacuum or non-vacuum processes [14-17]. The achieved 

current maximum efficiency provided by the CIGS-based solar cells is about 23.35%. 

This recorded PCE value was confirmed by the Japanese National Institute of Advanced 

Industrial Science and Technology [18,19]. To improve the efficiency value, many 

studies have been performed by changing the films parameters: thickness, doping, band-

gap energy, acceptor density or by introducing intermediate layers between the absorber 

and buffer films. For the CIGS active layer, modifying the band-gap, can be done by 

adjusting the Ga/(Ga + In) ratio, where the band-gap energy can be tuned from 1.01 eV 
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to 1.68 eV [20-21]. Moreover, several published works have been focused in improving 

the buffer layer properties. This region can boost the cell performance by suggesting 

other non-toxic materials instead of the conventional CdS film, such as (ZnO, ZnS, 

ZnSe,InS, SiC,..) [22-24]. The Zn-based compounds are proper substitute buffer layers 

with similar electronic and physical properties due to their high band-gap as compared 

to CdS, we can also find other compounds used as buffer layer like ITO, CdZnS, 

ZnSnO and ZnMgO. In fact, these materials exhibit a high transmittance for blue 

spectrum [22-26].The role of the buffer layer defined as an n-type semiconductor 

material in heterojunction CIGS solar cells; it is used to form the p-n junction with the 

p-type absorber layer (CIGS) while pushing the maximum amount of incoming light 

into the absorbing layer. Therefore, this layer must have low surface recombination, 

minimal electrical resistance, and minimal absorption losses. Moreover, the buffer has 

an important role in the bands alignment between the absorber and the window layer, as 

well as protecting the junction against the chemical reactions and mechanical damage, 

which leads to improve the carriers transport mechanism in the solar cell [27-28]. To the 

best of our knowledge, no investigations based on combining double band-gap 

engineering (absorber and buffer layers) with metaheuristic optimization approach have 

been developed to improve the CIGS solar cell performances, where the powerful of 

metaheuristic-based techniques for the optimization of complex engineering problems 

has proven its efficacy in several published works [21,29-31]. For this purpose, a double 

graded band-gap (GBG) aspect is applied on both buffer and absorber layers to 

investigate the influence of the band engineering on the device performances. For the 

buffer layer, we have used the ZnMgO alloy material because of its ability to tune the 

band-gap values by adjusting the Mg levels during the deposition process. By doing so, 

it would be possible to better align the junction bands, and also help to more absorption 

of short wavelength incident photons [23]. Moreover, a global metaheuristic 

optimization technique is combined with the GBG engineering to boost up the power 

efficiency in the investigated structure. The advantage of the proposed approach resides 

on the determination of the optimized graded band-gap profiles for both layers to 

maximize the PCE value by enhancing the absorption behavior, and prevent the 

recombination losses effects at the interface. The proposed modeling framework based 

on coupled GBG profile engineering with metaheuristic computation approach can be 

helpful to develop high performance thin-film solar cells.  
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II.2 CIGS solar cell design and modeling frameworks 

 The choice of the buffer layer is very important for the p-n junction formation 

and charge carrier separation in chalcogenide CuInxGa1-xSe2 solar cells. The most used 

buffer is the cadmium sulfide (CdS), that yields to reduced open-circuit voltage because 

of a negative conduction band offset (CBO) at the Cu(In,Ga)S2/CdS interface. In this 

context, an alternative buffer layer was proposed to reduce this loss [32]. For this 

purpose, we proposed an engineering Zn1-xMgxO buffer layer by using a graded band-

gap profile. For more details, the schematic of the proposed structure with a double 

graded band-gap aspect is shown in Figure II. 1(a). The proposed solar cell structure 

consists of CIGS layer as an absorber deposited on soda lime glass (SLG) substrates 

coated Mo from the bottom of the cell. The ZnMgO buffer layer is deposited on the 

absorber layer, where both layers are suggested with a graded band-gap based on a 

linear profile, as it is shown in Figure II. 1(b), (c). At the top, the front finger contact 

formed for the aluminum-doped ZnO (AZO) which, is a good TCO with low cost, 

nontoxic, and highly durable compared to commercial tin-doped indium-oxide (ITO) 

[21,23-24]. In Figure II.1 (a), GBG1 and GBG2 represent the material graded band-gap 

in the buffer and the absorber layer respectively, Eg1max and Eg1min are the ZnMgO 

material band-gap values at the top and bottom of the buffer layer, respectively, while 

Eg2max and Eg2min are respectively the maximum and minimum band-gap values of the 

CIGS absorber layer at the following interfaces (ZnMgO/CIGS) and (CIGS/Mo). The 

tZnMgO, and tCIGS are n-ZnMgO layer thickness, and p-CIGS absorber region thickness, 

respectively. Based on the literature, the ZnMgO band-gap can be adjusted in the range 

of 3.34 eV and 4 eV [25,33-34]. 

 In order to estimate the photocurrent generated by the cell, we need to calculate 

the materials optical parameters. Accordingly, by using of a well-known expression 

provided by Tauc et al. we estimate the absorption coefficient as a function of the 

wavelength for un-polarized incident light model which, is represented as follows [35-

36]. 
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where c represents the light speed,  refers to the optical wavelength, h denotes the 

Planck’s constant, B and Eg are respectively a constant and the material band-gap 

which, are depending on the semiconductor intrinsic properties (ZnMgO and CIGS) 

[37].  
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Figure II.1: (a) Cross-sectional view of the investigated ZnMgO/CIGS thin-film solar 

cell associated with the optimization approach. (b) Band gap grading profile of the 

inserted ZnMgO buffer layer. (c) Band gap grading profile of the CIGS Absorber layer 

using varied Ga/(In+Ga) ratios. 

We can estimate both buffer and absorber layer absorption coefficient using the graded 

band-gap engineering reported in [21], [36] and [38-40], by exploiting the modified 

absorption coefficient expressed as follows 
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 After estimating the absorption coefficients of the amended design including graded 

band-gap profile, of the two regions (buffer and absorber), and by combining both 

Poisson’s and continuity equations, the photocurrent can be expressed by the following 

expression [41]. 
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where Id, Ib and Ia are photocurrents within the depletion, base and emitter regions, 

respectively. 

The photocurrent within the depletion region can be given as follows  
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where Wp and Wn are the depletion widths extended in both absorber and buffer layers 

respectively [39]. The  CIGS and  ZnMgO are respectively absorption coefficients 

associated with CIGS and ZnMgO materials determined using (Eq II.2),  R  is the 

reflection coefficient and 
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eV
E   and )(iP is the solar spectral irradiance approximation  [40-

42]. 

 The photocurrent generated in the buffer ZnMgO region is calculated using the 

final explicit equation 
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where PL represents the diffusion length of the ZnMgO material, Dp diffusion coefficient 

and tZnMgO  is buffer layer thickness, Sp is the recombination velocity which, can be 

calculated from
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buffer region, where we can neglect the excess carrier density ( 0PP 0nn  ). 

  The photocurrent generated within the CIGS neutral p-region, can be estimated 

in the same way by the following formula  
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where dp is calculated by using the following formula pnZnMgOp WWtd  , dz is the 

quasi-neutral zone width related to the absorber layer CIGS, Lnp and Dnp are the 

diffusion length and coefficient of the absorber region respectively, and Sn is the 

recombination velocity for minority carrier associated with the absorber region CIGS. 

The latter was modified for the proposed GBG design as follows [21] 

nnneff SS 
            (II.7)

 

where n  is the electron mobility,   is the electric field produced from using of graded 

band-gap profile provided as [40,43] 
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 =
dE g

dx

             (II.8) 

 The new diffusion length after introducing the impact of the electric field on the 

material can be estimated using the following equation [21,36],[38-40]. 

        

          (II.9) 

 

 The saturation current also occurred from the use of GBG engineering can be 

calculated by using this formula [21]. 

 

           (II.10) 

 

with  

  

   (II.11) 

 

where Nc, Nv are respectively, the effective densities of states in conduction and valence 

bands of both ZnMgO and CIGS regions, NZnMgO and NCIGS denote the doping 

concentration of buffer and absorber layers, respectively, Eg2min and Eg1min represent the 

band-gap associated with both CIGS and ZnMgO materials. Knowing the saturation 

current estimation, we can estimate the open circuit voltage by the following expression  

 

                  (II.12) 

 Now the current voltage characteristics of the investigated solar cell under 

illumination can be calculated by the following implicit equation  
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where, Rs and Rsh are the series and shunt resistances respectively, Vth represents the 

thermal voltage, n is the ideality factor. 

 In order to evaluate the accurateness of the developed model, the I-V 

characteristic provided by our analytical model is compared and validated using 

experimental data [44], as it is shown in Figure II.2 From this figure, it can be 

demonstrated that a good agreement between both analytical results and experimental 

data is successfully achieved. Moreover, the obtained results show that the developed 

model is able to simulate the solar cell electrical and optical behavior. We can also 

notice that the developed model well simulates the current-voltage dependence 

compared to the experimental results. 
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Figure II.2: I-V characteristics of experimental data and simulation results associated 

with the conventional CdS/CIGS solar cell. 

II.3 Results and discussions 

 In this section, the effect of GBG for both of buffer and absorber layers is 

investigated. In other words, the goal of this framework is firstly to study the impact of 

the absorber layer grading band gap on the cell performance. Secondly the impact of the 

band-gap engineering of the buffer layer on the cell performance, thirdly the influence 

of the band-gap profiles of both buffer and absorber layers on the device properties, and 

finally the solar cell enhancement by combining the global optimization PSO technique 
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with the GBG engineering. Figure II.3 (a) plots the variation of PCE as a function of EC 

offset and the associated CIGS band-gap, where the EgCIGS ranges from 1.10 to 1.5 eV. 

It can be seen that the PCE increases with the increasing of the Ga percentage, allowing 

the EgCIGS to widen, until it reaches its maximum value of 23.2% at EC offset = 0.1 eV, 

where it starts to decrease. This is due to the reduced generation rate when the CIGS 

band-gap is increased. In addition, the EC offset (CBO) has an important effect in 

increasing the interface recombination so that, CBOs between 0 and 0.3 eV improves 

photovoltaic performance. When the CBO exceeds more than 0.3 eV, a high energy 

barrier is formed, which may hinder the cross of photogenerated electrons in CIGS. On 

the other hand, a negative value of CBO leads to reduce the life time of the photo-

induced carriers [28,31], [45-46]. Otherwise, in Figure II.3 (b) presenting PCE as a 

function of CBO and ZnMgO band-gap with fixed CIGS band gap value of 1.2 eV, the 

PCE continues to increase with increasing of the Mg concentrations to reach a 

maximum value of 25.3% with the maximum range of ZnMgO band-gap Eg1max.  
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Figure II.3: (a) Power efficiency versus CIGS band-gap using dissimilar Ga/(In+Ga) 

ratio values. (b) Variation of power efficiency as a function of the ZnMgO band-gap at 

the buffer/absorber using various Mg concentrations and fixed CIGS band gap value of 

1.2eV. 

This can be explained by the enhanced carrier life-time provided by the graded band-

gap aspect. In other words, the graded band-gap aspect of ZnMgO buffer and CIGS 

absorber materials has a profound implication on the carrier extraction mechanism of 

the solar cell, inducing a built in electric field that facilitates the separation of photo-

induced carriers. This can contribute in reducing recombination effects and thereby 

decreasing Voc deficit. Figure II.4 represents the I-V characteristics of the conventional 

CdS/CIGS solar cell in comparison with the proposed structures in different graded 

band-gap, the buffer GBG (GBG-ZnMgO/CIGS), and the GBG for both buffer and 

absorber layer (GBG-ZnMgO/GBG-CIGS). The comparison illustrated by this figure 

demonstrates that the proposed structures exhibit an improved open circuit voltage 

(more than 1 V), due to the best alignment of the conduction bands in the ZnMgO/CIGS 

interface and between the buffer and absorber layers, where the appropriate CBO can 

allow avoiding degradation related to interfacial recombination losses [28,47]. On the 

contrary, we notice a clear decrease in the short circuit current compared to the 

conventional solar cell, particularly the GBG-ZnMgO/CIGS which is attributed to the 

effect of the GBG since the increase of the band gap establishes a reduction of short 
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circuit current. However, for the other engineered structure i.e. GBG-ZnMgO/GBG-

CIGS, the GBG applied from the back contact prevents the recombination and enhances 

the transmission of electrons leading to improving the short circuit current [48]. But in 

general, the PCE is increased for both GBG designs. For further improvement to boost 

the efficiency, and to find the best combination of electrical and optical parameters, a 

global optimization approach using particle swarm optimization (PSO)-based 

metaheuristic technique, is combined with GBG engineering for both buffer and 

absorber layers with the aim of pushing the solar cell efficiency to its maximum. That 

what will be more detailed in the next sub-section.  
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Figure II.4: I-V characteristics comparison between the investigated TFSCs based on 

GBG-ZnMgO/CIGS, GBG-ZnMgO/GBG-CIGS and the conventional CdS/CIGS 

structures. 

  II.3.1 PSO decision-making framework for the design of CIGS solar cell  

 In order to reach the effective limit of CIGS-based solar cell, we have to find the 

best combination among the different parameters of the solar cell. Such task can be 

achieved by exploiting the metaheuristic methods. One of the most powerful 

optimization technique, which is widely used in the optoelectronic and nanoelectronic 

field, is the particle swarm optimization (PSO)-based approach [49-52]. This method is 

an evolutionary computational technique inspired by nature and mainly from social 
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behavior to fly flocks of birds and insects. Kennedy and Eberhart were the first to 

propose this technique [53]. Although its simple mechanism, it has proven its worth in 

studying complex and non-linear systems, especially in engineering fields. PSO 

algorithm is based on searching for the optimal solution by modifying particle motion 

across a well-defined space, according to the flight experiences of each particle in the 

swarm and its companion group, affected by two factors: best site found for each 

particle, the other is the best site of the companions group. Accordingly, the particles 

velocity and position are adjusted using the following equations  

                 (II.14a) 

 

 for i=1...n                             (II.14b) 

    

where 
k

lip  and k

gip  are particle's best position and particles group’s best position in the 

swarm respectively, n refers to the swarm size, k

iX  and k

iV  denote, respectively, the 

particle position and velocity, and 
k

iX represents the actual position of the particle in 

swarm, c1 and c2 represents the cognitive and social acceleration factors, respectively, w 

is the inertia weight applied to balance the global exploration, r1 and r2 denote the 

random numbers distributed in the range of [0,1]. In this perspective, the proposed 

CIGS solar cell with graded band-gap aspects will be optimized by maximizing the 

power efficiency, where the fitness function is given as follows 

𝐹𝑖𝑡𝑛𝑒𝑠𝑠 𝑋 =  
1

𝜂(𝑋)
          (II.15) 

where Xi =( Eg1min, Eg1max, tZnMgO, NZnMgO, Eg2min, Eg2max, tCIGS, NCIGS) of the i
th

 

generation represents the design parameter vector. 

 In order to ensure that the parameters values  do not exceed their physically 

acceptable limits, we have to keep them in a given range which is given as the following  

𝑥 ∈  𝑥𝑚𝑚𝑖𝑛 , 𝑥𝑚𝑚𝑎𝑥  , 𝑥𝑖 ∈ 𝑋 which means that each design variable should be confined 

within a given range. 
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To examine the effectiveness of the proposed approach in improving the CIGS solar cell 

performance, we have compared in Figure II.5 (a) the I-V characteristics of the 

optimized design (GBG-ZnMgO/GBG-CIGS-based solar cell), with that of the 

conventional CdS/CIGS structure. This figure confirms that a significant improvement 

has been achieved by using the coupled dual-GBG aspect with global optimization 

technique, where the cell performance has been significantly improved thanks to the 

best configuration of different solar cell parameters and the best band-gap profile 

identification. So that the improvement is achieved in both short circuit current, open-

circuit voltage and fill factor (FF). Moreover, the buffer/absorber interfaces 

optimization by using ZnMgO as a graded band-gap buffer layer has enabled avoiding 

the interface recombination losses, which has enhanced the open-circuit voltage. 
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(b) 

Figure II.5: (a) I-V characteristics of the optimized GBG-ZnMgO/GBG-CIGS-based 

TFSC compared to that of the conventional CdS/CIGS structure. (b) Band structure of 

the optimized GBG-ZnMgO/GBG-CIGS interface. 

To assess the performance of our optimized TFSC design with respect to other studies, 

we compare in Table II.1 the results obtained in this chapter with those of other studies 

in terms of the solar cell performance. We can notice from this table the clear 

superiority of our optimized design over the other studied solar cells mentioned in [54-

59]. In this context, we recorded a very high efficiency of about 32% and significant 

improvements in short current of 42.8 mA/cm
2
, open circuit voltage of 0.91V, and an 

FF of 82.7%. These improvements can be explained by the fact that adopted GBG 

paradigm allowed an additional electric field generated by a linear gradient of the 

potential in the absorber layer, which leads to a reduction in series resistance that 

enhances the separation and transfer mechanisms of photo-excited carriers resulting in 

an increase in the carrier life time. Moreover, the smooth mobility of electrons provided 

by the optimized band alignment, as it is shown in Figure II.5 (b). Because many studies 

have proven the possibility of modifying the band-gap for both ZnMgO and CIGS in the 

range of 3.34 eV to 4 eV and 1.01 eV to 1.68 eV, respectively, our optimized TFSC 
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design is considered technologically feasible [20-21], [25] and [33-34]. Therefore, we 

expect the outcomes demonstrated in this study, to provide solutions and enable 

designers to further improve the solar cells performance [60]. 

Table II.1: Performance comparison between the proposed ZnMgO/CIGS TFSCs based 

on the GBG aspect and other CIGS TFSCs with different buffer materials reported in 

the literature. 

Parameters Isc [mA/cm
2
] Voc[V] FF[%] Efficiency[%] 

CdS/CIGSsolarcell     

Experimental [44] 39.6 0.734 80.4 23.35 

Numerical results 39.6 0.735 80.2 23.32 

CIGS solar cell with several 

buffers 

    

ZnO/In2S3 [54] 35.16 0.55 56.73 11.02 

ZnS/(Zn,Mg)O [55] 31.9 0.63 72..6 14.6 

CdS/i-ZnO [55] 30.5 0.666 74.4 15.1 

ZnSe [56] 36.02 0.669 50.33 12.13 

FTO/In2S3/CdS [57] 34.35 0.637 82.59 18.08 

ZnO:Al/CBD-ZnS [58] 34.9 0.671 77.6 18.1 

NiO/ZnO/CdS [59] 36.49 0.635 70.6 16.35 

     

Optimized GBG-ZnMgO/GBG-

CIGS solar cell  

42.8 0.91 82.7 31.88 

 

II.4 Conclusion  

 In this chapter, we have proposed a novel modeling framework design strategy to 

improve the CIGS-based TFSC performances based on hybrid GBG-PSO-approach. 

New analytical models have been developed to investigate the solar cell behavior, 

where the accuracy of the obtained results was confirmed using numerical simulations. 

In addition, we have employed the ZnMgO instead of the conventional toxic CdS buffer 
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layer, including the graded band-gap engineering aspect, which made it very compatible 

with CIGS absorber layer in terms of band alignment and light management behavior. 

The good combination between metaheuristic-based approach and GBG aspect, for both 

CIGS and ZnMgO layers opened up new insights for improving TFSCs performances. 

In this context, we recorded very satisfactory results, where the optimized design with 

GBG paradigm offers a high relative improvement of 36.5% in comparison with that of 

the conventional CdS-based design. Accordingly, the proposed strategy will provide 

new guidelines for the development of high-performance thin-film solar cells based on 

non-toxic elements. 
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CHAPTER III 
Performance enhancement of a new lead-free perovskite 

solar cell  
 

Abstract: 
 
 In this chapter we investigate the effectiveness of a lead-free perovskite 

solar cell based on MAGeI3/CsSnGeI3 double-absorber structure engineering 

and an optimized band alignment design. Moreover, in this study we have 

explored different electron and hole transport layers (ETL and HTL) and their 

impact on the solar cell performances using accurate numerical simulations. 

Also, using the SnO2 and Cu2O as ETL and HTL, respectively, provides 

excellent solar cell performances. Further, optimizations in terms of both 

absorber layer thicknesses, energy band alignment and defect density have 

also been performed. Besides, the obtained optimum parameters have been 

implemented in the proposed lead-free perovskite solar cell structure (FTO/ 

SnO2 (electron transport layer) / MAGeI3-CsSnGeI3 double-absorber layer/ 

Cu2O (hole transport layers)/Au). The performance parameters provided by the 

proposed structure are compared with the already existing perovskite solar 

cells, where  remarkable enhancements in the device performances were 

achieved with power conversion efficiency (PCE)= 33.57%, open-circuit voltage 

(VOC)=1.32V, short-circuit current ( JSC)= 28.11 mA/cm2 and Fill factor (FF)= 

90.37 %. Therefore, these findings open the perspective for developing 

alternative efficient lead-free perovskite solar cells, which are highly suitable for 

newly emerging non toxic and low-cost thin-film photovoltaic applications.      
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III.1 Introduction  

Nowadays, thin-film solar cells have received a great deal of research interest, opening 

new avenues to achieve enhanced power conversion efficiency, while maintaining cost-

effective fabrication process, which is highly suitable extended application domains 

including thermal energy and photovoltaic engineering [1-5]. Thin-film solar cells have 

revealed several advantages compared to that provided by the conventional wafer-based 

technology, such as low production cost and less material utilization, which is the most 

important requirements for high-performance photovoltaic applications [1-5]. Recently, 

a lot of efforts for developing new materials have been intensified to further boosting up 

the efficiency to cost ratio of thin film solar cells [2-8]. In this context, lead-based 

perovskites have observed remarkable progress due to their good electrical and optical 

properties such as high absorption coefficient, low exciton binding energy, long charge 

diffusion lengths, bandgap tunability, high carrier mobility and low-cost elaboration 

process, where the power conversion efficiency provided by the lead-based perovskite 

solar cell (PSC) has already reached 25.5% [9]. Despite these exciting properties, lead-

based perovskite solar cells still face some limitations, which are mainly due to their 

degradation and the toxic nature of lead [10-12]. To overcome these challenges, 

researches have turned out towards using alternative lead-free perovskite materials such 

as Cesium Germanium halide perovskites, which have proven to be good alternatives to 

lead-based perovskites due to their tunable band-gap, higher optical absorbance 

behavior and excellent optical conductivity [13]. In addition, the successful elaboration 

of lead-free perovskites MAGeI3 (CH3NH3GeI3) and CsSnGeI3 has opened new 

routes in developing high-performance thin film solar cells [13,14]. This is mainly due 

to their fascinating electrical, optical and processing characteristics like band-gap 

tunability, high carrier mobility, high Vis-IR absorption coefficient and good stability 

behavior in comparison to MAPbI3 [14]. Moreover, the hybrid Ge-based perovskite 

reveals commensurable photovoltaic performance similar to Pb and Sn, also, Ge 

exhibits chemical similarities to both neighboring group elements, lead and tin [14]. So 

far, several solar cells based on these lead-free perovskites were numerically and 

experimentally investigated based on various electronic configurations using different 

ETL and HTL structures as charge carriers transport layers, showing a great promise for 

achieving enhanced PCE values [10-15]. Despite these benefits, the use of inadequate 

transport layers leads to induce severe degradation-related to and energy misalignment 

and lattice mismatching effects. Therefore, new design strategies are required to 
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overcome these challenges and enhance the performance of lead-free perovskite solar 

cells. In this context, this chapter aims at investigating the impact of double absorber 

lead-free perovskite engineering and band alignment, by using the appropriate carriers 

transport layers, on the photovoltaic performances of lead-free PSCs. To do so, accurate 

numerical modeling and simulations are carried out to assess the device performance 

using the proposed design strategy. It is revealed that the proposed approach based on 

combining double-absorber layer engineering aspect and band alignment optimization 

shows enhanced solar cell performances.  

III.2 Numerical modeling framework 

Numerical tools constitute the backbone for the simulation of novel devices. This fact is 

justified by offering not only the possibility of studying various optical and electrical 

properties of materials but also contributing to the reduction of time needed to conduct 

optimization experiments. In addition, numerical tools can be used very efficiently to 

predict the device behavior as a function of time without opting for its practical 

fabrication and testing. In this context, SCAPS-1D can be considered as one of the most 

prominent software tools dedicated for the simulation of semiconductor properties. It is 

based on solving fundamental equations of semiconductors namely the Poisson 

equation, the electron and hole continuity equations through numerical differentiation 

and the Gummel type iteration method [16,17]. These equations can be formulated as  

𝑑𝑝𝑛

𝑑𝑡
= 𝐺𝑝 −

𝑝𝑛−𝑝𝑛0

𝜏𝑝
− 𝑝𝑛𝑢𝑝

𝑑𝐸

𝑑𝑥
− 𝑢𝑝𝐸

𝑑𝑝𝑛

𝑑𝑥
+ 𝐷𝑝

𝑑2𝑝𝑛

𝑑𝑥 2
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𝑑

𝑑𝑥
 𝜀 𝑥 

𝑑𝜙

𝑑𝑥
 = 𝑞 𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝑑+(𝑥) − 𝑁𝑎−(𝑥) + 𝑁𝑡(𝑥) − 𝑁𝑡(𝑥)     (III.3) 

where ε is the dielectric permittivity, q denotes the electron charge, G stands for the rate 

of generation,  D represents the diffusion coefficient, φ represents the electrostatic 

potential, E is the electric field, p(x) and n(x) are the free holes and electrons, pt(x) and 

nt(x) designate the trapped holes and electrons, Nd+ and Na- are the donor and acceptor 

ionized doping concentrations, and x represents the thickness. 

Our objective in this chapter is to propose a new solar cell design by optimizing the 

band energy alignment at the interface using the appropriate charge carriers transport 
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layers and two different lead-free perovskite films placed directly one above the other, 

where the layer with wide band gap is on top as illustrated in Figure III.1(a). 
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(b) 

Figure III.1: A schematic view (a): proposed structure; (b): band gap energy alignment. 

The properties of these two perovskite layers have been carefully chosen from literature 

[18,19] to achieve higher performance in terms of stability and efficiency. The band 
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energy alignment is well respected as shown in Figure III.1(b). The first absorber is a 

halide perovskite MAGeI3 (CH3NH3GeI3) which has the potential to replace toxic 

lead-based PSCs. Furthermore, it holds numerous advantages like tunable band gap, 

optical absorption, effective mass, and stability in comparison to MAPbI3. The hybrid 

Ge-based perovskite reveals commensurable photovoltaic performance similar to Pb 

and Sn as the germanium element belongs to the same subgroup with lead and tin 

[20,21]. The second absorber is CsSnGeI3, where such free-lead perovskite highlights 

superior performance and exceptional air stability over its pure counterparts CsSnI3 and 

CsGeI3 [18,22]. The schematic view of the proposed PSC is given in Figure III.1(a), 

where the two perovskite layers MAGeI3/CsSnGeI3 are sandwiched between FTO/ETL 

from the upper side and HTL/Au from the bottom of the structure. STO and CuSCN are 

used as ETL and HTL, respectively. Electrical and optical parameters of materials used 

in our simulations are summarized in Table III.1.  

Table III.1: Set of Material parameters adopted for the simulations. 

Parameters 
FTO 

[24] 

STO(ETL) 

[19] 

Per2 

[19] 

Per1 

[18] 

CuSCN(HTL) 

[23] 

Thickness (µm) 0.200 0.05 0.75 0.75 0.100 

Bandgap Eg(eV) 3.5 3.2 1.90 1.5 3.5 

Electron affinity χ (eV) 4.3 4.0 3.98 3.90 4.0 

Dielectric permittivity 9 8.7 10 28 9.0 

CB effective density of states  (cm
-3

) 2.2 × 10
18 

1.7 × 10
19 

1 × 10
16

 3.1 × 10
18 

2.2 × 10
18 

VB effective density of states  (cm
-3

) 1.8 × 10
19 

2.0 × 10
20 

1 × 10
16

 3.1 × 10
18 

1.8 × 10
19 

Electron mobility (cm
2
/V.s) 20 5.3 × 10

3 
1.62 × 10

5 
974 20 

Hole mobility (cm
2
/V.s) 10 6.6 × 10

2 
1.01 × 10

5 
213 10 

Donor Concentration ND (cm
-3

) 1 × 10
18 

2 × 10
16 

1 × 10
9
 0 0

 

Acceptor Concentration NA (cm
-3

) 0 0 1 × 10
9
 1 × 10

19 
1 × 10

19 

 

The numerical simulations are performed under AM 1.5 solar spectrum at 1000W/m2  

incident light power, and 300 K room temperature.   
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III.3 Results and discussions 

Figure III.2 shows the obtained J-V characteristics of the simulated PSCs based on wide 

band gap PSC (MAGeI3), low band gap PSC (CsSnGeI3), and the double layered PSC 

(MAGeI3/CsSnGeI3) structures.  

Figure III.2: current density–voltage characteristics of several lead-free perovskite 

solar cells 

The defect densities at the considered interfaces are presented in Table III.2. Besides, 

Table III.3 summarizes the photovoltaic parameters associated with the investigated 

PSC structures. It is clearly shown from Figure III.2 and Table III.3 that the short circuit 

current of (CsSnGeI3) PSC is much greater than that offered by (MAGeI3) PSC. This is 

mainly due to the high absorption capabilities of CsSnGeI3 material as compared to 

MAGeI3. While, the open circuit voltage associated with MAGeI3-based PSC is 

superior to that provided by CsSnGeI3-based PSC. This behavior can be attributed to the 

high band gap of wide band-gap of MAGeI3 (1.9 eV) as compared to that of CsSnGeI3 

perovskite material (1.5 eV) counterpart. In addition, MAGeI3-based PSC exhibits 

better band alignment promoting reduced interface recombination effects, which allows 

reduced VOC deficit. 
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Table III.2: Defect density values for the layers and at the interface of the investigated 

PSC structure. 

 

Despite this, it is demonstrated from Table III.3 that the use of CsSnGeI3 absorber can 

pave the way for achieving an enhanced efficiency value of 30.98% as compared to the 

conventional structure based on MAGeI3 perovskite material (16.59%). On the other 

hand, the proposed structure based on double layered PSC (MAGeI3/CsSnGeI3) can 

offer a high efficiency value of 31.65% using the same layers thicknesses and under the 

same conditions. This enhancement is attributed to the role of double layered structure 

for offering the dual-benefit of enhanced absorption capabilities and reduced 

recombination effects at the perovskite/ETL interface. Therefore, this is a motivating 

result to implement our design methodology using double layered Perovskite jointly 

with numerical optimization. Initially, we set the two absorbent layers of the same 

thickness as 0.750 µm, we get a short circuit current close to the first PSC (CsSnGeI3) 

and an open circuit voltage close to the second PSC (MAGeI3). 

As a matter of fact, ETL and HTL layers plays a crucial role in determining the 

performance of PSCs. Aiming at further boosting the photovoltaic performances of the 

proposed lead-free PSC design based on double layered absorber paradigm, various 

ETLs and HTLs are explored. It is found that the use of cuprous oxide Cu2O as HTL is 

the best choice for achieving enhanced efficiencies for PSC [18]. This is because of its 

small activation energy of the interfacial recombination defined as the difference 

between the absolute value of the band gap of the absorber layer and that of the valence 

band offset (VBO) [25].  

Parameters 

ETL 

[19] 

HTL 

[18] 

HTL/Per1 

[18] 

Per2/ETL 

[19] 

Per1 

[18] 

Per2 

[19] 

Defect Type Neutral Neutral Neutral Neutral Neutral Neutral 

Capture cross section 

σn(cm
-2

) 

1 × 10
-15

 1 × 10
-15

 1 × 10
-18

 1 × 10
-15

 1 × 10
-15

 1 × 10
-15

 

Capture cross section 

σp(cm
-2

) 

1 × 10
-15

 1 × 10
-15

 1 × 10
-16

 1 × 10
-15

 1 × 10
-15

 1 × 10
-15

 

Energetic distribution Single Single Single Single Single Single 

Energy level with respect 

to Ev (eV) 

0.6 0.650 0.6 0.6 0.6 0.6 

Characteristic energy 

(eV) 

0.1 0.1 
0.1 

0.1 0.1 0.1 

Total density Nt (cm
-3

) 1 × 10
15

 1 × 10
14

 1 × 10
12

 1 × 10
11

 1 × 10
14

 1 × 10
15
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Table III.3: Comparison of solar cell parameters for various PSC based on dissimilar 

absorber layers. 

The activation energy for carrier recombination can be expressed as: 

VBO = Ev(HTL)-  Ev(Absorber Layer)      (4) 

where Ev(HTL), and  Ev(Absorber Layer) designate the energy valance band minimum 

of the HTL and the Absorber Layer, respectively. Hence, in the rest of simulations we 

keep using Cu2O, while different ETLs such as SnO2, PCBM, TiO2 and IGZO are 

alternately used. The input parameters associated with the latter ETL materials are 

recapitulated in Table III.4.  

Table III.4: Set of ETL Material parameters adopted in the simulation. 

 VOC(V) JSC(mA/cm
2
) FF(%) PCE(%) 

CsSnGeI3(Per1) [18] 1.22 28.19 89.52 30.98 

MAGeI3(Per2) [19] 1.36 15.58 77.88 16.59 

(MAGeI3/CsSnGeI3) 

This work 
1.30 26.89 90.23 31.65 

Parameters 
SnO2 

[19] 

PCBM 

[25] 

IGZO 

[18] 

SnO2 

[23] 

TiO2 

[26] 

Thickness (µm) 0.05 0.05 0.05 0.05 0.05 

Bandgap Eg(eV) 3.6 2 3.05 3.4 3.2 

Electron affinity χ (eV) 4.5 3.9 4.16 4.0 3.9 

Dielectric permittivity 9 3.9 10 9 9 

CB effective density of states  (cm
-3

) 2.2 × 10
18 

2.5 × 10
21 

1 × 10
19

 2.2 × 10
18 

1 × 10
21 

VB effective density of states  (cm
-3

) 1.8 × 10
19 

2.5 × 10
21 

1 × 10
19

 1.8 × 10
19 

2 × 10
20 

Electron mobility (cm
2
/V.s) 100 0.2

 
50

 
100 25 

Hole mobility (cm
2
/V.s) 25 0.2

 
5

 
25 100 

Donor concentration ND (cm
-3

) 1 × 10
20 

2.93 × 10
17 

1 × 10
17

 1 × 10
15

 1 × 10
19 

Acceptor concentration NA (cm
-3

) 0 0 0 0 0 
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The simulation results obtained for the proposed PSCs based on double layer absorber 

aspect with the proposed ETL materials are given in Table III.5. 

Table III.5: Performance comparison between PSCs based on different ETLs. 

 

From this table, it can be seen that the PSC with the PCBM ETL provides the lowest 

PCE, while PSC with the SnO2 [23] ETL offers the highest efficiency. The performance 

of PSCs with TiO2 ETL and IGZO are also acceptable, whereas we recorded a good 

short circuit current using SnO2 [19] and a relatively lower open circuit voltage affecting 

the solar cell efficiency. The conduction band offset (CBO) level of almost all ETL 

materials used in this chapter is in excellent band alignment with that of the MAGeI3 

Perovskite, except for SnO2 [19] as elucidated in Figure III.3. The CBO is defined by 

equation (5), which denotes the difference between CB level of ETL and that of the 

perovskite. 

CBO = Ec(ETL) - Ec(Absorber Layer)       (III.5) 

 Basically, when the CBO is negative (CB level of ETL is lower than that of 

perovskite), an energy cliff will be formed at the ETL/Perovskite interface and 

conversely, an energy spike will be formed if CBO is positive. Thus, an energy cliff is 

formed at the SnO2/Perovskite and IGZO/Perovskite interfaces, while energy spikes are 

generated at the other ETL/Perovskite interfaces. The flow of photo-generated electrons 

is not be hindered by the energy cliff. 

 

 

Parameters VOC(V) JSC(mA/cm
2
) FF(%) PCE(%) 

SnO2 [19] 1.27 27.00 87.91 30.19 

PCBM 1.31 24.22 87.95 28.02 

IGZO 1.33 27.07 90.25 32.52 

SnO2 [23] 1.33 27.08 90.64 32.69 

SiGe [30] 0.78 49.80 83.50 28. 57 

TiO2 1.33 26.97 90.64 32.56 
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Figure III.3: ETLs perovskite energy band alignment. 

However, the activation energy for carrier recombination (the difference between the 

band gap of perovskite and the absolute value of CBO) becomes lower than the band 

gap of perovskite, which makes interface recombination effects as the dominant 

mechanism of the PSC device [27,28]. Thus, Voc deficit increases with the 

recombination rate increase, which is the case for PSC with SnO2 ETL exhibiting low 

electron affinity [19]. On the other hand, the energy spike is formed at the other 

ETLs/Perovskite interfaces, which acts as a barrier for the photo-generated electrons. 

However, the activation energy for carrier recombination is equal to the band gap of the 

perovskite. The activation energy is higher than that calculated by the energy cliff, 

which can definitely improve the performance of the cell. It is also proved that the 

energy spike in a small range has less effect on the transfer of photo-generated electrons 

but has greater impact on the carrier recombination rate [27]. It is revealed from Table 

III.5 that the use of TiO2 and SnO2 [23] offer higher efficiencies. This is mainly related 

to their CB level, which is perfectly aligned with perovskite CB and their carrier 

mobility is higher than other ETL materials. Nevertheless, as the CBO continues to 

increase, the performance will decrease to achieve high VOC and PCE. The CB level of 

ETL should not be deeper than CB level of perovskite like the case of SnO2 [19]. Both 

TiO2 and PCBM have a small absolute CBO value but the low PCE of yield in PCBM 

is attributed to its dielectric constant, low mobility, and low band gap [28] compared to 
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other ETLs studied in this chapter. Therefore, SnO2 is selected as the optimal ETL 

material for the proposed lead-free PSC based on double layered absorber engineering. 

III.3.1 Impact of perovskite layer thickness 

 The absorber layer plays a crucial role in determining the performance of solar 

cells, and particularly those composed of Ge-based perovskite photo-absorbing material 

[28]. In this framework, its thickness can influence greatly the absorption capabilities of 

the device and thereby the performance of the solar cell (Jsc Voc FF and PCE). To 

obtain the optimum geometrical parameters of the inserted double layered perovskite 

absorber, the optimization ratio of both absorber layer thicknesses is shown in the 

following equation: 

𝑅 =
Th1

Th1+Th2
    where (Th1+Th2=1.5µm)                        (III.6) 

with Th1 and Th2 are the thickness of CsSnGeI3 and MAGeI3, respectively. For 

comparison purposes, the sum of the two layers thicknesses is kept fixed equal to 1.5 

µm, which corresponds to the value of the thickest layer CsSnGeI3 [18]. It can be 

clearly observed from Figure III.4 that the increase in the ratio leads to enhance the 

efficiency of the proposed PSC-based on double layered absorber structure.  

 

Figure III.4: Solar cell PCE as a function of the thickness ratio of the two perovskite 

layers. 
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After the specific value of R=0.5 µm, the efficiency saturates until reaching the 

maximum value at R=1.4 µm. after the latter critical value, the efficiency decreases to 

reach its lower value of 16.69%, corresponding to the conventional structure with 

MAGeI3 perovskite absorber. Accordingly, it is revealed that the best PCE of the double 

layered perovskite solar cell is 33.57%, where the thicknesses of the two layers are 

1.4µm and 0.1µm for the CsSnGeI3 and MAGeI3, respectively. 

The J-V curve of the double layered perovskite solar cell with different lead-free 

perovskite solar cell is exposed in Figure III.5. 

 

 

 

 

 

 

 

 

 

 

Figure III.5: I-V characteristics of the proposed PSC design based on optimized HTL, 

ETL and double layered absorber compared to other lead-free perovskite solar cells. 

It can be noticed by referring to the detailed results of Table III.6 that our PSC structure 

has the best FF and PCE with values  90.37% and 33.57%, respectively. This enhanced 

value of the FF can be explained by the improved resistive behavior of the investigated 

structure, where the use of Ge-based perovskites can promote low series resistance. The 

optimized structure also exhibits one of the best Voc with 1.32 V and an excellent Jsc 

with 28.11mA/cm
2
. This indicates the effectiveness of the proposed PSC based on an 

optimized absorber with double layered structure and appropriate HTL and ETL for 

promoting high-efficiency lead-free perovskite solar cells [31]. 
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Table III.6: Performance comparison between the optimized device and various lead-

free perovskite SCs. 

 

III.4 Conclusion 

 In this chapter, a new high-efficiency lead-free perovskite solar cell design based 

on the optimization of both double-absorber material and the charge carriers transport 

layers is proposed. In this context, lead-free materials that are eco-friendly and 

characterized by their stability are used. The effect of different HTL and ETL materials 

on the double layered PSC performance is exhaustively investigated, and the 

appropriate absorber thickness from the best ratio of the two perovskite layers thickness 

is selected. The proposed PSC with double-absorber aspect demonstrated high 

photovoltaic performances with a current density of Jsc of 28.11 mA/cm2, and a voltage 

of Voc of 1.32V, and FF of 90.37%, and a PCE of 33.57%. These findings are obtained 

by selecting the Cu2O, and SnO2 as the most suitable HTL and ETL, respectively, 

which contributed to enhance the performance of the solar cell by promoting an 

optimized band alignment and reduced recombination effects. In addition, the use of a 

double layered perovskite absorber with optimized thickness configuration enables 

achieving better absorption capabilities and a high degree of freedom for optimizing the 

band alignment at the ETL/absorber/HTL interfaces. Therefore, we believe the proposed 

Devices VOC(V) JSC(mA/cm
2
) FF(%) PCE(%) 

CsSnGeI3 [18] 1.22 28.19 89.52 30.98 

FTO/SnO2/CCSC/CuSCN/ 

(Au) [23] 

1.5 23.47 84.19 29.71 

CsSnI3 [29] 1.048 31.53 87.66 28.97 

Au/Cu2O/FAMASnGeI3/ 

CH3NH3GeI3/ZnO/FTO 

[19] 

1.07 28.36 84.46 26.72 

CH3NH3PbI3+SiGe+ 

SiGeSn [30] 

0.78 49.80 83.50 28. 56 

This work  1.32 28.11 90.37 33.57 
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design methodology has great application potential in the development of high-

performance lead-free perovskite solar cell. 
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CHAPTER IV 

Lead-free perovskite/Cd-free CZTSSe tandem cell 

exceeding 28% efficiency through current matching 

and band-gap optimization  

 
Abstract: 

Tandem solar cells are capable of dividing the solar spectrum over multiple sub-

cells with distinct band-gaps, leading to more efficient conversion of sunlight 

into electricity compared to single-junction solar cells. In this chapter, we 

investigate a new eco-friendly tandem solar cell design utilizing lead-free 

perovskite (LFP)/CZTSSe that can achieve very high efficiency levels, while 

remaining cost-effective. The proposed design consists of a LFP-based top cell 

with wide band-gap of 1.8 eV, and a Cd-free CZTSSe-based bottom cell with 

graded band-gap profile. Using numerical modeling, the standalone top and 

bottom cells were calibrated to validate our simulations with experimental data, 

an investigation was conducted to examine how the performance of the device 

is affected by sub-cell parameters such as structures, thickness, unabsorbed 

spectrum by top cell and GBG paradigm. The two cells have been improved, 

leading to an increase in the tandem efficiency and a rise in the matching 

current. The results show that the highest efficiency value of 28.4% was 

obtained with top and bottom cell thicknesses of 950 nm and 1µm, respectively. 

Our study introduces a novel approach to improving the efficiency of tandem 

solar cells at an affordable cost. The proposed design methodology resolves 

optical and electrical losses and toxicity issues and also offers better efficiency. 
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IV.1 Introduction  

 The increasing need for energy has created significant environmental concerns 

regarding the use of fossil fuels [1]. As a result, it has become essential to develop 

renewable energy sources that are highly efficient, cost-effective, and eco-friendly [1-

2]. In this context, photovoltaic (PV) technology is conceded as a potential alternative 

for clean energy generation. Si-PV is currently the leading player in the PV industry, 

reaching an efficiency record of 26.6%, which is getting closer to the Schokley-Queisser 

limit of single-junction solar cells 33% [2-6]. The only way to exceed this limit is by 

combining two or more individual solar cells with dissimilar band-gaps. This is known 

as multi-junction technology that allows the absorption of different ranges of 

wavelength bands, while maintaining reduced thermalization losses [7-10]. Initially, the 

upper limit for the theoretical efficiency of double-junction tandem solar cells was 

approximately 42%, but recent theoretical calculations have extended this limit to 46% 

[11-12]. In addition, the elaboration of low cost solar cells required the development 

new design approaches based on thin-film technology using non-toxic and eco-friendly 

materials such as lead-free perovskites, CIGS, SnS and CZTS [13-15].  

 Perovskite solar cells with an efficiency record of 25.7% have recently been 

introduced as a promising option for developing high performance low-cost solar cells 

[16]. These cells use readily available materials and can be produced using simple and 

low-cost techniques. Perovskite materials are highly promising as wide band-gap top 

cells or narrow band-gap bottom cells in tandem devices [17-22], due to their band-gap 

tenability between 1.2 and 2.2 eV. This latter property makes perovskite material as one 

of the top candidates for developing tandem solar cells capable of capturing a broad 

spectral range. Several tandem configurations based on perovskite top cell and Si, 

CIGS, or CZTS bottom cells, have shown the potential to attain efficiencies surpassing 

32.5% [23-25]. However, the advancement of stable and highly efficient perovskite-

based tandem solar cells is impeded by reliability issues such as toxicity and 

degradation-related aging effects [20-26]. To address these concerns, scientists have 

focused their research efforts on lead-free perovskites to eliminate the toxicity of lead. 

Transition metals like Sn and Ge have been utilized as substitutes for lead due to their 

comparable electronic structures and their capacity to form new lead-free perovskites. 

CZTS p-type chalcogenide semiconductor is gaining a great deal of attention for thin-
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film photovoltaic due to its abundance in the earth, low cost, non-toxic nature, high 

absorption coefficient (greater than 10
4
cm

-1
), tunable band-gap and unique optical 

characteristics [27-29]. More importantly, its inherent advantages make it a potential 

solution for balancing high-efficiency and low fabrication cost in solar cell technology 

[29-33]. However, the recorded values (12.6%) are still lower than that offered by the 

CIGS thin film solar cell counterpart (23.4%) [27-30]. This can be attributed to several 

limitations, such as short minority carrier lifetime and high series resistance caused by 

the formation of MoS2 at the CZTS/Mo interface.  

 This work involves the use of a top sub-cell that utilized a lead-free perovskite 

(LFP) material (Cs2AgBi0.75Sb0.25Br6) with a band-gap of 1.8 eV. For the bottom sub-

cell, we used a CZTSSe material with a band-gap of 1.097 eV. This study focuses on 

exploring the effect of band alignment on the photovoltaic performance of both sub-

cells, by utilizing appropriate carrier transport layers. Additionally, the research also 

examines the influence of band-gap engineering on the device's overall performance by 

applying the graded band-gap (GBG) aspect to the absorber layer in the bottom sub-cell. 

Moreover, the inclusion of a non-toxic buffer layer offers the potential to improve the 

alignment of junction bands and enhance conversion efficiency. We conducted a 

simulation study using SCAPS-1D. It is found that the optimized tandem design offers 

improved efficiency, making it a viable option for developing low-cost, reliable, and 

high-performance tandem solar cells. 

IV.2 Tandem cell architecture and simulation methodology 

   IV.2.1 Device Structure and Materials 

 Tandem solar cell configurations can achieve higher efficiencies compared to 

single-junction cells because their capability for avoiding thermalization effects. In the 

study, LFP/CZTS tandem architecture is proposed to harvest the solar spectrum. The 

top cell, made of a high band-gap lead-free perovskite material, generates photocurrent 

from the short-wavelength region of sunlight, while the longer-wavelength photons are 

transmitted to a bottom solar cell based on kesterite earth abundant material. The 

diagram in Figure IV.1(a) illustrates the proposed Top sub-cell LFP configuration of 

ZnS and copper oxide (Cu2O) as electron and hole transport layers, respectively. The 

LFP Cs2AgBi0.75Sb0.25Br6 material was employed as the absorber layer [34]. To achieve 

high efficiency, the electron and hole transport films will be carefully switched later. 
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The proposed bottom sub-cell structure comprises soda lime glass (SLG) substrate, Mo 

back contact, CZTSSe absorber layer, ZnSe buffer layer replacing the CdS toxic buffer 

layer, intrinsic ZnO layer, Al-doped ZnO (AZO) layer acting as TCO, and a 500 nm-

thick Al collection grid [35]. The parameters tLFP and tCZTSSe are respectively, LFP 

absorber and CZTSSe thicknesses. Besides, the proposed structure consists of a graded 

band gap CZTS absorber with Eg(y) linear profile as it is showb in Figure IV.1(c).  In 

this context, Eg1 and Eg2 denote the limits band-gap values of the CZTSSe material. 

Alternatively, the second alteration in design comprises modifying the absorber layer of 

the bottom cell by implementing an optimized graded band-gap profile of the CZTSSe 

material and introducing a back surface field (BSF) between the absorber and the 

bottom electrode cathode Mo. This is done with the intention of achieving two 

objectives simultaneously, which are the optimization of the conduction band offset 

(CBO) and the minimization of bulk recombination, which can be further decreased by 

implementing a BSF, as shown in Figure IV.1(b). 
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(c) 

Figure IV.1: (a) Cross-sectional view of the investigated LFP/CZTSSe tandem solar 

cell with a random graded band-gap aspect. (b) Cross-sectional view of the optimized 

LFP/CZTSSe tandem solar cell. (c) Band gap grading profile of the CZTSSe Absorber 

layer. 

To accurately simulate the suggested tandem structure, one could represent the 

examined LFP/kesterite structure as a series combination of two distinct single-junction 

solar cells having different band-gap energies (one made of LFP and the other made of 

CZTSSe material). In this context, the top layer of the solar cell is exposed to the 

AM1.5G standard spectrum while the bottom layer is exposed to the remaining 

unabsorbed spectrum. The unabsorbed or the transmitted spectrum simulates the optical 

behavior of the top layer. To do so, an optical transmission filter is used, which is 

calculated using the following equation [36-37]. 

S(λ)=S0(λ).exp(-αITO.dITO).exp(-αSnO2.dSnO2).exp(-αETL.dETL).exp( αperov.dperov) .exp(-

αHTL.dHTL)                      (IV.1) 



Chapter IV : Lead-free perovskite/Cd-free CZTSSe tandem cell exceeding 28% efficiency          

                     through current matching and band-gap optimization 

 

78 
 

where α is the absorption coefficient of each material, S0(λ) is the global AM1.5G 

spectrum, and d represents the thickness of deferent solar cell layers. The basic 

characteristics of the structures, which were obtained from previously published 

literature [34, 38-41] are provided in Table IV.1 and Table IV.2. 

Table IV.1: Set of the bottom sub-cell parameters adopted for the simulations. 

 

To confirm the accuracy of the developed model, we compared the J-V characteristics 

obtained through simulation of the conventional LFP and CZTSSe-based solar cells (as 

shown in Figure IV.2 with the experimental data provided in [34-35]. This figure 

indicates a close match between the simulated and experimental results, demonstrating 

the accuracy of our numerical modeling methodology used for analyzing the electrical 

and optical properties of the proposed tandem cell structure. 

 

 

Parameters 
Sn2S3 

(BSF) 

CZTSSe 

 
ZnSe i-ZnO ZnO-Al 

Thickness (µm) 0.010 1 0.05 0.05 0.300 

Bandgap Eg(eV) 1.09 1.097 2.9 3.3 3.3 

Electron affinity χ (eV) 4.26 4.0 4.02 4.4 4.4 

Dielectric permittivity 12.5 13.6 10 9 9.0 

CB effective density of states  (cm
-3

) 1 × 10
19 

2.2 × 10
18 

2.2 × 10
18 

2.2 × 10
18 

2.2 × 10
18 

VB effective density of states  (cm
-3

) 1 × 10
19 

1.8 × 10
19 

1.8 × 10
19 

1.8 × 10
19 

1.8 × 10
19 

Electron mobility (cm
2
/V.s) 25 100

 
25

 
100 100 

Hole mobility (cm
2
/V.s) 100 25

 
100

 
25 25 

Donor Concentration ND (cm
-3

) 0
 

0
 

1 × 10
18

 1 × 10
18

 1 × 10
18 

Acceptor Concentration NA (cm
-3

) 3 × 10
18

 1 × 10
15

 0 1 × 10
18 

0
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Table IV.2: Set of the top sub-cell parameters adopted for the simulations. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.2: J-V characteristics of experimental data and simulation results associated 

with both the conventional LFP and CZTS solar cells. 

Parameters 
Cu2O 

(HTL) 

LFP 

(absorber) 
ZnS 

Thickness (µm) 0.040 0.4 0.04 

Bandgap Eg(eV) 2.17 1.8 2.26 

Electron affinity χ (eV) 3.2 3.58 3.5 

Dielectric permittivity 7.11 6.5 9.67 

CB effective density of states  (cm
-3

) 2 × 10
17 

2.2 × 10
18 

3.7 × 10
18 

VB effective density of states  (cm
-3

) 1.1 × 10
19 

1.8 × 10
19 

1.8 × 10
19 

Electron mobility (cm
2
/V.s) 20 2

 
80

 

Hole mobility (cm
2
/V.s) 80 2

 
330

 

Donor Concentration ND (cm
-3

) 1 × 10
7 

1 × 10
13 

1 × 10
16

 

Acceptor Concentration NA (cm
-3

) 1 × 10
18

 1 × 10
16

 0 
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IV.2.2 Numerical Method 

 This study uses a software tool known as SCAPS (solar cell capacitance 

simulator), which is adopted to simulate the electronic characteristics of tandem solar 

cells made from perovskite and kesterite. SCAPS is a software that utilizes important 

equations to simulate the capture of sunlight, as well as the generation, transport, and 

extraction of electron/hole pairs [35]. This adaptable tool enables the entry of a broad 

range of unique materials parameters for the production of a specific solar device. The 

outputs of simulations are then used to evaluate their impact on the device's 

performance and obtain crucial insights into fundamental solar characteristics like 

materials defect density, recombination, location and level, band-gap alignment between 

device layers, and more. Overall, the use of SCAPS allows answering various 

fundamental questions related to materials science and device physics [42-43]. The 

basis of the theoretical calculation for semiconductors consists of three fundamental 

equations, which are Poisson's equation, the carrier continuity equation, and the drift-

diffusion equation, 

𝑑𝑝𝑛

𝑑𝑡
= 𝐺𝑝 −

𝑝𝑛−𝑝𝑛0

𝜏𝑝
− 𝑝𝑛𝑢𝑝

𝑑𝐸

𝑑𝑥
− 𝑢𝑝𝐸

𝑑𝑝𝑛

𝑑𝑥
+ 𝐷𝑝

𝑑2𝑝𝑛

𝑑𝑥 2
                      (IV.2) 

𝑑𝑛𝑝

𝑑𝑡
= 𝐺𝑛 −

𝑛𝑝−𝑛𝑝0

𝜏𝑛
− 𝑛𝑝𝑢𝑛

𝑑𝐸

𝑑𝑥
− 𝑢𝑛𝐸

𝑑𝑛𝑝

𝑑𝑥
+ 𝐷𝑛

𝑑2𝑛𝑝

𝑑𝑥 2
        (IV.3) 

𝑑

𝑑𝑥
 𝜀 𝑥 

𝑑𝜙

𝑑𝑥
 = 𝑞 𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝑑+(𝑥) − 𝑁𝑎−(𝑥) + 𝑝𝑡(𝑥) − 𝑛𝑡(𝑥)    (IV.4) 

where ε stands for the dielectric permittivity, q represents the electron charge, G 

represents the generation rate, D designates the diffusion coefficient, φ represents the 

electrostatic potential,  E refers to the electric field, p(x) and n(x) represent the free 

holes and electrons, and pt(x) and nt(x) denote the trapped holes and electrons. Nd+ and 

Na- represent the donor and acceptor ionized doping concentrations, respectively, and x 

represents the thickness. 

IV.3 Results and discussion 

 perovskite is considered the best choice for creating high-performance and cost-

effective tandem solar cells. The ETL and HTL layers are crucial for determining the 

performance of perovskite solar cells. To improve the photovoltaic efficiency of the 

free-lead PSC design, various ETLs and HTLs were explored. It was discovered that 

using cuprous oxide Cu2O as the HTL was the most effective way to enhance the PSC's 
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efficiency [44]. This is due to the small activation energy of interfacial recombination, 

which is the difference between the band gap of the absorber layer and the valence band 

offset (VBO) [45]. The activation energy for carrier recombination can be expressed as: 

VBO = Ev(HTL) -  Ev(Absorber Layer)                   (IV.5) 

where Ev(HTL), and  Ev(Absorber Layer) denote the energy valance band minimum of the HTL 

and the Absorber Layer, respectively. In the same way, ETL and perovskite absorber 

interface has a significant impact on performance of the device, if the band alignment 

between the perovskite absorber and the ETL is not appropriate, it can affect the shunt 

and series resistance, as well as recombination resistance of the device. To address these 

issues, it is important to carefully select materials with high electron mobility and 

proper band alignment for the ETL/perovskite interface to provide an excellent  

conduction band offset (CBO). This will improve electron injection and hole blocking, 

leading to higher current density Jsc and better overall device performance [46].  

CBO = Ec(ETL) - Ec(Absorber Layer)                              (IV.6) 

which indicates the difference between CB level of ETL and that of the absorber layer. 

It was found that the best ETL choice is the ZnS with its high electron affinity, which 

enables efficient electron extraction from the perovskite layer. Additionally, ZnS has a 

wide band-gap, which minimizes energy losses due to recombination and ensures high 

open-circuit voltage in the device [47]. In this perspective, Figure IV.3(a) displays the J-

V curve linked to the optimized LFP solar cell compared to the conventional structure. 

The figure illustrates that the proposed design has better photovoltaic characteristics 

than the conventional design, with a higher output voltage of 1.43V, an improved 

efficiency of 14.83%, and a FF of 67.17%. These enhancements are due to the selection 

of ETL/HTL, which possesses improved band alignment, reducing interface 

recombination effects and allowing for a reduction in VOC deficit. 

       Selecting narrow band-gap materials for the bottom cells is also crucial for 

achieving superior output voltage and high efficiency. Under standard AM1.5G 

illumination, in Figure IV.3(b) the J-V characteristics of the optimized design were 

compared to that of  both the proposed structure with a random band-gap profile  and 

the conventional structures counterparts. The main objective for utilizing a CZTSSe 

absorber layer with a graded band-gap profile is to improve the performance of kesterite 

solar cells, by enhancing the absorption characteristics across the complete solar 

spectrum. Besides, the usage of the graded band-gap approach creates a consistent 
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potential gradient in the CZTSSe absorber layer, creating an extra electric field that 

facilitates efficient separation of electron-hole pairs and boosts the carrier's lifetime. For 

further more enhancement a BSF layer of Sn2S3 was introduced between CZTSSe and 

Mo layers, to create a barrier for electrons, which can  reduce the carrier recombination 

rate in the backside of the device. To prevent toxicity, the buffer layer used was the Zinc 

Selenide (ZnSe), a semiconductor compound with a direct band gap [48], which 

considered to be one of the most favorable options among various other possible 

substitute materials [49-50]. Figure IV.3(b) provides clear evidence that the suggested 

designs demonstrate better performance in terms of photocurrent (approximately 35.92 

mA/cm
2
) open circuit voltage (around 0.91 V), and a fill factor of 77.44 when compared 

to the standard version. Furthermore, the proposed design leads to higher conversion 

efficiency (approximately 24.32%) compared to the conventional design (12.30%). The 

photovoltaic parameters of the devices are summarized in Table IV.3 alongside 

comparison against experimentally fabricated perovskite and CZTS solar cells with 

wide band-gap and graded band-gap of top and bottom cells, respectively. 
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(b) 

Figure IV.3: J-V characteristics comparison between: (a) the optimized LFP and the 

conventional structures. (b)  the optimized design and that of both the proposed 

structure with a random band-gap profile  and the conventional structures counterparts. 

Table IV.3: Performance comparison between conventional and optimized structures . 

Devices 

 

VOC(V) JSC(mA/cm
2
) FF(%) PCE(%) 

Experimental LFP 1.12 15.1 58.5 10.08 

Optimized LFP 1.43 15.4 67.17 14.83 

Experimental  CZTS 0.52 34.98 67.20 12.30 

Proposed GBG 

CZTSSe 

0.84 25.97 75.41 16.56 

Optimized GBG 

CZTSSe 

0.91 34.92 77.44 24.32 
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 IV.3.1 Current matching 

 The band gap has an impact on the theoretical yield of a single-junction solar 

cell. A large band gap can be used for a high-voltage, but this will give a low current. 

Conversely, if the band gap is reduced to absorb most of the spectrum, the voltage of 

the cell decreases. However, a multi-junction cell can efficiently collect low-energy 

photons while still achieving a high-voltage cell [51]. In this perspective, the top cell is 

exposed to an AM1.5 spectrum, and the transmitted spectrum S(λ), is determined by 

using the absorption coefficient and thickness of all layers in the top cell, as indicated in 

equation (IV.1). Firstly, the top cell is modeled by changing the absorber layer thickness 

from 400 nm to 1300 nm, while keeping other layers' thickness constant. As the 

absorber layer thickness increases in the top cell, the power of the filtered transmitted 

spectrum decreases, particularly at shorter wavelengths, which is due to greater 

absorption in the top cell with a thicker absorber layer. This filtered spectrum is then 

used to illuminate the bottom cell. According to reference [34], increasing the thickness 

of the top cell results in a decrease in the transmitted photocurrent due to the greater 

absorbed photocurrent.  

The two-terminal tandem solar cell behaves like two diodes connected in series. As a 

result of this configuration, an equal amount of current must pass through each cell at 

all times. Furthermore, the total voltage across the tandem device is the sum of the 

voltage across each individual cell. Thus, in a tandem device, the cell that has a lower 

short current acts as the limiting cell for the overall JSC, while the total open circuit 

voltage is the sum of the individual VOC values of each cell [52]. Consequently, to 

ensure an equivalent JSC value in tandem devices, the thickness of both the top and 

bottom cells are optimized, and the same tunnel recombination junctions are utilized to 

facilitate this [53-54]. Furthermore, if the thickness of the top cell is increased beyond 

the optimized value, it leads to increased parasitic absorption in the top cell and reduced 

optical coupling in the bottom cell, resulting in a decreased overall JSC value for the 

tandem device. Similarly, if the thickness of the top cell is decreased below the 

optimized value, it results in reduced absorption in the top cell and the same 

consequence of decreased JSC. Taking these factors into account, the conditions for 

current matching are determined in order to achieve equal JSC values in both the top and 

bottom cells. This is accomplished by analyzing the computed filtered spectrum with 
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varying thicknesses of the absorber layer in the top cell. In order to address the variation 

in thickness of the top cell, ten different filtered spectra are generated (corresponding to 

top cell thicknesses ranging from 400nm to 1300nm) and used to illuminate the bottom 

cell. The photovoltaic parameters of the bottom cell are then assessed based on these 

spectra. Using the JSC values of the bottom cell from the filtered spectrum, the current 

matching condition for the tandem device was determined and illustrated in Figure IV.4. 

The optimal current matching condition was achieved when the top cell had a thickness 

of 950 nm and the bottom cell had a thickness of 1000 nm. As shown in Figure IV.4, the 

JSC values of the top and bottom sub-cells were 17.9 mA/cm
2
 and 17.8 mA/cm

2
, 

respectively.

Figure IV.4: The current matching condition after optimization. 

 The J-V characteristics of the LFP/CZTSSe tandem solar cell can be simulated 

using the current matching condition determined above. The separately measured J-V 

curves of both the top and bottom cell at equal current are added together in series, 

meaning that their voltages are summed at equal current to obtain the J-V characteristics 

of the tandem device [52,55]. In Figure IV.5(a), The J-V curve of the tandem device is 

presented along with the J-V curve of the standalone top and bottom cells, which are 

illuminated with AM1.5sun spectrum. It can be observed from this figure that the top 
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cell (LFP) is the cell that restricts the current, having a higher VOC (as a result of its high 

band-gap perovskite).  In Figure IV.5(b), the J-V plot of the top sub-cell illuminated 

with AM1.5sun spectrum, the bottom sub-cell illuminated with the filtered spectrum, 

and the tandem solar cell are shown. It is clear from the plot that the VOC of the tandem 

solar cell, which is 2.31 V, is the sum of the top and bottom solar cells' VOC, which are 

1.41V and 0.90 V, respectively. Furthermore, the photovoltaic parameters of the cells 

are presented in Table IV.4, where we found that the tandem solar cell has a JSC of 17.9 

mA/cm
2
, FF of 69%, and PCE of 28.42%. 

Table IV.4: Photovoltaic performance of top LFP sub-cell, Bottom CZTSSe sub-cell with 

filtered spectrum and the tandem solar cell. 

 

(a) 

Devices VOC(V) JSC(mA/cm
2
) FF(%) PCE(%) 

Top LFP SC 1.41 17.9 65.07 16.45 

Bottom CZTSSe SC 

with filtered spectrum 

0.9 17.85 74.99 11.94 

Tandem SC 2.31 17.9 69 28.42 
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(b) 

Figure IV .5: (a) J-V curve of the standalone top, standalone bottom and tandem cell. 

(b)   J-V curve of top cell, bottom cell after fed with filtered spectrum and tandem cell. 

 In order to assess the effectiveness of the proposed approach  in enhancing the 

tandem solar cell performance , the J-V curves for both the conventional structure and 

the optimized design with graded band-gap profiles were compared in Figure IV.6. This 

figure confirms that a significant improvement was achieved by using the GBG 

optimizer side in combination with the above optimization techniques, which has 

resulted in a significant enhancement in the cell performance. So that, there has been an 

improvement in both short circuit current, open-circuit voltage, and PCE. In Table IV.5 

we have compared the results performance of our work with those of other studies, to 

evaluate the effectiveness of our optimized tandem cell in comparison to other research 

studies. This comparison is performed based on the solar cell performance metrics 

obtained from different tandem designs (Perovskite-CZTSSe [43], Perovskite-

Perovskite [56], CZTS-CZTSSe [57], Perovskite-CIGS [58] and CZTS-Perovskite 

tandem solar cell [59]). The comparison indicates that our optimized design offered 

high Figures-of-Merit (FoMs) in comparison to that provided by other published studies 
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[43,56-59]. Moreover, in order to investigate the impact of top sub-cell band-gap profile 

on the tandem cell performances, we have implemented and optimized the graded band-

gap profile of the perovskite absorber material by following the same steps, which have 

been previously utilized for the bottom sub-cell (kesterite material); but no 

improvement has been recorded using double graded band-gap optimization approach. 

This could be attributed to the narrow range of band-gap grading in the LFP cell (from 

1.8 to 2 eV) [34, 60]. The obtained  results make the proposed design methodology a 

potential alternative approach for developing low-cost and high performance non-toxic 

tandem thin film solar cells [61]. 

 

Figure IV.6: J-V characteristics of the optimized tandem design compared to the 

conventional tandem cell. 
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Table IV.5: Performance comparison between different tandem cell designs and our 

optimized Perovskite/CZTSSe tandem solar cell. 

 

IV.4 Conclusion  

 In this work, we have proposed a new design methodology to improve the thin 

film tandem solar cells efficiency, made up of two sub-cells,  a lead-free perovskite-

based top sub-cell and a CZTSSe-based bottom sub-cell. The numerical analysis aimed 

to enhance the interfaces of the electron  and hole transport layers to improve the  band 

alignment and reduce the recombination effects, which ultimately led to a higher-

performing LFP-cell. The performance of CZTSSe sub-cell was improved by 

introducing a graded band-gap profile, a BSF layer, and a non-toxic buffer layer (ZnSe). 

The simulation involved exposing the top sub-cell to the AM 1.5G sun spectrum and a 

filtered spectrum for the bottom sub-cell. The thickness of the two absorber layers was 

varied to investigate the current matching condition, where the optimized thicknesses of 

950 nm and 1000 nm were found for the top and bottom absorber layers, respectively. A 

current-matched device with a JSC of 17.9 mA/cm
2
 was obtained, resulting in PCEs of 

16.45% and 11.94% for the top and bottom cells, respectively, and a final tandem 

structure  PCE of 28.42%. Therefore, this work proposed a design framework 

methodology offering new insights into reducing recombination losses and enhancing 

Devices VOC(V) JSC(mA/cm
2
) FF(%) PCE(%) 

Perovskite/perovskite 

tandem cell [56] 
1.92 14.00 78.10 21.00 

CZTS/CZTSSe tandem 

cell [57] 1.10 20.40 81.30 19.25 

Perovskite/CIGS 

tandem cell [58] 
1.68 19.17 71.9 24.2 

CZTS/Perovskite tandem 

cell [59] 
1.18 24.79 88.36 25.95 

Perovskite/CZTSSe 

tandem cell [43] 
1.70 14.90 65.30 16.58 

This work  2.31 17.90 69 28.42 
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absorbance efficiency, which could lead to the development of high-efficiency thin-film 

tandem solar cells for high-performance non-toxic photovoltaic applications. The study 

also highlights the importance of operating both cells at the maximum power condition 

to obtain an efficient tandem cell. 
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Conclusion 

 This dissertation has investigated the potential of soft-computing-based 

approaches for the study and modeling of semiconductor devices. The focus was on 

developing new models that can accurately represent the complex physical processes 

involved in these devices and on optimizing their performance. The objectives of this 

dissertation were to review the state of the art in the field, to develop new accurate 

models, to validate these models using experimental data, and to demonstrate their 

potential for the optimization of semiconductor device performance. The application of 

both analytical and numerical modeling techniques, combined with metaheuristic-based 

optimization approaches, can significantly improve the performance of semiconductor 

devices. Furthermore, the use of novel design strategies, such as hybrid GBG-PSO-

approach and double-layered perovskite absorbers, can further enhance the efficiency 

and stability of thin-film solar cells based on non-toxic elements. The proposed design 

methodology also offers new insights into reducing recombination losses and enhancing 

absorbance efficiency, which could lead to the development of high-efficiency thin-film 

tandem solar cells for high-performance non-toxic photovoltaic applications. Overall, 

the work highlights the potential of various modeling techniques and design strategies 

to optimize the performance of semiconductor devices and advance the development of 

sustainable and eco-friendly energy technologies. 

In the first chapter, the various equations that govern the physical behavior of a 

semiconductor have been presented. We have examined the use of analytical and 

numerical modeling techniques in the field of semiconductor devices, and their 

respective strengths and weaknesses. Analytical modeling can deliver faster closed-form 

solutions, but it may not capture complex or nonlinear phenomena with precision. In 

contrast, numerical modeling can provide more accurate results, but it can be 

computationally expensive and require iterative methods. Using both techniques jointly 

can lead to a better understanding of the system and enable optimization of device 

performance. The second section of this chapter has given an extensive review of 

metaheuristic-based optimization techniques and their categorization. The various 

global optimization methods, such as MOGA, PSO, ML, and ABC-based algorithms, 

have been carefully explained, and their fundamental concepts have been elucidated in 

detail. Moreover, the application of these metaheuristic methods to optimize 

semiconductor devices has been introduced. By utilizing these techniques, the 



General conclusion 

 

98 
 

performance of semiconductor devices can be significantly enhanced besides the 

support of the design and optimization of new devices. The chapter has effectively 

described the fundamental concepts of these methods and provided insights into their 

potential applications in the field of semiconductor device optimization. 

In chapter II, a new modeling framework design strategy has been proposed to enhance 

the performance of CIGS-based thin-film solar cells (TFSCs) using a hybrid GBG-PSO 

approach. The solar cell behavior has been investigated using new analytical models, 

and the accuracy of the obtained results has been confirmed by numerical simulations. 

Additionally, instead of the conventional toxic CdS buffer layer, ZnMgO has been 

employed, which includes graded band-gap engineering aspects that make it compatible 

with the CIGS absorber layer in terms of band alignment and light management 

behavior. The combination of the metaheuristic-based approach and the GBG aspect for 

both CIGS and ZnMgO layers has opened up new roads for improving TFSC 

performance. The optimized design using the GBG paradigm has yielded relatively a 

high improvement compared to the conventional CdS-based design, resulting in very 

satisfactory outcomes. Therefore, the proposed strategy will provide new guidelines for 

developing high-performance thin-film solar cells based on non-toxic elements. 

A novel high-efficiency design for a lead-free perovskite solar cell is presented in 

chapter III, optimizing both the double-absorber material and charge carrier transport 

layers. Lead-free materials that are both eco-friendly and stable are used for this design. 

The double layered PSC performance is exhaustively studied to investigate the effect of 

different HTL and ETL materials. The appropriate absorbers thicknesses is selected 

based on the best ratio of the two perovskite layers thicknesses. The proposed PSC 

design with a double-absorber aspect demonstrates high photovoltaic performances by 

selecting Cu2O and SnO2 as the most suitable HTL and ETL, respectively. This leads 

to an optimized band alignment and reduced recombination effects that enhance the 

performance of the solar cell. Furthermore, using a double layered perovskite absorber 

with an optimized thickness configuration allows for better absorption capabilities and 

greater freedom to optimize the band alignment at the ETL/absorber/HTL interfaces.  

The last chapter has presented a novel design approach aimed at enhancing the 

efficiency of thin film tandem solar cells, which is composed of two sub-cells: a lead-

free perovskite-based top sub-cell and a CZTSSe-based bottom sub-cell. The numerical 
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analysis focused on improving the band alignment and minimizing the recombination 

effects at the interfaces of the electron and hole transport layers to enhance the 

performance of the lead-free perovskite sub-cell. Where the performance of the CZTSSe 

sub-cell was improved by incorporating a graded band-gap profile, a BSF layer, and a 

non-toxic buffer layer (ZnSe). During simulation, the top sub-cell was exposed to the 

AM 1.5G sun spectrum, while the bottom sub-cell was exposed to a filtered spectrum. 

Therefore, this research introduced a design framework methodology that shed light on 

reducing recombination losses and enhancing absorbance efficiency, which could pave 

the way for the development of high-efficiency thin-film tandem solar cells suitable for 

non-toxic photovoltaic applications. The study has also emphasized the importance of 

operating both sub-cells at their maximum power condition to achieve an efficient 

tandem cell. 

This dissertation represents a significant contribution to the field of semiconductor 

device modeling and optimization based on soft computing and numerical modeling to  

study and design of high performance and reliable semiconductor devices. The results 

of this research will be valuable for both academic and industrial researchers working in 

various fields and can open new path ways for developing microelectronics circuits for 

future research applications. It is to note that this work can be extended by elaborating 

the proposed devices using appropriate experimental facilities.    

 


