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                                                              RÉSUMÉ 
 

La quantité d'énergie mondiale devrait augmenter d'environ 30 TW d'ici 2050 à 46 TW 

d'ici 2100. Parmi les différents types de solutions d'énergie verte facilement accessibles, les 

cellules photovoltaïques (PV) pour la conversion de l'énergie solaire présentent un intérêt 

particulier pour les secteurs scientifiques et industriels. Parmi les technologies de cellules solaires 

développées, les cellules solaires pérovskites de troisième génération ont récemment attiré 

l'attention. Actuellement, l'efficacité des cellules solaires pérovskites à jonction unique est 

comparable à celle de la technologie du silicium cristallin de première génération. Toutefois, leur 

toxicité et leur stabilité à long terme restent la principale source d'inquiétude. Par conséquent, 

l'étude des matériaux pérovskites avec l’objectif d’adapter leur structure cristalline à la non-

toxicité et à la haute efficacité est essentielle pour améliorer et évaluer le potentiel des cellules 

solaires. 

Ainsi, la première partie de la thèse se concentre sur l'optimisation des pérovskites à base 

d'halogénures mixtes CH3NH3PbI3-XClX avec différentes couches de transport à l'aide du 

programme SCAPS-1D. La deuxième partie se consacre d’une part à l'effet du remplacement des 

ions de plomb toxique dans la pérovskite FAPbI3 afin d’obtenir le pérovskite FASnI3 à haute 

performance. Et d’autre part, à l’effet de remplacement de la partie organique FA+ par Cs+. Leurs 

optimisations conduit à un rendement élevé avec différentes couches de transport. Pour améliorer 

les propriétés optoélectroniques et photovoltaïques, la thèse s’oriente ensuite vers l'étude par DFT 

et SCAPS des cellules solaires à doubles pérovskites Cs2BiAgI6, Cs2CuSbX6, Cs2AgSbX6 non-

toxiques et thermodynamiquement stables avec différentes couches de transport. 

Mots-clés :   SCAPS-1D, DFT, CASTEP, Cellules solaires à pérovskite, Double pérovskite. 
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                                   ABSTRACT 
 

The The global energy demand is expected to increase by about 30 TW by 2050, reaching 46 

TW by 2100. Among the various types of readily accessible green energy solutions, photovoltaic 

(PV) cells for solar energy conversion hold particular interest for both scientific and industrial 

sectors. Among the solar cell technologies developed, third-generation perovskite solar cells have 

recently gained attention. Currently, the efficiency of single-junction perovskite solar cells is 

comparable to that of first-generation crystalline silicon technology. However, their toxicity and 

long-term stability remain the main concerns. Therefore, studying perovskite materials with the 

aim of adapting their crystal structure for non-toxicity and high efficiency is essential to improve 

and assess the potential of solar cells. 

Thus, the first part of the thesis focuses on optimizing mixed halide perovskites CH3NH3PbI3-

XClX with different transport layers using the SCAPS-1D program. The second part addresses, on 

the one hand, the effect of replacing toxic lead ions in the perovskite FAPbI3 to obtain high-

performance FASnI3 perovskite, and on the other hand, the effect of replacing the organic FA+ part 

with Cs+. Their optimization leads to high efficiency with different transport layers. To improve 

the optoelectronic and photovoltaic properties, the thesis then focuses on the study by DFT and 

SCAPS of non-toxic and thermodynamically stable double perovskite solar cells Cs2BiAgI6, 

Cs2CuSbX6, Cs2AgSbX6 with different transport layers. 

 

Keywords :  SCAPS-1D, DFT, Perovskite Solar Cells, double perovskite, CASTEP. 
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Résumé détaillé 

La quantité d'énergie dans le monde devrait augmenter d'environ 30 TW d'ici 2050 à 46 TW 

d'ici 2100. Les sources d'énergies conventionnelles comme le charbon, le pétrole, le gaz naturel, 

etc., ne peuvent pas suivre les projections en raison de la demande toujours croissante. Par 

conséquent, une évaluation approfondie des sources d'énergies durables et renouvelables doit être 

menée pour répondre à la demande croissante en énergie. Parmi les diverses solutions d'énergies 

vertes facilement accessibles, les cellules photovoltaïques (PV) pour la conversion de l'énergie 

solaire suscitent un intérêt notable dans les secteurs scientifiques et industriels. Les cellules 

photovoltaïques peuvent gérer des demandes énergétiques importantes et leur puissance peut être 

intégrée dans les réseaux électriques. Par conséquent, il existe plusieurs technologies 

photovoltaïques en fonction du type de matériaux utilisés et du coût de fabrication associé. 

Cependant, le coût est également lié à l'abondance et à la facilité de traitement. Dans l'ensemble, 

de nombreuses activités de recherches visent à développer de nouveaux matériaux de bon marché 

permettant d’optimiser la structure des dispositifs photovoltaïques et optoélectroniques pour 

améliorer leur efficacité et diminuer leur prix de revient. Néanmoins, il est de la plus haute 

importance de trouver des absorbeurs de lumière respectueux de l'environnement avec des 

propriétés optoélectroniques idéales pour lutter contre les défis modernes qui incluent le 

réchauffement climatique. En général, les panneaux photovoltaïques seront des moyens efficaces 

de répondre aux besoins énergétiques futurs de manière durable. 

Parmi les technologies de cellules solaires développées, les cellules solaires à pérovskite 

de troisième génération ont récemment attiré l'attention. Actuellement, l'efficacité des cellules 

solaires à pérovskite à jonction unique est comparable à la technologie établie du silicium cristallin 

de première génération. De plus, la solidité de la structure cristalline de la pérovskite rend la 

fabrication rentable avec des simples techniques de dépôt en couche mince à des températures 

relativement basses. Ainsi, les pérovskites modernes font actuellement preuve d'une grande 

assurance. Mais les lacunes de leur toxicité et de leur stabilité à long terme restent la plus grande 

préoccupation. Cependant, la structure cristalline des absorbeurs offre une accordabilité qui peut 

être modulée vers des cellules solaires à pérovskite non toxiques, stables et très efficaces. En 

fonction des rayons ioniques et des états d'oxydation, plusieurs substitutions dans les structures 
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cristallines de pérovskite sont recherchées pour remplacer les ions toxiques et instables dans les 

conditions de fonctionnement.  

Par conséquent, l'étude des absorbeurs à pérovskite avec l’adaptation de sa structure 

cristalline à la non-toxicité et à un rendement élevé est essentielle pour évaluer le potentiel des 

cellules solaires à pérovskite (CSP). Cependant, l'influence de l'épaisseur, du dopage et des 

densités de défauts sur les performances des cellules solaires à pérovskite n'est pas bien comprise.  

Ainsi, les optimisations nécessaires pour améliorer le rendement (PCE) des CSP basées sur le 

logiciel SCAPS-1D sont évaluées. L'effet du remplacement des ions Pb toxiques par des ions Sn 

dans la structure cristalline de la pérovskite et les changements concomitants dans les 

performances doivent être évalués. Les performances théoriques en tenant compte des paramètres 

physiques sont discutées et optimisées avec le programme SCAPS-1D. Les performances des 

doubles pérovskites inorganiques et non toxiques sont optimisées et évaluées. De plus, les calculs 

DFT basés sur le logiciel CASTEP sont effectués sur les doubles pérovskites pour comprendre 

leurs propriétés optoélectroniques intrinsèques. 

Ce travail de thèse présente une étude détaillée de l’effet des paramètres de divers couches 

constituées la cellule solaire à base des pérovskites (épaisseur, défauts, densité de dopage, 

conductivité, température, résistances RS et RP, coefficient d’absorption, réflexion, indice de 

réfraction…) sur ses performances. Le remplacement éventuel des ions toxiques Pb2+ dans ces 

pérovskites est examinées pour atténuer la toxicité. Aussi, le potentiel de diverses double 

pérovskites thermodynamiquement stables est étudié avec différentes couches expérimentalement 

réalisables. 
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L’objectif détaillé de ce travail de recherche est : 

 Étudier l'effet de l'épaisseur, les défauts, la température et de la densité de dopage des 

couches constituant la cellule solaire à base de pérovskite CH3NH3PbI3-XClX. 

 Vérifier les performances de la cellule solaire à base de matériau pérovskite FAPbI3 en 

remplaçant le Pb2+ toxique par des ions métalliques Sn2+ (FASnI3) pour obtenir à la fois 

un rendement élevé et une stabilité à long terme. 

 Examiner les cellules solaires à base des matériaux doubles pérovskites par 

transmutation d'ions Pb2+ avec des cations monovalents et trivalents. 

 Évaluer le potentiel de la double pérovskite Cs2BiAgI6 sans plomb, non toxique et stable 

avec diverses couches de transport de charge à savoir des électrons et des trous. 

 Étudier le double pérovskite Cs2CuSbX6 thermodynamiquement stable (où X = I, Cl et 

Br) avec différentes couches de transport de charge. 

 Remplacer les ions Cu+ dans le double pérovskite Cs2CuSbX6 par des ions Ag+ et étudier 

les propriétés optoélectroniques et photovoltaïques avec des études DFT et SCAPS.  

 Utiliser les résultats obtenus à partir des calculs DFT comme paramètres d’entrés pour 

évaluer la capacité de la double pérovskite Cs2AgSbX6. 

Initialement, le logiciel SCAPS-1D est utilisé pour effectuer une étude sur l'absorbeur pérovskite 

CH3NH3PbI3-XClX avec : 

- L'oxyde d'étain dopé au fluor (FTO) comme oxyde conducteur transparent.  

- TiO2 comme ETL.  

- Spiro-OMeTAD organique coûteux et du thiocyanate de cuivre inorganique bon 

marché (CuSCN) comme HTL.  

- Diverses contre-électrodes pour construire expérimentalement une structure CSP 

haute performance.  

Le rendement de la cellule à base de cette pérovskite dépasse 30% qui est simulé avec des 

matériaux à faible coût connus pour leur traitement simple et efficace (Figure 1).  
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Figure 1. Optimisation de la structure de la cellule solaire à base de pérovskite        

CH3NH3PbI3-XClX et la courbe J-V associée démontrant un PCE de ~30%. 

 

La plupart des matériaux pérovskites à haute performance contiennent du plomb 

cancérigène (Pb). Ce qui facilite l'absorption directe intense de la lumière visible provenant des 6s 

remplis au maximum de la bande de valence et de l'orbitale 6p vide au minimum de la bande de 

conduction du cation Pb divalent. Par conséquent, le Pb a été remplacé par des cations divalents 

d'étain (Sn2+) ou de germanium (Ge2+) pour atténuer la toxicité. Expérimentalement, l'iodure de 

plomb α-formamidinium (α-FAPbI3) a montré un PCE plus élevé de 25,2 %, mais l'inclusion de 

Pb peut entraver son utilité. Ainsi, lorsque le Pb2+ est remplacé par le Sn2+ pour former de l'iodure 

de formamidinium et d'étain (FASnI3), le PCE décroit à ~14%. Cependant, l'inclusion de FA réduit 

la stabilité à long terme des cellules solaires à pérovskite (CSP). Par conséquent, après plusieurs 

études, tous les pérovskites inorganiques sans Pb, à savoir l'iodure de césium et d'étain (CsSnI3) 

sont avérés être les plus appropriés en raison des propriétés intrinsèques supérieures de CsSnI3 

(telles que la bande interdite étroite (1,3 eV) et la plus grande mobilité des porteuses). 

Expérimentalement, l'efficacité des CSP à base de CsSnI3 diminue encore à ~10 %. D'autre part, 

les couches de transport (électrons et trous) jouent un rôle important dans la délivrance de PCE 

élevés dans les CSP. Cependant, l'alignement de bande et la mobilité des porteurs sont essentiels 

à l'interface de la couche de transport pour le transfert des charges photogénérées. Par conséquent, 

il est nécessaire d'évaluer le potentiel des CSP basées sur CsSnI3 par rapport aux CSP basées sur 
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FAPbI3 et FASnI3. Le logiciel SCAPS-1D est utilisé pour déterminer le potentiel des absorbeurs 

FAPbI3, FASnI3 et CsSnI3. Leurs examinations avec divers ETL (à savoir le dioxyde de titane 

(TiO2), l'oxyde d'étain (SnO2), le stannate de baryum (BaSnO3/BSO) et le BSO dopé au lanthane 

(La-BSO) avec du thiocyanate de cuivre (CuSCN) comme couche de transport de trous standard), 

permettent de fabriquer expérimentalement des CSP de haute performance. De plus, les paramètres 

physiques (l'épaisseur, le dopage et les densités de défauts) sont modifiés pour que les couches de 

CSP produisent des performances élevées.  Les pérovskites FAPbI3 et FASnI3 sont hautement 

compatibles avec l'ETL SnO2 et fournissent davantage un PCE optimisé supérieur à 25 % et 27 %, 

respectivement. Tandis que le CsSnI3 affiche un PCE le plus élevé (~23 %) avec l'ETL La-BSO. 

Sachant que le PCE de FAPbI3 ait dépassé 25 %. Donc, il est impératif de développer des 

techniques pour améliorer les performances de CsSnI3, qui est entravé par sa faible solubilité dans 

les solvants précurseurs standards. Ainsi, des stratégies telles que la synthèse assistée par vapeur 

et les solvants mixtes peuvent être utilisées pour uniformiser les films CsSnI3 avec une faible 

densité de défauts apparents (Figure 2). 

 

  

Figure 2. Schéma du dispositif envisagé pour remplacer les ions plomb toxiques par des ions Sn 

et le rendement de chaque pérovskite avec différents métaux. 

 

Outre la substitution directe des ions Pb, plusieurs pérovskites non toxiques de plus faible 

dimension sans plomb (0D et 2D) obtenues par substitution hétérovalente de Pb2+ par Bi3+ ou Sb3+. 

Les doubles pérovskites (3D) sont étudiées pour leur aptitude à absorber la lumière. Parmi toutes 
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les alternatives des pérovskites sans plomb obtenues par transmutation du cation M2+ avec une 

combinaison de cations monovalents et trivalents donnent une double pérovskite (3D) de formule 

chimique A2M′M"X6 (où A, M′, M" et X sont respectivement un cation monovalent, un ion 

métallique monovalent, un ion métallique trivalent et un halogène). La structure à double 

pérovskite (3D), qui cristallise dans le système cristallin cubique avec groupe d’espace 𝐹𝑚3̅𝑚. 

Selon les combinaisons M′ et M", la double pérovskite aux halogénures sans plomb peut être 

classée comme : 

 (i) Azote/métaux alcalins (M′ = Sb3+, Bi3+ et M" = N+, K+). 

(ii) Famille de l'azote/métaux de transition (M′ = Sb3+ et Bi3+ et M" = Tl+, In+).  

(iii) Métaux post-transitionnels/nobles (M′ = In3+, Ga3+ et M" = Cu+, Ag+). 

(iv) Famille de l'azote/métaux nobles (M′ = Sb3+, Bi3+ et M" = Cu+, Ag+).  

 

Dans les doubles pérovskites, Les conditions théoriques d'une structure stable sont μ > 0,41(facteur 

octaédrique) et 0,75 < t < 1 (facteur de tolérance). Ainsi, l'atome de Pb peut être remplacé par une 

substitution hétérovalente Bi et Ag pour former des structures cristallines de double pérovskite 

Cs2BiAgI6. De plus, les doubles pérovskites Cs2BiAgCl6 et Cs2BiAgBr6 sont synthétisées 

expérimentalement via des réactions à l'état solide et un traitement en solution chimique et 

physique. De telles doubles pérovskites cristallisent en structure elpasolite (double pérovskite 

cubique symétrique centrée sur la face, avec des octaèdres occupant les sommets), avec des Cs au 

milieu de la cavité cubique-octaédrique. Les centres des octaèdres sont occupés par Bi ou Ag, 

alternant dans une configuration (rock-salt) rendant les propriétés de transport des porteurs 

isotropes. Le logiciel SCAPS-1D est utilisé pour modéliser et examiner les cellules solaires à 

doubles pérovskite avec trois couches de transport de trous (HTL) distinctes (c'est-à-dire MoO3, 

CuSCN et spiro-OMeTAD). La structure modélisée du dispositif est FTO/AZnO 

(ETL)/Cs2BiAgI6/HTLs (MoO3, CuSCN, spiro-OMeTAD) /contact arrière métallique (Au, C, Ag, 

Fe, Ni, Cu) (Figure 3). Les cellules solaires à double pérovskite à base de Cs2BiAgI6 sont 

optimisées en termes d'épaisseur, de volume et de densités de dopage, avec trois HTL distincts et 

AZnO comme ETL.  

Par rapport à tous les paramètres physiques modifiés lors de l'optimisation, l'épaisseur et 

la densité des défauts de Cs2BiAgI6 avaient la plus grande influence sur ses performances. Les 
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électrodes de carbone bon marché et économiques pourraient fournir un PCE de ~29 % dans la 

cellule solaire à double pérovskite à base de Cs2BiAgI6. De plus, même lorsque la température de 

fonctionnement atteint 400 K, notre cellule fourni un PCE de ~26 %. 

 

Figure 3. Schéma du dispositif de la cellule solaire à base de matériaux double pérovskite 

Cs2BiAgI6.  

 

Parmi les permutations possibles, la majorité des matériaux à double pérovskite sont 

thermodynamiquement instables ou ont une large bande interdite. Cependant, plusieurs méthodes, 

y compris l'alliage dilué, le dopage sur le site M′′ et le réglage assisté par pression, sont exploitées 

pour adapter la bande interdite à l'absorption de la lumière visible. La double pérovskite 

Cs2CuSbX6 (où X = Cl, Br et I) a potentiellement une faible bande interdite et offrent d'excellentes 

caractéristiques optoélectroniques. L'évaluation computationnelle de notre cellule est effectuée à 

l'aide du logiciel SCAPS-1D. Le potentiel des différentes doubles pérovskites, à savoir 

Cs2CuSbCl6, Cs2CuSbBr6 et Cs2CuSbI6, est évalué avec de l'oxyde de zinc dopé Aluminium 

(AZnO) comme couche de transport d'électrons (ETL), MoO3/Cu2O comme HTL et divers 

contacts arrière (Figure 4). De plus, en raison d'un meilleur alignement des bandes et d'un protocole 

de synthèse industriellement réalisable, MoO3 et Cu2O ont été largement étudiés pour extraire des 

trous vers la bonde externe. De plus, la nature inorganique de ces derniers peut améliorer la stabilité 
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à long terme de notre cellule par rapport au spiro-OMeTAD organique traditionnellement utilisé. 

Expérimentalement, ils sont connus pour améliorer l'extraction de charge dans les cellules solaires 

à pérovskite.  

Les cellules solaires à double pérovskites Cs2CuSbX6 sont évaluées en ajustant l'épaisseur 

et la densité des défauts des couches suivantes pour extraire un PCE plus élevé (Figure 4). Pour 

l'évaluation, la température de fonctionnement est variée et les fluctuations de performance 

concernées sont également étudiées. Le dispositif simulé avec le double pérovskite Cs2CuSbI6 

démontre un PCE de ~27%. 

 

Figure 4. Schéma de la cellule solaire à double pérovskite Cs2CuSbX6 optimisée produisant un 

PCE de ~29%. 

 
 De même, les doubles pérovskites Cs2AgSbX6 ont été examinées pour leur efficacité à 

capter la lumière. En raison de la faisabilité industrielle (protocole de synthèse), les propriétés 

optoélectroniques et l'alignement de bande approprié avec l’oxyde de zinc dopé à l'aluminium 

(AZO) comme couches de transport d'électrons (ETL) et l'oxyde de molybdène (MoO3) comme 

couches de transport de trous (HTL) ont été déterminés. La compréhension fondamentale des 

propriétés optoélectroniques intrinsèques de Cs2AgSbX6 a été initialement comprise sur la base 

des calculs DFT (par le biais du Cambridge Serial Total Energy Package). Ainsi que sa structure 

électronique et ses caractéristiques physiques ont été examinée avec le SCAPS-1D. Les 

performances de Cs2AgSbX6 ont été estimées avec une structure de dispositif comprenant de 
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l'oxyde d'étain dopé au fluor (FTO)/AZnO/ Cs2AgSbX6 /MoO3/contact arrière (Figure 5). 

L'analyse DFT a montré l'accordabilité de la bande interdite avec d'autres propriétés 

optoélectroniques bénéfiques de la double pérovskite Cs2AgSbX6. Le rendement le plus élevé est 

de ~29,9 %, ~28,2 % et ~27,2 % a été estimé pour les doubles pérovskites Cs2AgSbI6, Cs2AgSbBr6 

et Cs2AgSbCl6, respectivement. 

 

Figure 5. Schéma de la cellule solaire à double pérovskite Cs2AgSbX6 optimisée par les calculs 

DFT et SCAPS produisant un PCE de ~29% 

 

La thèse a empilé un total de huit chapitres. 

La vue d'ensemble de l'énergie solaire et l'évolution des différentes générations de 

technologie des cellules solaires sont brièvement abordées au chapitre 1. L'importance des 

cellules solaires à pérovskite, leurs architectures réalisables et leurs mécanismes de 

fonctionnement sont discutés en détail. La motivation et les objectifs du travail de recherche sont 

exposés à la fin de ce chapitre.  

Le chapitre 2 est axé sur les techniques de simulation, qui sont utilisées pour réaliser le 

travail de thèse. Le logiciel SCAPS-1D développé à l'Université de Gand a été largement utilisé 

pour la simulation de cellules solaires à hétérojonction. L'algorithme de fonctionnement du logiciel 

SCAPS-1D est également décrit. Le logiciel CASTEP a été utilisé pour étudier les propriétés 

optoélectroniques des pérovskites. 
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Le chapitre 3 est consacré à l'optimisation et à l’étude de pérovskite aux halogénures 

mixtes à base de CH3NH3PbI3-XClX avec différentes couches de transport à l'aide du programme 

SCAPS-1D.  

Le chapitre 4 se concentre d’une part sur l'effet du remplacement des ions de plomb 

toxiques dans la pérovskite FAPbI3 et d’autre part sur son optimisation pour obtenir un rendement 

élevé avec diverses couches de transport des électrons et des trous.  

Le chapitre 5 se consacre aux doubles pérovskites pour leurs applications photovoltaïques. 

Le logiciel SCAPS-1D est utilisé pour atteindre une efficacité théorique élevée.  

Le chapitre 6 développe l'optimisation des cellules solaires à double pérovskite 

thermodynamiquement stables et non toxiques avec différentes couches de transport. L'effet des 

paramètres physiques sur les performances du dispositif est présenté en détail. 

Le chapitre 7 décrit l'étude des propriétés optoélectroniques des doubles pérovskites par 

le calcul DFT à l'aide du logiciel CASTEP. Les résultats obtenus sont validés et utilisés pour 

estimer le potentiel des cellules solaires.  

Le chapitre 8 comprend la conclusion générale et les perspectives.  
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Les conclusions de ce travail de recherche sont : 

Dans l'ensemble, l'approche actuelle consistant à utiliser le logiciel SCAPS-1D pour optimiser les 

cellules solaires à pérovskite avec un rendement élevé et aussi pour leurs applications dans les 

dispositifs optoélectroniques. Les pérovskites organiques-inorganiques ont fait d'énormes progrès 

au cours de la dernière décennie. Les cellules solaires à jonction unique avec  des absorbeurs en 

pérovskite ont atteint des rendements supérieurs à 25 %. Une optimisation des couches minces 

dans les cellules solaires à pérovskite est essentielle pour atteindre des rendements de conversion 

plus élevés atteignant la limite de Shockley-Queisser.  

Nous présentons les études sur la façon dont l'épaisseur et les propriétés du film mince peuvent 

être ajustées pour atteindre des rendements supérieurs à 30 %. Nous avons utilisé le logiciel 

SCAPS-1D pour optimiser l'épaisseur, les densités des donneurs, les défauts et les densités 

d'accepteurs de chaque film mince des cellules solaires à pérovskite. L'épaisseur et les densités de 

défauts de l'absorbeur CH3NH3PbI3-XClX avaient le plus grand effet sur les rendements. Ainsi 

que, l'épaisseur et les densités d'accepteur de trous (couches HTL) avaient le moindre effet sur 

l'efficacité énergétique. Nous avons également étudié la variation de rendement en fonction de la 

température et d'autres paramètres de la cellule solaire. Pour combler l’effet de l’électrode en or 

coûteuse, nous avons comparé la variation de ce rendement avec des métaux (Au, C, Pt, Fe, Ni, 

Ag…) (Figure 6). 

 

Figure 6. Variation de PCE en fonction des différentes électrodes. 

https://www.sciencedirect.com/topics/physics-and-astronomy/optoelectronic-device
https://www.sciencedirect.com/topics/materials-science/perovskite
https://www.sciencedirect.com/topics/materials-science/perovskite
https://www.sciencedirect.com/topics/physics-and-astronomy/perovskite-solar-cells
https://www.sciencedirect.com/topics/materials-science/perovskite-solar-cell
https://www.sciencedirect.com/topics/materials-science/defect-density
https://www.sciencedirect.com/topics/materials-science/defect-density
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Aussi, une étude comparative des trois pérovskites FAPbI3, FASnI3 et CsSnI3 avec le 

logiciel SCPAS-1D est envisagée avec une approche vers des pérovskites stables et sans danger 

pour l'environnement. De plus, pour extraire les meilleures performances, chaque pérovskite est 

analysée avec quatre couches de transport d'électrons (TiO2, SnO2, BaSnO3 et BaSnO3 dopé au 

La) (Figure 7). Les paramètres physiques tels que l'épaisseur, le dopage et la densité des défauts 

sont optimisés afin d'offrir des performances élevées. En outre, la variation de l'efficacité en 

fonction de la température et d'autres paramètres des cellules solaires est également analysée. 

 

Figure 7. a. Courbe J-V, b. Courbe de PCE des CSP avec 

ITO/SnO2FAPbI3/CuSCN/Au, ITO/SnO2/FASnI3/CuSCN/Au et ITO/La-

BSO/CsSnI3/CuSCN/Au. 

 

Récemment, l'efficacité des cellules solaires à pérovskite à jonction unique a été en 

concurrence avec les cellules solaires cristallines Si. Cependant, les pérovskites sont toxiques et 

sensibles à l'humidité. Les cellules solaires à double pérovskite optimisées à base de Cs2BiAgI6 

avec trois couches de transport de trous (HTL) distinctes (MoO3, CuSCN et spiro-OMeTAD) et 

avec AZnO comme couche de transport d'électrons (ETL) offrent un rendement de conversion de 

puissance supérieur à 29 % (Figure 8). De plus, une variété d'électrodes arrière est explorée et leur 

effet sur les performances est estimé. La variation de PCE en fonction la température de 
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fonctionnement est étudiée. L'épaisseur de ce dernier et la densité des défauts apparents sont les 

clés pour atteindre des rendements élevés. 

 
 

Figure 8. Courbe de J-V de Cs2BiAgI6-avec différentes couches de transport HTL 

(MoO3/CuSCN/Spiro-OMeTAD). 

 

Les principaux problèmes entravant la commercialisation des cellules solaires à pérovskite 

nous oblige à trouver un absorbeur fiable, respectueux de l'environnement et offrant une stabilité 

durable. Nous présentons dans ce travail des doubles pérovskites Cs2CuSbX6 stables et sans plomb 

(où X = Cl, Br et I) dans le but d’avoir une excellente efficacité et une bonne stabilité 

thermodynamique. Les densités des défauts des dopants ainsi que l'épaisseur des couches des 

cellules solaires à double pérovskite Cs2CuSbX6, sont modifiées pour extraire un rendement élevé 

d'environ 29 % (avec ZnO dopé à l'aluminium comme couche de transport d'électrons et MoO3 et 

Cu2O comme couches de transport de trous) (Figure 9). Plusieurs électrodes (contact-arrière) ainsi 

que la résistance série et parallèle sont également étudiées et leur impact sur les performances est 

évalué.  

https://www.sciencedirect.com/topics/materials-science/perovskite-solar-cell
https://www.sciencedirect.com/topics/materials-science/doping-additives
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Figure 9. a. Rendement quantique (EQE) de la cellule solaire à base de double 

pérovskite Cs2CuSbX6. b. Courbe J-V avec Cu2O comme HTL. 

 

Par la suite, Nous étudions le double pérovskite Cs2AgSbX6 (où X = Cl, Br et I) stable et 

non toxique avec le logiciel CASTEP (DFT). La bande interdite (indirecte), les changements 

associés dans la densité d'états (DOS) et les propriétés optiques et électriques ont été explorés. Les 

résultats obtenus ont ensuite été introduits dans SCAPS-1D afin d’évaluer le potentiel de la cellule 

solaire. Avec la structure FTO/AZnO/Cs2AgSbX6/MoO3/Au, l'épaisseur et la densité des défauts 

apparents de Cs2AgSbX6 avaient un impact élevé sur les performances de la cellule solaire. Le 

rendement le plus élevé de ~29,9 % a été estimé pour les couches de transport de trous MoO3 et 

Cu2O (Figure 10). De plus, l'efficacité de plusieurs électrodes arrière a été examinée (Figure 11).  
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Figure 10. a. Rendement quantique (EQE) de la cellule solaire à base de double 

pérovskite Cs2AgSbX6. b. Courbe J-V avec MoO3 comme HTL. 

 

 

Figure 11. Variation de PCE en fonction des différentes électrodes
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1.1 Overview of solar energy 

The way mankind uses and consumes high energy has altered over the decades. The 

potential demand for energy globally in the future may exceed 30 TW.[1] Energy consumption is 

a major factor in the economic development of civilization; however, it also negatively impacts 

the environment and causes other related pollution.[2] Thus, balancing energy production, 

consumption, and associated pollution is a hopeful step toward a green, developed, and civilized 

future, especially in light of the numerous agreements and disagreements on the subject.[3] Owing 

to the growing need for energy, it's critical to realize that conventional energy sources like oil, 

natural gas, and petroleum cannot provide a sustainable foundation. Consequently, it is crucial 

from a scientific perspective to explore renewable and sustainable sources. However sustainable 

and renewable sources impose a limit on the degree of efficiency that can be harnessed. [4, 5] In 

line with the above knowledge, the scientific and industrial society is enduring endless efforts in 

engineering innovative renewable technologies or improving the existing technology to achieve 

higher efficiencies. Ultimately, creating technology for utilizing renewable energy sources that can 

meet the future need for energy is critical. 

While there are many different renewable energy sources such as wind,[6, 7] 

geothermal,[8, 9] biomass,[10] etc., using photovoltaic (PV) cells to capture solar radiation and 

convert it into electricity is a well-known process that produces the smallest carbon emissions.[11] 

Additionally, because of the low volumetric energy density, transitioning to other modern 

renewable energy systems, such as green hydrogen production by electro- or photo-catalysis, 

necessitates the highest level of preparedness owing to safety issues.[12, 13] Thus, one of the safest 

and best technologies that can ensure a sustainable future is solar cells that use a p-n junction to 

convert incoming electromagnetic radiation from the sun into electricity.[14] These PV cells can 

handle enormous amounts of energy, have a high power-to-weight ratio, and produce barely any 

pollution (derived from a range of post-operational waste).[15] Following the exposure to sunlight, 

photo-generated carriers from PV cells are disintegrated to generate current and voltage in the 

device which is coupled across a suitable load.[16] Evaluating how well incoming radiation is 

converted into electrical energy yields a realistic measure of the performance or efficiency of the 

solar cell. Nevertheless, the inherent resistance at the p-n junction interface, the density of defects 

in the p and n layers, the capacity of the relevant layer to generate carriers, etc., directly affect the 
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PCE of the solar cell. [17-20] Additionally, dusting, shielding from adverse conditions, 

monitoring, and other maintenance are all necessary to maintain the effectiveness of the solar cells. 

[21-23]  

Overall, comparing PV systems to other renewable energy technologies, their inherent 

carbon footprint is generally the smallest.[24] Even if there may not be as much sunlight on a given 

day, the extra energy produced by the solar panels can be stored in batteries as chemical energy to 

meet energy needs without sunlight. By combining their efforts, batteries, and photovoltaic panels 

may effectively provide renewable energy while preventing the release of carbon into the 

environment, offering a sustainable and promising future.[25] As a result, solar cells can 

effectively meet the expected surge in the global energy demand. 

1.2 Evolution of solar cells 

Research and development in the field of solar technology has always focused on boosting 

power conversion efficiency because it is undoubtedly better to produce more electricity in a 

smaller area and is less expensive. In the course of boosting efficiency and reducing production 

costs, solar cells have evolved through time and can be categorized as follows.[11] 

1.2.1 First-generation solar cells 

One of the earliest categories of solar cells was made of silicon. First-generation solar 

cells typically use crystalline silicon with an energy bandgap of 1.1 eV, which is well-

positioned for panchromatic absorption in the visible spectrum.[26] These cells exhibit broad-

spectrum absorption and excellent carrier mobilities. At the moment, silicon is used to make 

the majority of commercial solar cells. The advantages of silicon cells include their huge 

abundance on the earth, their well-developed fabrication technique, and their non-toxicity a 

factor that is crucial when considering environmental impact. Dissipation of heat and high 

manufacturing costs are the downsides of these cells. [27, 28] 

1.2.2 Second-generation solar cells 

Semiconductor thin films are commonly employed as the absorber layer in second-

generation solar cells. Amorphous Si, GaAs, CdTe, CIGS, and other materials are deposited as 

thin films of the necessary thickness and utilized as absorbers in second-generation solar cells. 

[29, 30] These solar cell types have several benefits, including affordability, flexibility, and 
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reduced weight making them the most viable option for building integrated photovoltaics. 

Nevertheless, the majority of these thin-film absorbers are made of hazardous materials, and 

the issue here is their lower efficiency when compared to silicon solar cells. Additionally, it 

also takes competence to synthesize these absorber thin films in the necessary phase.[31] 

1.2.3 Third-generation solar cells 

Third-generation solar cells use a variety of absorbers, including sensitive dyes, 

polymers, and nanocrystals. [32-34] These cells offer a low cost per watt, good efficiencies, 

high throughput, and low production costs. Presently the efficiencies of dye-sensitized solar 

cells (DSSCs) are outperformed by perovskite solar cells (PSCs). With a record power 

conversion efficiency of ~26%, the PSCs are on par with the first-generation silicon solar cells. 

PSCs typically have high absorption coefficients, cheap material costs, and are solution-

processable.[35] However, these high-performing cells contain toxic lead atoms and usually 

suffer from degradation over time. 

1.2.4 Fourth-generation solar cells 

The combination of diverse absorbers, such as nanocrystals embedded in a polymer 

matrix, is flawless in the fourth generation of solar cells. Their enhanced charge carrier 

transport properties are typically the consequence of their lower recombination.  Lithography, 

solvent engineering, self-assembly, etc. techniques are needed to regulate the morphology and 

evenly disperse the nanocrystals in the absorbers. These solar cells are more affordable than 

those from the first generation and have a high-power conversion efficiency because of their 

ability to harness various regions of the incoming electromagnetic spectrum.[36] 

1.3 Perovskite solar cells 

PSCs are the subject of high-caliber research because of their direct tunable bandgap, 

strong absorption in the visible region, solution processability, low material cost, etc. These 

perovskites form the AMX3 structure, where A stands for an organic cation (such as CH3NH3
+, Cs, 

etc.), B for divalent metal ions (Pb, Sn), and X for halogen (Cl-, I-, Br-) as shown in Fig. 1.1.[37] 
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Figure 1.1 Schematic depicting the crystal structure of organic-inorganic perovskite light 

harvesters. 

The tolerance factor (t) firmly limits the size of the three ions to maintain the stability of 

the perovskite structure (Eq. 1.1).[38] 

𝑡 =
𝑅𝑏+𝑅𝑥

√2(𝑅𝑎+𝑅𝑥)
         (1.1) 

where the ionic radii of the A, B, and X site elements are, respectively, Ra, Rb, and Rx. The 

empirical ionic radii can be calculated using the formula at ambient temperature. Ideal cubic 

perovskite can be produced when t equals 1, although in most situations, various perovskite 

structural distortions are seen (0.81 < t <1.11).[39] The t value and consequently the structural 

distortions play a critical role in determining the intrinsic electrical, magnetic, and dielectric 

properties of the perovskite light harvesters. The first known organometallic trihalide perovskite 

contained I-halide ions at site X, Pb metal ions at site B, and methylammonium CH3NH3
+ at site 

A. Miyasaka and co-workers initially reported the evolution of these organo-metallic-trihalide 

perovskites in early 2009; they sensitized TiO2 photoanode with a CH3NH3PbX3 (MAPbI3) light 

harvester.[40] To reach a PCE of 9.7%, Kim et al. (2012) achieved a significant breakthrough by 

using MAPbI3 as a light harvester in conjunction with the solid-state hole conductor 2,20,7,7,0-

tetrakis-(N, N-dimethoxy phenyl-amine)-9, 90-spirobi-fluorene (spiro-MeOTAD) and n-type 

mesoporous TiO2 (m-TiO2) as electron transporter.[41] Presently, the power conversion efficiency 

of perovskite solar cells has reached ~26% with formamidinium lead triiodide (FAPbI3) as a light 

harvester.[42] 
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To fabricate high-efficiency PSCs, a variety of supporting layers with ideal bandgap, 

thickness, optoelectronic characteristics, charge diffusion lengths, etc., are taken into 

consideration.[43] It is noteworthy that the bandgap of organometallic trihalide perovskites can be 

adjusted to an ideal range by either directly replacing the A, M, and X ions in AMX3 structures or 

by directly modifying the M-X bond (Fig. 1.2).[44] The M-X bond alteration will directly impact 

the valence band maximum and conduction band minimum of the perovskite framework.[45] 

Based on UV-Vis spectroscopy, the band gap of MAPbI3 was determined to be 1.50 to 1.55 eV.[46] 

Since the absorption is limited to 800 nm by the bandgap of MAPbI3 (~1.55 eV), it is crucial to 

adjust the bandgap light harvesters for a broad absorption range while taking the S-Q limit into 

account. Antibonding states of Pb 6p and I 5s orbitals make up the conduction band minimum of 

MAPbI3, whereas s-antibonding states of Pb 6s and I 5p orbitals account for the majority of the 

valence band maximum.[47] This demonstrates that the bandgap can shift to values below or over 

1.55 eV with the substitution of metal ions and halides in the perovskite framework. A perovskite 

absorber with a larger bandgap would have lower efficiency because of reduced photo-current, but 

given the other modifications in its optoelectronic properties, it would still be a valuable absorber 

in tandem solar cell topologies.[48, 49] Koh et al observed a slightly favorable bandgap and 

broader absorption when they substituted the formamidinium cation (HC(NH2)2
+) for the standard 

CH3NH3
+ cation.[50] Due to the high toxicity and carcinogenicity of lead heavy metal, the 

traditional M site in the AMX3 structure was partially or fully substituted with Sn or Ge ions, 

which increased the incident photon to electron conversion efficiency.[51] Likewise, when Cl- was 

largely substituted for I-ion by Shi et al., the charge diffusion length increased.[52] Furthermore, 

the valence band maximum and conduction band minimum of each layer in the primary device 

structure of PSCs must align to facilitate the diffusion of holes and electrons toward the 

appropriate hole and electron-collecting contacts.[53] In addition, to enable incident light to reach 

the perovskite absorber, n-type or p-type materials with large bandgaps and high transparency must 

be utilized above the absorber. In theory, a functional PSC device might be realized if these 

requirements are satisfied.[54] 
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Figure 1.2 Schematics depicting tunable bandgap of the perovskite light harvesters. 

Practical measurements of the absorption coefficient of MAPbI3 is ~105 cm-1.[55] 

Organometallic trihalide perovskites are semiconductors with a direct bandgap in which an 

electron can be photo-excited from the valence band to the conduction band without the need for 

crystal momentum (k=0).[56] Their wave function can be simply plotted by using Eq. 1.2. 

𝐸 =
ħ (𝑘)2

2m∗
          (1.2) 

where ħ (= h/2p), k, and m* represent Planck’s constant, effective momentum, and effective mass, 

respectively. High interactions of light with perovskite like direct bandgap materials are observed 

due to a reduction in germinate recombination and trap-assisted recombination.[57] Direct 

bandgap organometallic trihalide perovskite is therefore a very attractive option for usage as a light 

harvester in solar cells. 
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1.3.1 Perovskite solar cell architectures 

 

 

Figure 1.3 Schematics depicting the (a) mesoporous and (b) planar PSCs. 

Mesoporous, mesostructured, and planar perovskite solar cells are the three categories 

given to PSCs based on the design of the transport layer they employ.[58] As seen in Fig. 1.3, 

the carrier diffusion length (ld) and electron mobility in the transport layer are important factors 

in determining the device's construction.[11] Mesoporous device architecture is characterized 

by the use of a mesoporous transport layer above a compact layer. Usually, the mesoporous 

device architecture is adopted when the thickness of the film exceeds the ld. Thus, the 

photogenerated charges in the mesoporous architecture will be injected into the mesoporous 

layer for further collection before they lose energy while drifting toward the transport 

layers.[59] Adopting the mesoporous architecture also increases the active p-n junction region 

between the transport layer and perovskite light harvester. One important aspect of mesoporous 

architecture is the mobility of charge carriers in the mesoporous transport layer. Charge 

accumulation at the perovskite and transport layer interface would result from reduced electron 

mobility in the mesoporous nanocrystalline layer relative to perovskite absorbers resulting in 

the charging of the device.[60] Thus, particle size, thickness, and film density optimization are 

crucial when using the mesoporous structure. Using a planar-structured PSC, Snaith et al 

attained high efficiency.[61] Planar architecture is employed when the ld is greater than the 
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thickness of the perovskite absorber. Elimination of the mesoporous layer reduces the cost of 

the planar PSCs. Typically, planar architecture is vital in the vacuum processing of perovskite 

light harvester and supports in fabrication of large-area PSCs.[62] 

Lee et al. demonstrated the first meso-structured PSC architecture, substituting Al2O3 

meso-superstructures for mesoporous TiO2, and achieved a PCE of 10%.[63] The observed 

significant increase in the open circuit voltage (VOC) of the device could be attributed to the 

inherent insulating properties of Al2O3. Efficiency and device performance were directly 

impacted by an increase in open circuit voltage. Subsequently, Ball et al. claimed that 

ambipolar transport occurs in perovskite absorbers after depositing Al2O3 super-structured 

scaffolds using a low-temperature solution technique.[64] 

1.3.2 Various supporting layers in perovskite solar cells and their functioning 

Apart from the perovskite light harvester, various aiding layers are integrated during 

the fabrication of the PSCs. Each of these layers performs an individual function to support the 

overall functioning of the PSCs. The different layers in the PSC include transparent conductive 

contacts, electron transport layer (n-type), perovskite light harvester, hole transport layer (p-

type), and metal contact.[65] 

(a) Transparent conductive oxide (TCO) 

Typically, one of the contacts must be extremely transparent to incoming visible 

electromagnetic radiation. The glass substrates coated with fluorine-doped tin oxide 

(FTO) and indium-doped tin oxide (ITO) are commonly utilized as transparent contacts 

because of their well-aligned work function, which charge collection easier. 

Transparent conductive oxide (TCO) constitutes a majority of the cost of the PSCs. 

Hence finding an alternate cheap TCO is essential. ITOs are chemically unstable at 

higher temperatures as compared to FTOs. Wide bandgap n-type materials like TiO2 

can be processed at temperatures above 450°C over FTO. In addition, while taking the 

TCO into account for applications in devices, the sheet resistance and roughness must 

be assessed. As the thickness of TCOs over the glass substrates increases the resistance 

decreases, meanwhile the absorption increases. Hence this leads to a trade-off between 

transmittance and sheet resistance.[66] 
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(b) Electron transport layer (ETL) 

The performance of the PSCs heavily relies on the n-type electron transport layer 

(ETL). The primary purpose of the n-type ETLs is to aid in the diffusion of electrons 

from the absorber layer to the TCO and, ultimately, the external load.[67] Then, these 

ETLs must have a broad bandgap to permit the incident photon to reach the absorber. 

N-type material along with perovskite absorber forms hetero-junctions giving rise to p-

n junction in HTM-free PSCs while devices with HTM layers form p-i-n or n-i-p 

hetero-junctions.[68] In contrast to silicon p-n homo-junctions, which are often created 

via inter-diffusion leading to smooth bandgap edge curves, PSCs and other thin film 

structures create abrupt junctions.[69] The formation of these junctions plays a vital 

role in evaluating the performance of the device. The other functionality of n-type 

materials is to block the hole carriers. A range of n-type materials including TiO2, SnO2, 

ZnO, WOx, etc., with different dimensionality, have been studied by different research 

groups.[11] 

(c) Perovskite light harvester 

The perovskite light harvester is the heart of the device. Perovskite light harvesters 

are utilized as absorbers owing to their long carrier diffusion length, ideal tunable 

bandgap, good absorption across the solar spectrum range, longer carrier life, etc.[70] 

One-step coating, two-step coating, sequential deposition, electro-deposition, physical 

thermal evaporation, etc. methods are used to synthesize perovskite harvesters as 

shown in Fig. 1.4.[71, 72] 

For a clear understanding of these techniques let us consider the solution process, 

vacuum approach, and hybrid approach being the combination of the first two. In one 

one-step solution approach, the precursor solution is made by dissolving equimolar 

precursor salts of metal halide and organic cations in polar solvents such as DMF, 

DMSO, etc.  This precursor is either spin-coated or dip-coated over the transport 

material. Slightly excess organic/inorganic-halide cation can be considered to ensure 

complete ordered crystallization of perovskite films.[73] In a two-step solution 

approach, first, a layer of metal halide dissolved in its dissolving solvent is coated over 

the transport layer and dried. Following this, the organic/inorganic-halide cation 

dissolved in its dissolving solvent is deposited by either spin coating or dip-coating.[74] 



 

11 
 

However, complete conversion of the metal halide film into a perovskite light harvester 

should be ensured in two-step deposition. The sequential deposition process can be 

termed as a combination of a solution approach and a vacuum approach. In this method, 

metal halide solution is spin coated over the transport layer followed by thermal 

evaporation of organic/inorganic-halide cation.[75] A slight modification of sequential 

deposition is reported, in which following the formation of a metal halide thin film, the 

substrates are exposed to vapors of organic/inorganic-halide cation.[76] 

 

Figure 1.4 Schematics illustrating different synthesis techniques employed to 

fabricate perovskite light harvester. 

(d) Hole transport layer (HTL) 

The hole transporting layer (HTL) is a p-type layer that should have a well-aligned 

conduction band minimum or LUMO level and valence band maximum or HOMO 

level with the perovskite for efficient transport of hole carriers.[77] The function of the 

HTL (p-type) is to inject electrons from the cathode into the valence band of the 

perovskite absorber or transport free holes from the perovskite. Lately employing 

organic HTLs has shown promise in achieving high-efficiency PSCs. Few organic 

HTMs are doped with a small quantity of dopants to improve their carrier properties. 

Compared to various organic HTLs, spiro-OMeTAD has a long hole lifetime and 
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ensures better device performance.[78] One major drawback of these organic HTMs is 

low stability and high cost. The solution to this problem is to employ inorganic HTLs 

namely, NiO, CoOx, CuSCN, CuI, etc. [79] 

(e) Metal contact 

Metals with good electron injection capability can be employed as the counter 

electrode. Just one point that needs to be considered is the alignment of work functions. 

Usually, gold metal is used as contact owing to its chemical inertness, high electrical 

conductivity, and well-aligned work function. Around 70 nm of gold is thermally 

evaporated to complete the device. Literature has also suggested the usage of silver, 

copper, aluminum, etc. However, using low-cost carbon electrodes can benefit in 

reducing the overall cost of the PSCs. [80, 81] 

1.3.3 The major challenges in perovskite solar cells 

Though these fascinating perovskite light harvesters have shown several tremendous 

capabilities toward high performance, yet, they suffer from two major drawbacks that hinder 

their commercialization. The lack of long-term stability and usage of carcinogenic lead in high 

throughput devices are the key downsides of these solar cells. 

(a) Long-term stability 

The organic-inorganic perovskites break down into their constituent precursors 

when exposed to moisture. Thus, the high-performance perovskite solar cells are 

majorly fabricated in a controlled environment. [82-84] The reactions which limit the 

fabrication of the perovskite solar cells are as follows: 

CH3NH3PbI3 (s) ↔ PbI2 (s) + CH3NH3I (aq)    (1.3) 

CH3NH3I (aq) ↔ CH3NH2 (aq) + HI (aq)     (1.4) 

4HI (aq) + O2 ↔ 2I2 (s) + 2H2O (aq)     (1.5) 

2HI (aq) ↔ H2 (g) +I2 (s)       (1.6) 

Therefore, it is of high scientific importance to develop perovskite light harvesters 

that can deliver both long-term stability and high efficiency. 
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(b) Toxicity of Pb metal ions 

Despite the tremendous advances in perovskite solar cells, the high-efficiency cells 

comprise toxic lead atoms which are carcinogenic and banned in most countries.[85] 

However, the high light absorption in the perovskite light harvesters results from the 

filled 5s orbitals at the valence band maximum and empty 6p orbitals at the conduction 

band minimum of the lead cation.[47] Thus, replacing lead ions with a suitable cation 

is crucial in bolstering the commercialization of perovskite solar cells. 

1.4 Motivation 

(a) The most promising solar absorbers that can be designed to produce high-quality thin films 

are perovskite light harvesters. By engineering and managing the defects and interfaces at 

the nanoscale, their use in sustainable energy can be improved. 

(b) The two major drawbacks of perovskite light harvesters, (i) the toxicity of Pb2+, and (ii) the 

low stability needs to be addressed. 

(c) Substitution of constituent elements can enhance the stability and alleviate toxicity in these 

light absorbers. 

(d) Replacement of elements in perovskite crystal structure can provide a wide variety of 

possible thermodynamically stable crystal structures. 

(e) At the device level, the most important factors that govern the efficiency of the perovskite 

solar cells are the thickness, defect density, and absorption coefficient of the constituent 

layers in the solar cell. 

(f) Selecting suitable various low-cost counter electrodes and industrially matured compatible 

transport layers assist in fast-forwarding the real-time application of perovskite solar cells. 

(g) A software tool that can solve the basic semiconductor device equations can be used to 

understand the transport of charge carriers in these heterojunction solar cells. 

(h) The outcome of the theoretical investigations can provide experimental guidelines to 

fabricate novel non-toxic perovskite solar cells that have long-term stability. 

Therefore, investigating the influence of probable and non-toxic perovskite light harvesters 

will be essential in the commercialization of perovskite solar cells. Recently, software tools have 

been adopted to theoretically scrutinize the best perovskite solar light harvester. Though various 
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perovskite light harvesters are checked for their potential, the systematic investigation towards 

optimizing each constituent layer in perovskite solar cells and their impact on performance is not 

well understood. 

Moreover, considering the possible substitution of Pb2+ with Sn2+ has gained tremendous 

attention owing to their compatible ionic radii and electronic structures.  However, following the 

replacement of Pb2+ in high-performing -FAPbI3 to yield FASnI3, the PCE of the cells drops to 

~14%. Also, the presence of the formamidinium (FA) cation compromises the long-term stability. 

Thus, the introduction of the cesium (Cs) cation in the above structure can produce stable and non-

toxic perovskite light harvesters having long-term stability. Therefore, a study on the influence of 

the performance of the perovskite solar cells accounting for the replacement of Pb2+ and FA+ 

cations with Sn2+ and Cs+ ions, respectively is desirable. 

 Apart from the direct substitution of Pb2+ ions with Sn2+ ions, perovskite light harvesters 

obtained by transmutation of M2+ metal ions (in AMX3 structure) with a combination of 

monovalent and trivalent cations result in 3D double perovskite with A2M’M’’X6 double 

perovskite structures. Such replacements provide a wide range of probable thermodynamically 

stable perovskite structures which can deliver high efficiency and stability. Therefore, evaluating 

the potential of such lead-free non-toxic stable Cs2BiAgI6 double perovskite with various other 

charge transport layers is of scientific interest. 

 The low stability of the Cs2BiAgI6 can be addressed by assessing other Cs-based double 

perovskite light harvesters. Akin to Cs2BiAgI6, the Cs2CuSbX6 (where X = I, Cl, and Br) double 

perovskites have better theoretical thermodynamic stability.  Thus, scrutinizing their ability to 

deliver the best PCE with cheap and inorganic transport layers namely, aluminium-doped zinc 

oxide (AZnO), molybdenum oxide (MoO3), and cuprous oxide needs attention. 

 The bandgap of the double perovskite structures can be tuned for panchromatic light 

absorption. By replacing the Cu ions in the Cs2CuSbX6 with Ag ions can produce another novel 

class of thermodynamically stable Cs2AgSbX6 double perovskites which can deliver both 

efficiency and stability. The DFT study of the Cs2AgSbX6 double perovskites can produce insights 

into their intrinsic optoelectronic properties. With these optoelectronic properties, the theoretical 

estimation of Cs2AgSbX6 of double perovskites with AZnO and MoO3 as electron transport layer 
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(ETL) and hole transport layer (HTL), respectively, can deliver guidelines for experimental 

fabrication. 

1.5 Objectives of the thesis 

This thesis presents research on the following aims to address questions originating from 

the literature review. The effect of thickness, defect, and doping density of the constituent layers 

in the perovskite layers are investigated. The possible replacement of the toxic Pb2+ ions in the 

perovskite light harvesters is scrutinized to mitigate toxicity. The potential of various 

thermodynamically stable double perovskites is studied with various industrially feasible assisting 

layers.  

The objectives of the thesis are:  

 To theoretically investigate the effect of the thickness, defect, and doping density of the 

constituent layers in a perovskite solar cell considering CH3NH3PbI3-XClX light 

harvester. 

 To check the performance of the perovskite light harvesters obtained by the replacement 

of toxic Pb2+ with Sn2+ metal ions to yield both high efficiency and long-term stability. 

 To study the double perovskite light harvesters obtained by the transmutation of Pb2+ 

ions with monovalent and trivalent cations. 

 To assess the potential of lead-free non-toxic stable Cs2BiAgI6 double perovskite with 

various other charge transport layers. 

 To study the thermodynamically stable Cs2CuSbX6 (where X = I, Cl, and Br) double 

perovskites with various charge transport layers. 

 To replace the Cu ions in the Cs2CuSbX6 double perovskites with Ag ions and 

investigate the optoelectronic properties with DFT studies. To use the results obtained 

from DFT calculations as the input to theoretically evaluate the capability of the 

Cs2CuSbX6 double perovskite light harvester. 
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2.1 Introduction 

Using real-world problems to integrate numerical calculations into a computer-like virtual 

machine environment is seen as an essential task. Owing to the use of computers in numerical 

problem-solving, the researcher has found the most efficient way to complete challenging 

problem-solving tasks. Computers are used to save time, and it is easy to optimize any real-time 

design challenges without physically subjecting them to real test conditions. This supports the 

justification for giving priority to computer-based learning across global universities. The adoption 

of computerized learning systems has benefited semiconductor device researchers. Presently, most 

of the world market is dominated by semiconductor devices like mobile phones, laptops, 

computers, street lights, solar products, etc. Among them, owing to the global electrical energy 

demand, solar cells that convert incoming solar radiation into electrical energy have gained popular 

interest. With the use of cutting-edge technologies, high-performance solar cell configurations are 

being produced very rapidly. However, for commercial development, there are still challenges 

concerning the cost, availability of raw materials, and long-term stability of the devices. As a 

result, computer-based numerical analysis of solar cells can be crucial to resolving these issues. 

Therefore, the computer facilitates the formulation of versatile, plausible issues, which streamlines 

the method of analyzing various concepts. Furthermore, it is frequently possible to obtain an 

exhaustive list of device details with minimal cost, time, and effort required than a limited 

collection of manually calculated single-point values. In line with the above discussion, it is clear 

that numerical analysis of photovoltaic cells is a necessary route to evaluate the viability of the 

proposed physical structure and its performance, hence enabling rapid design and efficiency 

improvements. 

2.2 1D Solar Cell Capacitance Simulator (SCAPS-1D) 

The specialized SCAPS-1D simulation program can be used for device modeling.[1] A 

variety of physical factors, including absorber thickness and doping concentration, buffer and 

window layer thickness, temperature effect, and solar cell illumination power, can be analyzed to 

assess the performance of a photovoltaic device.[2] SCAPS-1D was designed at the University of 

Gent, Belgium.[3] The initial SCAPS-1D program was created for the CdTe and CuInSe2-based 

solar cells. However, due to recent advancements, the software is now used in various 

homojunction and heterojunction solar cells. [4, 5] 
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2.2.1 Fundamental semiconductor equations 

Fundamental semiconductor equations are generally solved to examine solar cells using 

computational tools. [6, 7] The aforementioned equations are vital when evaluating the 

performance and prospective output of solar cells. The Poison equation, which dictates 

electrostatic potential, is one of these equations. Poison's electrostatic potential equation is 

represented by Eq. 2.1. 

𝑑2𝑉

𝑑𝑥2 =
𝜌

𝜀
         (2.1) 

where charge density (C/cm3) is represented by ρ and the ε denoted the product of permittivity 

of the semiconductor and vacuum. With the premise that the dopant is completely ionized, Eq. 

2.2 can be used to describe the charge neutrality equation (𝜌). 

𝜌 = 𝑞(𝑝 − 𝑛 + 𝑁𝐷 + 𝑁𝐴)      (2.2) 

where q represents the electronic charge, p and n are the concentrations of holes and electrons, 

respectively.  ND and NA denote the ionized donor and acceptor dopant carrier concentration, 

respectively. Substituting Eq. 2.2 in Eq. 2.1 yields Eq. 2.3. 

𝑑2𝑉

𝑑𝑥2 =
𝑞(𝑝−𝑛+ 𝑁𝐷+ 𝑁𝐴)

𝜀
       (2.3) 

Additionally, the expression for the concentration of carriers (𝑝, 𝑛) must be rearranged to solve 

equation 4.3 for V as a function position value of x. The drift, diffusion, recombination, and 

generation are regulated by hole and electron continuity equations Eq. 2.4 and Eq. 2.5, 

respectively.

𝜕𝑝

𝜕𝑡
=

1

𝑞

𝜕𝐽𝑝

𝜕𝑥
+ (𝐺𝑝 − 𝑅𝑝)       (2.4) 

𝜕𝑛

𝜕𝑡
=

1

𝑞

𝜕𝐽𝑛

𝜕𝑥
+ (𝐺𝑛 − 𝑅𝑛)       (2.5) 

There are non-linear relationships between the output of Eq. 2.1, Eq. 2.4, and Eq. 2.5 and the 

charge carrier concentration (n, p). Therefore, these equations can be solved numerically using 

common methods such as discretization of the device, discretization of the equation, and 

boundary conditions. Solving the drift and diffusion equations assists in understanding the 

carrier characteristics of the solar cell. The Eq. 2.5 and Eq. 2.6 represents the drift-diffusion 

equations for holes and electrons. 
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𝐽𝑝 = 𝑞𝜇𝑝𝑝𝜀 −  𝑞𝐷𝑝𝜕𝑝)       (2.6) 

𝐽𝑛 = 𝑞𝜇𝑛𝑝 𝑛𝜀 + 𝑞𝐷𝑛𝜕𝑛)       (2.7) 

where Jp and Jn denote the current density of electrons and holes, respectively. The mobility 

of the charge carriers is represented by n and p for electrons and holes, respectively. Dp and 

Dn are diffusion coefficients for holes and electrons, respectively (diffusion coefficient 

depends on carrier mobility multiplied by carrier lifetime). The dependence of the mobility of 

carriers on the Dn is given by Eq. 2.8.  

𝐷(𝑛,𝑝) = 𝜇(𝑛,𝑝)
𝐾𝑇

𝑞
       (2.8) 

The values of generation and recombination (G, R), which can also be written as net 

recombination in the device (U), are additional quantities that must be solved to solve Eq. 2.3, 

Eq. 2.4, and Eq. 2.5. Thus, the net recombination is given by Eq. 2.9. 

𝑈 =
𝑝−𝑝0

𝜏𝑝
         (2.9) 

Therefore, several software is developed to solve such fundamental semiconductor equations 

to analyze the performance of the solar cells.[8-12] The following is a list of programs that 

may be downloaded for free and used by researchers. 

i. AMPS-1D (Analysis of Microelectronics and Photonics Structures) 

ii. ASA (Amorphous Semiconductor Analysis) 

iii. AFORS-HET (Automat FOR Simulation of Heterostructures) 

iv. PC1D 

v. 1D-SCAPS (1D- Solar Cell Capacitance Simulator) 

SCAPS is one of the software packages that provides heterojunction simulations. We employed 

the SCAPS program because of its large volume of published literature, user-friendly interface, 

and potential for solar cell evaluation in our work. 

2.2.2 1D-SCAPS front interface (front end) 

The front-end interface of the SCAPS-1D software is displayed in Fig. 2.1. It is 

generally divided into 4 panels, an outline of which is given below. 
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Figure 2.1 Image depicting the front-end interface of the 1D-SCAPS program. 

i. The problem description panel is used to create a desired solar cell framework 

in the SCAPS application, assess the simulated result, store simulated output 

data, and remove SCAPS's simulated history. To define the structure of a solar 

cell, we must click on the establish problem button. 

ii. The I-V characteristics scale calibration and setting, the C-V capacitance-

voltage setting, the C-F capacitance frequency setting, and the QE quantum 

efficiency setting are all located on the action panel, which is used to read scale 

settings. 

iii. The illumination panel controls the spectrum and the path of light coming into 

the solar cell assembly. 

iv. The operational temperature can be defined with the working point panel. 

2.2.3 1D- SCAPS problem defining 

Hitting the "Set problem" button in SCAPS will cause an additional interface to appear 

that will enable to specify or define a solar cell framework. The structure of a solar cell device 
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can be defined in this interface, which we term the "Solar cell definition panel. Due to its 

definition and representation of the structure, this panel is essential to understanding solar cells. 

This panel is separated into three groups as shown in Fig. 2.2. 

i. Comprises five keys that can be utilized to store an existing modeled structure 

to the SCAPS definition library or load a structure file from the library. Clicking 

"OK" brings us back to the main front-end interface where we may continue our 

analysis after loading the file or constructing the new structure. 

ii. This includes the layers that we will define for the construction of our solar cell 

as well as the contacts. It is evident from Fig. 2.2 that SCAPS is limited to 

supporting structures with seven layers for numerical analysis of solar cells.  

iii. The stated solar cell framework with irradiation from the front or back contact 

is visualized in this portion. Certain controls that define illumination from the 

front or rear contact, provided potential, and current reference is located in this 

section. 

 
Figure 2.2 Image depicting the definition panel of the 1D-SCAPS program. 
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2.2.4 Including layers to the solar cell structure 

 

Figure 2.3 Image depicting the layer properties panel in the 1D-SCAPS program. 

As indicated in Fig. 2.2 (section 2), by selecting an add layer in SCAPS to designate 

layers for the development of the solar cell structure. Upon selecting "Add Layer," a new panel 

known as the "Layer properties panel" will emerge. The fundamental physical properties of 

the subsequent layer in this panel can be configured, as illustrated in Fig. 2.3. The following 

task after establishing the problem in the SCAPS framework is to carry out a numerical 

analysis for the defined layout and examine how various physical parameters, such as 

operating temperature, buffer layer thickness, absorber layer doping concentration, and buffer 

layer, affect the performance of solar cells. 

2.2.5 Simulating the baseline for numerical analysis of the solar cells  

The electrical properties (AC and DC) of solar cells (heterojunction) were determined 

utilizing the simulation model that was configured in the SCAPS application. In this 

context, the solution that was produced for the scenario of the simulations includes the results 
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of illumination and darkness current in addition to a few other features. In particular, SCAPS 

was able to accurately analyze the steady-state band diagram, recombination profile, and 

transport carrier in 1D based on the Poison equation, electron equation, and hole current 

equation. The concentration of charge carriers, the thickness of the solar cell, as well as its 

optical and electrical characteristics, all have a significant impact on the output of a 

photovoltaic device. 

2.3 Cambridge Serial Total Energy Package (CASTEP) 

The CASTEP algorithm is utilized for electronic structure simulations that use DFT and 

plane wave basis sets. The electron-ion potentials are defined by ab initio pseudopotentials inside 

norm-conserving or ultrasoft constructions. Energy minimization serves to determine the 

electronic wavefunctions and associated charge density in an independent approach. The CASTEP 

code is suitable for examining the band structures and electronic charge densities as well as the 

effects of stress, forces, and total energy on crystal structures. The algorithm is capable of 

determining phonon frequencies and eigenvectors through Density Functional Perturbation Theory 

(DFPT), which may be applied to determine phase equilibrium, entropy, enthalpy, Gibbs free 

energy, and Debye temperature. 

Similar to previous computational research, the precision of these computations is 

contingent upon the degree of theory employed and other user-specified variables, such as the 

number of K-points, the magnitude of the pseudopotentials, the basis set cutoff point, the 

function employed, etc. There are several instances of computational results that are inaccurate 

both qualitatively and statistically as a result of poor parameter selection, and the impact of the 

theory level utilized is less predictable. On the one hand, in this thesis, we have always selected 

parameters that converge relative energies to at least 1 meV/atom, and the influence of numerical 

accuracy can be validated. 
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Chapter 3 

Optimization of CH3NH3PbI3-

XClX 

based perovskite solar cells 
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3.1 Introduction 

 Perovskite light absorbers have gained a lot of attention in research over the past ten years 

due to their excellent photovoltaic properties, which include low exciton binding energy (~40 

meV), ambipolar long charge diffusion lengths, low bulk defect densities, cheap solution 

processability, and high panchromatic absorption co-efficient (1.5 × 104 cm−1 at 550 nm).[3] 

However, additional charge transport layers and electrodes are needed to build high-efficiency 

perovskite solar cells (PSCs).[4, 5] As a result, numerous research teams have attempted to 

determine whether charge transport layer and perovskite light absorber combinations work 

best..[6] The optical, electrical, and interfacial property of perovskite light absorbers and charge 

transport layers plays a significant role in developing high-efficiency PSCs.[7] Techniques such 

as bilateral interface modification of room temperature synthesized CsPbBr3 to reduce the defect 

at ETL/perovskite interface and induce graded fermi levels to increase built-in potential are 

reported in the literature.[8] Apart from the optoelectronic properties, the choice of precursor, 

thickness of films, synthesis procedure, and environment have been known to influence the overall 

performance of PSCs.[9] Nevertheless, they can be exploited to engineer high-efficiency PSCs at 

a low cost. In brief, mixed halide perovskite has shown higher stability in ambient synthesis.[10] 

As the PSCs result from dye-sensitized solar cells, the researchers prefer inorganic titanium 

dioxide (TiO2) as an electron transport layer (ETL) over other counterparts.[11, 12] Similarly, 

spiro-OMeTAD, the solid-state electrolyte with lithium (Li) doping, is the widely preferred hole 

transport material (HTL).[13] Depending on the cost, stability, application, and processing 

temperature, the choice of transparent conducting substrates and counter electrodes is usually 

made.[14] Compared to other properties, the thickness, defect, and doping density of each layer 

directly influence the light management and charge carrier dynamics in the PSCs.  

Given the above discussion, it becomes necessary to understand the variation in 

performance parameters of PSCs (i.e., open-circuit voltage (VOC), short circuit current density 

(JSC), fill factor (FF), and power conversion efficiency (PCE)) concerning variation in thickness, 

defect and doping density of the thin films. Also, experimentally studying these changes in 

performance is a myriad task. Therefore, researchers usually employ various simulation packages 

to study the parameters that have the slightest and highest control over the overall performance of 

PSCs. In general, any software that could solve basic semiconductor equations can simulate solar 
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cells. Finite difference time domain method (FDTD),[15] SILVACO ATLAS, [16, 17] 

wxAMPS,[18] AFORS-HET[19] are used to simulate the PSCs. Among these software packages, 

1D Solar Cell Capacitance Simulator (SCAPS-1D), developed at Gent University, Belgium, offers 

a heterojunction and multi-junction solar cell devices simulation. [20, 21] 

 

Figure 3.1 (a) Schematic representation and (b) Corresponding energy band diagram of the PSC 

device adopted in this study. 

Therefore, in this chapter, SCAPS-1D is used to perform a preliminary study on 

CH3NH3PbI3-XClX perovskite light absorber with fluorine-doped tin oxide (FTO) as transparent 

conducting oxide, TiO2 as ETL, both expensive organic Spiro-OMeTAD, and cheap inorganic 

copper thiocyanate (CuSCN) as HTLs, and various counter electrodes to experimentally build 

high-performance PSC structure. A high PCE of ~30% is simulated with low-cost materials known 

for their simple and efficient processing. The device structure adopted in this study is as shown in 

Fig. 3.1(a). The exact reasons behind selecting each layer are elaborated in the subsequent sections. 
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Moreover, this simulation methodology can be extended in studying other perovskite light 

absorbers and transport layers. 

3.2 Simulation procedure 

Planar PSCs (n-i-p) with FTO/TiO2/CH3NH3PbI3-XClX/spiro-OMeTAD/counter electrode 

and FTO/TiO2/CH3NH3PbI3-XClX/CuSCN/counter electrode configurations are used. The 

corresponding band diagram is as shown in Fig. 3.1(b), where FTO coated glass substrates is used 

as the transparent conducting substrate, TiO2 is the electron transport or hole blocking layer, 

CH3NH3PbI3-XClX is perovskite light absorber, spiro-OMeTAD, and CuSCN are the hole transport 

or electron blocking layers and Au is considered as the counter electrode. The simulation is carried 

out under a global AM 1.5 spectrum with an incident power of 100mW/cm2. Solar cells parameters 

can be obtained on solving fundamental semiconductor equations (Eq. 1, 2, and 3), which dictate 

the charge transport in the semiconductor are listed below,  

Poisson Equation (Eq. 3.1): 

𝑑𝑦

𝑑𝑥
= −

𝑑2𝛹

𝑑𝑥2 =  
𝑞

𝜀
[𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝐷

+(𝑥) − 𝑁𝐴
− + 𝑝𝑡(𝑥) − 𝑛𝑡(𝑥)]    (3.1) 

where Ψ is the electrostatic potential, q is the electron charge, ε is the dielectric constant of the 

semiconductor material, p (n) is the hole (electron) concentration, NA
- (ND

+) is the density of the 

ionized acceptors (donors), nt (pt) is the trapped electron (hole), and x is the position coordinate. 

Electron (Eq. 3.2) and hole (Eq. 3.3) continuity equations: 

𝑑𝑛𝑝

𝑑𝑡
=  𝐺𝑛 −  

𝑛𝑝−𝑛𝑝0

𝜏𝑛
+  𝑛𝑝𝜇𝑛

𝑑𝐸

𝑑𝑥
+  𝜇𝑛𝐸

𝑑𝑛𝑝

𝑑𝑥
+  𝐷𝑛

𝑑2𝑛𝑝

𝑑𝑥2      (3.2) 

𝑑𝑝𝑛

𝑑𝑡
=  𝐺𝑝 −  

𝑝𝑛−𝑝𝑛0

𝜏𝑝
+  𝑝𝑛𝜇𝑝

𝑑𝐸

𝑑𝑥
+  𝜇𝑝𝐸

𝑑𝑝𝑛

𝑑𝑥
+  𝐷𝑝

𝑑2𝑝𝑛

𝑑𝑥2      (3.3) 

where Gn and Gp are the electron and hole generation rates, np and pn are the electron and hole 

concentrations in p-region and n-region, respectively, np0 and pn0 are the equilibrium electron and 

hole concentrations in p-region and n-region, n and p denotes electron and hole lifetime, μp and 

μn are the hole and electron mobilities, E is the electric field, Dn and Dp are the electron and hole 

diffusion coefficients. The carrier transport occurring by drift and diffusion for electrons (Eq. 3.4) 

and holes (Eq. 3.5) is expressed as: 
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𝐽𝑛(𝑥) = 𝑞𝑛𝜇𝑛𝐸 + 𝑞𝐷𝑛
𝑑𝑛

𝑑𝑥
= 𝑛𝜇𝑛

𝑑𝐸𝐹𝑛

𝑑𝑥
       (3.4) 

𝐽𝑝(𝑥) = 𝑞𝑝𝜇𝑝𝐸 − 𝑞𝐷𝑝
𝑑𝑝

𝑑𝑥
= 𝑝𝜇𝑝

𝑑𝐸𝐹𝑝

𝑑𝑥
       (3.5) 

where EFn and EFp are the quasi-Fermi levels for electrons and holes. The physical parameters used 

in the simulation of PSCs are tabulated in Table 3.1. 

Table 3.1. List of parameters used in the simulation. 

Term FTO TiO2 CH3NH3PbI3-XClX Spiro-OMeTAD CuSCN 

Thickness 

(m) 
0.1 0.03 0.90 0.05 0.05 

Bandgap 

(eV) 
3.5 3.2 1.55 2.88 3.60 

Electron 

affinity 

(eV) 

4.0 4.0 3.90 2.05 1.70 

Relative 

dielectric 

permittivity 

9.0 100 6.50 3.00 10.0 

Conduction 

band 

effective 

density of 

states (cm-3) 

2.21018 1019 2.21017 2.21018 2.21019 

Valence 

band 

effective 

density of 

states (cm-3) 

1.81019 1019 1.81019 1.81019 1.81019 

Electron 

thermal 

velocity 

(cm/s) 

107 107 107 107 107 
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Hole 

velocity 

(cm/s) 

107 107 107 107 107 

Electron 

mobility 

(cm²/Vs) 

20 610-3 2 210-4 100 

Hole 

mobility 

(cm²/Vs) 

10 610-3 2 210-4 0.25 

Shallow 

uniform 

donor 

density, ND 

(cm-3) 

21019 1019 1017 1 - 

Shallow 

uniform 

acceptor 

density, NA 

(cm-3) 

- - - 21019 21019 

Defect 

density, Nt 

(cm-3) 

1015 1015 1013 1015 1015 

Ref. [22] [22] [23] [22] [24] 
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3.3 Results and discussion  

3.3.1 Influence of transparent conducting oxide 

 

Figure 3.2 Thickness and the donor density of FTO layer dependent variation of solar cell 

parameters. (with other parameters as tabulated in Table 3.1) 

The fabrication of PSCs starts with careful optimization of transparent 

conducting electrodes. In this study, FTO was considered due to its high thermal (500℃) 

and chemical stability relative to other counterparts. Further, the thickness of the FTO 

coating over the glass slides determines both the sheet resistance and transparency of 

the films. The sheet resistance is indirectly proportional to thickness. Thus, an increase 

in the thickness of the FTO film decreases its sheet resistance leading to lower series 

resistance in PSC devices resulting in high JSC and PCE. On the contrary, an increase in 

the thickness of the FTO film absorbs incident radiation lowering the radiation reaching 

the perovskite absorber. Thus, donor doping density in FTO films is varied to counter 

this trade-off. Fig. 3.2 shows the variation of solar cell parameters with respect to the 

variation in thickness and donor doping density of the FTO film. In line with the 

commercially available FTO, the thickness of the FTO film was varied from 100 to 600 
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nm. It is to be noted that, as the thickness of the FTO films increased, a ~0.2% drop in 

PCE was observed. This drop can be attributed to a gradual decrease in JSC arising from 

lower irradiation reaching the perovskite absorber. Further, as the FF remains 

reasonably constant, it can be concluded that the sheet resistance of the FTO films has 

no significant variation with respect to the increase in thickness of FTO film from 100 

to 600 nm. Since the variation in thickness of the FTO films does not affect the energy 

levels of the FTO, VOC has remained constant. 

3.3.2 Influence of TiO2 ETL 

It is well known that the PSCs are the resultant evolution of dye-sensitized solar 

cells.[25] Many research groups prefer TiO2 as ETL in PSCs. TiO2 performs the 

following functionalities (i) serves as the template for perovskite over layer, (ii) blocks 

ultra-violet radiation from reaching perovskite absorber, (iii) blocks hole transport, and 

(iv) helps in dissociation of exciton at the TiO2/perovskite interface.[26] Thus it is vital 

to optimize the thickness and donor density of TiO2 for the fabrication of high-

efficiency PSCs. Fig. 3.3 shows the variation of solar cell parameters with respect to the 

variation in thickness and donor doping density of the TiO2 film. In line with the 

literature, the thickness of TiO2 film was varied from 30 to 210 nm. As the thickness of 

the TiO2 films increased, ~0.4% reduction in PCE was observed. This decrease in PCE 

can be attributed to the corresponding decline in JSC. Since the VOC and FF have fairly 

remained constant, it can be concluded that as the thickness of TiO2 film increases, the 

charge diffusion length and mobility of electrons in TiO2 ETL decreases due to 

increased charge trap defects in thicker TiO2 films, resulting in lower JSC. However, 

experimentally synthesizing pinhole-free TiO2 thin films (<45 nm), which have low 

charge trap states, requires high-cost thin-film techniques. Furthermore, as the thickness 

of the TiO2 ETL increases, the irradiation reaching the CH3NH3PbI3-XClX perovskite 

light absorber in the n-i-p device structure decreases. Lower irradiation on the 

CH3NH3PbI3-XClX perovskite light absorber lowers the photogeneration in the light 

absorber leading to lower JSC in PSCs. Thus, various research groups have used doping 

as a strategy to increase the charge mobility and diffusion length of electrons in TiO2 

films. As the donor density of TiO2 films increases to sufficiently higher levels (i.e., 
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1017 cm-3), a ~0.15% increase in PCE is observed. This increase in PCE results from 

higher JSC obtained at the same donor density (i.e., 1017 cm-3). Moreover, negligible 

variation in VOC and FF is observed with varying donor densities. 

 

Figure 3.3 Thickness and the donor density of the TiO2 layer. (with other parameters 

as tabulated in Table 3.1) 

3.3.3 Influence of CH3NH3PbI3-XClX perovskite light absorber 

The use of CH3NH3PbI3-XClX perovskite light absorbers can improve the 

performance of PSCs as they can provide uniform coverage with negligible 

hysteresis.[27] The presence of chlorine ions in the perovskite absorber layer, precisely 

at the TiO2/perovskite interface, reduces the hysteresis effect.[28] Furthermore, 

CH3NH3PbI3-XClX has the advantage of high-quality film deposition in ambient 

conditions with excellent photovoltaic properties.[29] Additionally, the charge 

diffusion length in CH3NH3PbI3-XClX can exceed 1 μm.[30] 

Furthermore, the thickness of CH3NH3PbI3-XClX perovskite light absorber films 

has been known to influence the overall performance of the PSCs. Though perovskite 
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absorbers have a high absorption coefficient, yet the minimum thickness of the film is 

necessary for complete panchromatic absorption. However, increasing the thickness 

beyond charge diffusion lengths can lead to charge recombination and decline 

performance.[3] Thus in this study, the thickness of perovskite was varied from 100 to 

900 nm. 

 

Figure 3.4 Thickness and the defect density of CH3NH3PbI3-XClX perovskite light 

absorber layer dependent variation of solar cell parameters. (with other parameters as 

tabulated in Table 3.1) 

Fig. 3.4 shows the variation of solar cell parameters with respect to the variation 

in thickness and defect density of the CH3NH3PbI3-XClX perovskite light absorber. An 

astonishing 150% increase in PCE is observed as the perovskite absorber layer thickness 

increases from 100 to 900 nm. The main contributor to such a high increase in PCE can 

be correlated to the corresponding rise in JSC. Moreover, as the thickness of the 

perovskite absorber increases, minimal changes in the VOC and FF are observed. Apart 

from the thickness of the perovskite absorber, the defect density in the perovskite 
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absorber layer plays a significant role in deciding the performance of PSCs. However, 

perovskite light absorbers are known to have low defect densities [25] in an attempt to 

further decrease the defect densities, numerous thin film synthesis techniques,[31] 

solvent engineering,[32] ionic salt additives,[33] controlled synthesis,[34], etc., are 

used. Therefore, depending on the synthesis technique adopted, defect densities in the 

perovskite vary and play a prominent role in PCEs. In this study, the defect density 

directly impacts all the solar cell parameters, i.e., VOC, JSC, FF, and PCE. As the defect 

density of the CH3NH3PbI3-XClX perovskite light absorber increases from 1013 to 1015 

cm-3, PCE dropped from ~26% to less than 14%. This drop is contributed by drop FF, 

JSC, and VOC. Lowering of JSC can be caused by defect-assisted charge recombination, 

which reduces the FF due to increased series resistance of the cells.  

3.3.4 Influence of Spiro-OMeTAD HTL 

Spiro-OMeTAD became a prominent HTL or the perovskite regeneration solid-

state electrolyte as the PSCs evolved [35] to date, most of the high-efficiency PSCs 

report using Spiro-OMeTAD with Li salts doping to enhance the conductivity. The 

majority of the reports use the spin coating technique to coat Spiro-OMeTAD during 

the fabrication of the PSCs.[36] Therefore given the thickness obtained from the spin 

coating of Spiro-OMeTAD, the thickness of Spiro-OMeTAD was varied from 50 to 200 

nm. Fig. 3.5 shows the variation of solar cell parameters with respect to the variation in 

thickness and acceptor density of the Spiro-OMeTAD. Negligible variation in PCE is 

observed with varying the thickness of the Spiro-OMeTAD layer. It is evident in n-i-p 

planar structures that Spiro-OMeTAD never interferes in the optics of the PSCs. 

However, the effect of the thickness of Spiro-OMeTAD may influence the PCE when 

the p-i-n inverted PSC device structure is adopted. The acceptor density of Spiro-

OMeTAD is extensively tailored experimentally by doping [37] 



 

45 
 

 

Figure 3.5 Thickness and acceptor density of Spiro-OMeTAD layer dependent 

variation of solar cell parameters. (with other parameters as tabulated in Table 3.1) 

Thus, in this study, acceptor density is varied from 21013 to 21019 cm-3. As 

acceptor density increases, the corresponding increase in PCE is observed.  At acceptor 

density levels of 21019 cm-3, the PCE exceeds 26%. The principal contributor to this 

increase is the FF and VOC. So, it is apparent that the acceptor density in Spiro-

OMeTAD altered the series resistance of the PSC. The variation in VOC is expected as 

the doping in Spiro-OMeTAD varies the HOMO and LUMO levels altering the band 

offset. 
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3.3.5 Influence of CuSCN HTL 

 

Figure 3.6 Thickness and acceptor density of CuSCN layer dependent variation of solar 

cell parameters. (with other parameters as tabulated in Table 3.1) 

Spiro-OMeTAD thin film synthesis requires inert atmosphere processing and 

deteriorates with time, leading to short-time stability of PSCs. Therefore, in an attempt 

to find other cheap ambient-friendly alternatives, CuSCN is also considered in this 

study.[38] Unlike Spiro-OMeTAD, CuSCN processing is not limited to spin 

coating.[39] Fig. 3.6 shows the variation of solar cell parameters with respect to the 

variation in thickness and acceptor density of the CuSCN film. Excellent PCE of over 

30% can be achieved with CuSCN as HTL from the PSC configuration adopted in this 

study. Furthermore, PCE and other solar cell parameters remained constant with varying 

thickness of the CuSCN layer. Similar to Spiro-OMeTAD, the acceptor density of 

CuSCN is varied; however, variation of acceptor density of CuSCN had a negligible 

effect on the solar cell parameters, and efficiency close to 31% is observed. A sharp 

increase in JSC observed at the acceptor density of 2×1016 cm-3 results from the increase 
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in electrical conductivity of the CuSCN film. Therefore, a corresponding rise in FF up 

to an acceptor density of 2×1016 cm-3 is observed. Further, when the acceptor density 

increases beyond 2×1016 cm-3, the FF declines to lower values may be due to increased 

leakage current at the perovskite/CuSCN interface caused by increased acceptor doping 

density in CuSCN films. Thus, the PCE of the PSC encountered a similar rise at an 

acceptor density of 2×1016 cm-3
. 

3.3.6 Influence of operating temperature and material of the counter electrode 

 

Figure 3.7 (a) Operating temperature-dependent variation of solar cell parameters. 

(with other parameters as tabulated in Table 3.1) (b) Variation in PCE depending on the 

counter electrode material. 

For the real-time application of PSCs, operating temperature plays a prominent 

role in influencing the overall performance. Moreover, the perovskite light absorbers 

are known to degrade with temperature and moisture. [40, 41] Therefore, in this study, 

the operating temperature was varied from 300 to 400 K. Fig. 3.7(a) shows the operating 

temperature-dependent variation of solar cell parameters. When the temperature is 

raised from 300 to 400 K, ~3.5% drop in PCE is observed. This loss in PCE with 

temperature is associated with a corresponding decline in FF and VOC. The negligible 
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variation in JSC shows the thermal stability of the CH3NH3PbI3-XClX perovskite light 

absorber.[42] The decrease in VOC with increasing temperature results from higher 

recombination probabilities. Furthermore, at elevated temperatures, interfacial charge 

recombination is the dominant factor that reduces the FF of the PSCs.[43]  

The counter electrode material used alters the PCE of PSCs, as shown in Fig. 

3.7(b). Though high efficiencies are obtained with most metals, certain metals diffuse 

into the perovskite absorber layer and form a metal halide complex, decreasing the 

efficiency and durability of the PSCs.[44] Further, around 20% of the manufacturing 

cost is consumed by Au when used as the counter electrode. Conversely, carbon 

electrodes are cheap alternatives to replace Au and Ag in PSCs.[14] Apart from the 

suitable work function needed for the proper functioning of the device, the conductivity 

of the counter electrodes also needs to be considered. Fig. 3.8 shows the JV 

characteristics and quantum efficiency curve for the best-performing 

FTO/TiO2/CH3NH3PbI3-XClX/CuSCN/Au device structure with PCE exceeding 30%. 

 

Figure 3.8 (a) Shows the JV curve and (b) Quantum efficiency for the best performing 

FTO/TiO2/CH3NH3PbI3-XClX/CuSCN/Au device structure. 
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3.4 Conclusion 

In conclusion, we used SCAPS 1D software to simulate the CH3NH3PbI3-XClX perovskite 

light absorber. Planar PSCs (n-i-p) with FTO/TiO2/CH3NH3PbI3-XClX/spiro-OMeTAD/counter 

electrode and FTO/TiO2/CH3NH3PbI3-XClX/CuSCN/counter electrode configurations are used. A 

systematic study on the influence of each layer on the performance of PSCs is evaluated. The 

thickness and defect density of the CH3NH3PbI3-XClX perovskite absorber layer has the highest 

impact on the PCE and other solar cell parameters. Both expensive organic Spiro-OMeTAD’s and 

cheap inorganic CuSCN thickness and acceptor density had negligible impact on the performance 

of PSCs. Further, the thickness and the donor density of FTO and TiO2 had minimal impact on the 

PCE of the PSCs. Nonetheless, PSCs with CuSCN showed high efficiency (~31%) compared to 

devices with Spiro-OMeTAD (~26%) due to high intrinsic hole mobility of CuSCN (i.e., 2.5×10-

1 cm2/Vs) as compared to Spiro-OmeTAD (i.e., 2.0×10-4 cm2/Vs). However, experimentally 

CuSCN films are synthesized with the assistance of polar solvents, which are corrosive to 

perovskite light absorbers and may dissolve the perovskite films during deposition. Thus, 

practically the PCE of PSCs with CuSCN is around 20% as compared to the PSCs with Spiro-

OmeTAD (~25%). On the contrary, experimentally using intermediate processing conditions to 

negate the effect of polar solvents on perovskite absorbers or by using suitable solvents to 

synthesize pristine CuSCN films or tailoring the device architecture to minimize the grazing of 

polar solvents over perovskite films may lead to better performing PSCs. The present preliminary 

studies on CH3NH3PbI3-XClX perovskite absorber-based solar cells can be used to develop PSCs 

exceeding 30% PCE experimentally. Also, the technique and conclusion presented can be 

extended to other perovskite light absorbers and other optoelectronic devices. 
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Towards lead-free all-

inorganic perovskite solar cell 
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4.1 Introduction 

Organic-inorganic halide perovskite light harvesters (PLHs) have shown exceptional 

progress in the recent decade. These halide perovskites with the chemical formula AMX3, where 

A is the organic monovalent cation, B is the divalent metal cation, and X represents halogen, 

showcase remarkable intrinsic properties, namely, long charge diffusion length, low exciton 

binding energy (∼40 meV),[1] high visible light panchromatic absorption co-efficient 

(1.5 × 104 cm−1 at 550 nm),[2] etc. Additionally, these inherent properties can be tuned by 

substituting the ions in the AMX3 structure,[3] rendering them in various optoelectronic 

applications, namely, solar cells,[4, 5] LEDs,[4] neuromorphic computing,[6] photodetectors,[7] 

and nuclear radiation measurements.[8] Accounting from all the above-mentioned superiority, 

recently, a power conversion efficiency (PCE) of ~25% is achieved with halide PLHs.[9] Though 

such high PCEs are achieved with PLHs, yet they suffer from toxicity and long-term stability.[10] 

Most high-performing PLHs comprise carcinogenic lead (Pb), which facilitates the intense direct 

visible light absorption originating from the filled 6s at the valence band maximum and empty 6p 

orbital at the conduction band minimum of the divalent Pb cation.[11] Therefore, Pb has been 

replaced with divalent tin (Sn2+) or germanium (Ge2+) cations to mitigate the toxicity. Apart from 

replacing Pb2+ with Sn2+ or Ge2+ cations, various other techniques are reported to alleviate toxicity, 

such as lowering the dimensionality of the PLH to 2D or 0D and forming double perovskite 

structures. [12, 13] However, lower dimension perovskites and double perovskites have 

compromised PCEs compared to 3D halide perovskites with Pb. Furthermore, the 3D PLHs 

comprising organic cations degrade when exposed to moisture, ultraviolet (UV) light, and elevated 

temperature, thereby hindering them from real-time application.[14] Conversely, using 

hydrophobic transport layers will enhance the long-term stability of the PSCs, thus, Hossain, M. 

I., et al. developed hydrophobic thin-films of SnOX (n-type), TiO2 (n-type), MoOX (p-type), and 

NiOX (p-type) transport layers with reactive sputtering in an oxygen environment.[5]  

With the preceding discussion, experimentally, α-formamidinium lead iodide (α-FAPbI3) 

light harvester has shown the highest certified PCE of 25.2%,[9] but the inclusion of Pb can impede 

its utility. Thus, when Pb2+ is replaced with Sn2+ to form formamidinium tin iodide (FASnI3), the 

PCE drops to ~14%.[15] However, the inclusion of FA crunches the long-term stability of the 

perovskite solar cells (PSCs). Therefore, after several studies, all inorganic light absorbers, namely 
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cesium tin iodide (CsSnI3), have been demonstrated as the most suitable lead-free inorganic PLH 

due to the superior intrinsic properties of CsSnI3 such as narrow bandgap (1.3 eV) and higher 

carrier mobility. Experimentally, the PCE of PSCs with CsSnI3 PLHs further drops down to 

~10%.[16] On the other hand, apart from the PLH, the transport layers (both electron and hole) 

play a significant role in delivering high PCEs in PSCs. However, the well-matched band 

alignment and carrier mobility are essential at the transport layer perovskite interface for the 

smooth transfer of photogenerated charges.[17] 

 

Figure 4.1 Schematics depicting the PSC device architecture modeled in this study. 

Therefore, it is necessary to assess the potential of CsSnI3-based PSCs compared to FAPbI3 

and FASnI3-based PSCs. Experimentally evaluating and comparing the potential of FAPbI3, 

FASnI3, and CsSnI3 is a myriad task. Nevertheless, researchers employ various software packages, 

namely finite difference time domain method, AFORS-HET, SILVACO ATLAS, wxAMPS, and 

SCAPS-1D. [18] However, SCAPS-1D simulates multi-junction and heterojunction solar cells by 

solving fundamental semiconductor equations.[19] Using SCAPS-1D, Abdelfatah, M., et al. 

optimized the thickness, bandgap and carrier concentration of subsequent layers in the Cu2O 
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homojunction solar cells. With optimized physical parameters a numerical efficiency of ~8% was 

achieved for all oxide solar cells.[20] Similarly, Moustafa, M., et al. provided guidelines to 

improve the efficiency of CZTS solar cells from 12.14% to 16.71% by inserting a p-type MoS2 

layer between CZTS light harvester and Mo rear contact using SCAPS-1D software package.[21] 

Thus, in this chapter, the SCAPS-1D software package is used to ascertain the potential of 

FAPbI3, FASnI3, and CsSnI3 light absorbers. Each of the PLHs is preliminarily scrutinized with 

various ETLs, namely titanium dioxide (TiO2), tin oxide (SnO2), barium stannate (BaSnO3/BSO), 

and lanthanum doped BSO (La-BSO) with copper thiocyanate (CuSCN) as the standard hole 

transport layer to fabricate high-performance PCE experimentally. Further, physical parameters, 

namely thickness, doping, and defect densities, are varied for the constituent layers in PSCs to 

yield high performance. The type of counter electrode and operating temperature-related changes 

in the performance of PSCs are analyzed for their real-time application. The PSC device structure 

modeled in this study is shown in Fig. 4.1.  

4.2 Simulation procedure 

Planar PSCs (n-i-p) device structure comprising ITO/various ETLs (TiO2, SnO2, BSO, and 

La-BSO)/ PLH (FAPbI3, FASnI3, and CsSnI3)/hole transport layer (CuSCN)/counter electrode is 

analyzed. For all simulations, apart from variation in the work function of the counter electrode, 

gold (Au) is chosen as the counter electrode. The simulation with illumination is carried out under 

a global AM 1.5 spectrum with an irradiation intensity of 1000 W cm-2. Using the fundamental 

equations that govern semiconductor transport the SCAPS-1D extracts the device performance. 

4.3 Results and discussion 

4.3.1 Absorption coefficient 

Optical management of the incoming irradiation ensures maximum 

photogeneration in PLHs. It is essential for all incoming visible radiation to strike the 

PLH. Fig. 4.2 shows the simulated absorption coefficient of the constituent layers. The 

PLHs show an absorption onset at ~821nm, ~879nm, and ~960 nm for FAPbI3, FASnI3, 

and CsSnI3, respectively. Further, all the perovskite harvesters absorb in the entire 

visible range with an absorption coefficient of ~105 at 550 nm. However, all the ETLs 

except SnO2 absorb high-energy photons in the UV range, whereas the absorption onset 
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of SnO2 is at ~480nm. Conversely, the PLHs degrade under UV illumination. Thus, 

these results indicate, apart from providing energy levels for smooth electron transport, 

the ETLs also shield the PLHs from the incoming UV irradiation. 

 

Figure 4.2 Absorption co-efficient of various ETLs (TiO2, SnO2, BSO, and La-BSO) 

and PLHs (FAPbI3, FASnI3, and CsSnI3). 

4.3.2 The effect of thickness of various ETLs 

Optimizing the thickness of subsequent layers in the PSCs is a prerequisite to 

achieve maximum performance. For all the PLHs, the thickness of the ETLs is varied 

from 30 to 200 nm, given the experimentally reported thin-film techniques, as shown in 

Fig. 4.3. For all the PLH (FAPbI3 (Fig. 4.3(a)), FASnI3 (Fig. 4.3(b)), and CsSnI3 (Fig. 

4.3(c)) with various ETLs, the PCE almost remained constant with an increase in 

thickness of the ETL. Since the open-circuit voltage (VOC), short circuit current density 

(JSC), and fill factor (FF) show minimal variation, it can be concluded that there are no 

changes in the band offset, intrinsic resistance, and defect density in ETLs with an 

increase in thickness. However, the PCE varied independently depending on the 

intrinsic properties of the specific PLH with ETLs. The highest PCE of ~25% in PSCs 

with FAPbI3 light harvester is obtained with SnO2, TiO2, and BSO ETLs, whereas the 

PCE drops to ~23% with La-BSO. For the FASnI3 light harvester, the highest PCE of 

~27% are found with all ETLs. However, the highest PCE of ~22% (±5%) is attained 
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with all ETLs for the CsSnI3 light absorber. Thus, it can be concluded that all the ETLs 

considered in this modeling can be physically employed with a stable lead-free CsSnI3 

light harvester. However, other experimental factors such as processing temperature, 

cost, and toxicity of the precursors used to fabricate ETLs require equal attention before 

fabrication. 

 

Figure 4.3 The effect of thickness of various ETLs on the performance of PSCs with 

(a) FAPbI3, (b) FASnI3, and (c) CsSnI3 perovskite light absorbers. 

4.3.3 The effect of donor doping density in various ETLs 

Following the optimization of ETLs thickness (30 nm), the performance of the 

PSCs can further be tailored by varying the donor doping density. Experimentally, 

researchers use various dopants to increase the donor charge density of the ETLs. In 

this study, the donor doping density in the ETLs is varied from 1018 to 1020 cm-3, as 

shown in Fig. 4.4. For PSCs with FAPbI3 light harvester (Fig. 4.4(a)), the PCE remained 

constant for TiO2 and SnO2 ETLs with increasing their donor doping density. However, 

for the ternary metal oxide ETLs, the PCE increased with increasing the donor doping 

density. This increase in PCE is ascribed to the change in band offsets at the 

ETL/FAPbI3 interface. Nevertheless, for the FASnI3 light harvester (Fig. 4.4 (b)), the 

PCE remained constant for all ETLs except for BSO, which shows a slight rise at a 
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donor doping density of 1019 cm-3 arising from decreased series resistance. However, 

for the CsSnI3 light harvester, all the ETLs showed a minimal increase (+5 %) in PCE 

with an increase in donor doping concentration; such small surge is due to the slight 

reduction in series resistance of the PSCs, as shown in Fig. 4.4(c). Therefore, for the 

stable and lead-free CsSnI3, doping the ETLs has minimal effect on the performance of 

PSCs. Furthermore, excessive doping will increase non-radiative recombination and 

provide donor defects which will increase the series resistance in the PSCs leading to 

lower PCEs. 

 

Figure 4.4 The effect of donor doping density in various ETLs on the performance of 

PSCs with (a) FAPbI3, (b) FASnI3, and (c) CsSnI3 perovskite light absorbers. 

4.3.4 The effect of the thickness of various light harvesters 

After scrutinizing the ETLs, the high-performing ETLs are considered for 

optimizing the thickness of perovskite harvester, i.e., SnO2 as ETL with FAPbI3 and 

FASnI3 light harvesters, and La-BSO with CsSnI3 PLH. The thickness of the PLHs is 

varied from 400 to 800 nm (Fig. 4.5). Decreasing thickness below this range can 

produce films with pinholes, and increasing thickness beyond can cause charge 

recombination, which deteriorates the performance of the PSCs. For all PLHs with 

corresponding high-performance ETLs (i.e., FAPbI3 with SnO2 (Fig. 4.5(a)), FASnI3 
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with SnO2 (Fig. 4.5(b)), and CsSnI3 with La-BSO (Fig. 4.5(c))), the PCE of the PSCs 

enhanced with increase in thickness of the PLH due to corresponding increase in JSC 

originating from higher photogeneration in the thick absorber films. The VOC and FF 

have fairly remained constant owing to no changes in band offsets at the ETL/perovskite 

interface and intrinsic resistance, respectively. At a thickness of 800 nm, a PCE of 25.5 

%, 27.47 %, and 23.09 % is obtained for FAPbI3, FASnI3, and CsSnI3 PLHs, 

respectively. The specified thickness range of the PLHs can be obtained with various 

thin-film techniques ranging from solution processing to vacuum deposition. 

 

Figure 4.5 The effect of (a) FAPbI3, (b) FASnI3, and (c) CsSnI3 perovskite harvester 

thickness on the performance of PSCs. 

4.3.5 The effect of defect density in various light harvesters 

Depending on the synthesis technique, the defect density in the PLH can be tuned 

for high performance. Thus, the defect density in the PLH is varied from 1011 to 1016 

cm-3, as shown in Fig. 4.6. For all the PLHs, the PCE declines as the bulk defect density 

increases beyond 1014 cm-3. The decline in PCE is due to the corresponding decrease in 

VOC, JSC, and FF originating from increased trap states favoring the recombination of 

the photogenerated carriers. Thus, the suitable thin-film synthesis technique which 

offers low bulk defect density in the perovskite light absorber film is of utmost necessity 
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to fabricate high-performance PSCs. Further, the stable and lead-free CsSnI3 light 

harvester can yield PCE > 23%. 

 

Figure 4.6 The effect of defect density in (a) FAPbI3, (b) FASnI3, and (c) CsSnI3 PLHs 

on the performance of PSCs. 

4.3.6 The effect of various counter electrodes and operating temperature 

 

Figure 4.7 Variation in PCE depending on the counter electrode material with high-

performance ETLs. 

https://www.sciencedirect.com/topics/physics-and-astronomy/electrodes
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The counter electrode work function alters the performance of PSCs. Around 19 % of 

the cost to fabricate PSCs arises from gold as the counter electrode.[22] Thus, it is 

necessary to find alternate counter electrodes and assess the performance of PSCs. 

Almost similar PCEs are obtained for Fe, C, Au, and Ni counter electrodes, as shown 

in Fig. 4.7. However, the PCE varies depending on the perovskite light absorber for a 

counter electrode. Apart from the cost, the conductivity, chemical, and physical 

inertness need to be considered for developing stable PSCs with low cost. 

 

Figure 4.8 The effect of operating temperature on PSCs with (a) FAPbI3, (b) FASnI3, 

and (c) CsSnI3 PLHs on the performance of PSCs. 

Since the PLHs are prone to degrade with moisture and at elevated temperatures, 

the operating temperature influences the overall performance of the PSCs, which is a 

critical factor during real-time application. Therefore, the performance of the PSCs is 

analyzed by varying the operating temperature from 300 to 400 K, as shown in Fig. 4.8. 

For the FASnI3 perovskite absorber, the PCE slightly increases with an increase in 

temperature up to 350 K due to associated thermal generation in the perovskite film 

(Fig. 4.8(a)). Though a decline in VOC and FF is observed due to increased saturation 

current, the JSC has increased with increased temperature. On the other hand, for both 

FASnI3 (Fig. 4.8(b)) and CsSnI3 (Fig. 4.8(c)) light harvesters, the PCE reduces with an 
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increase in the operating temperature resulting from a corresponding decline in VOC and 

FF arising due to increased reverse saturation current which lowers the FF of PSCs. 

However, it is to be noted that even at an elevated operating temperature of 350 K, the 

PCE of PSCs with FAPbI3, FASnI3, and CsSnI3 remains above 25%, 26%, and 22%, 

respectively. 

4.3.7 J-V and IPCE curves of the optimized device 

 

Figure 4.9 (a) J-V curves and (b) IPCE curves of the PSCs with 

ITO/SnO2FAPbI3/CuSCN/Au (yellow color), ITO/SnO2/FASnI3/CuSCN/Au (wine 

color) and ITO/La-BSO/CsSnI3/CuSCN/Au (red color). 

The J-V curves of the PSCs with standard physical parameters are shown in Fig. 

4.9(a). The PSCs with FAPbI3 show the highest efficiency of 25.5%, comparable to the 

experimental report. The values of VOC, JSC, and FF are 1.255 V, 22.62 mA cm-2, and 

89.53 %, respectively. Conversely, the PSCs with FASnI3 light harvester yield a PCE 

of 27.47 % with VOC = 1.07 V, JSC = 30.22 mA cm-2, and FF = 84.22 %. However, the 

stable lead-free all-inorganic CsSnI3 absorber exhibits PCE of 23.09 % with VOC = 0.95 

V, JSC = 27.82 mA cm-2 and FF = 86.91%. Nevertheless, such high values of PCE with 

FASnI3 and CsSnI3 light harvesters are yet to be achieved practically due to low 
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solubility to the constituent precursors. The IPCE curves of the PSCs with standard 

physical parameters are shown in Fig. 4.9(b). The IPCE onset corresponds to the 

bandgap of the PLH. Comparatively, PSCs with FASnI3 showed higher IPCE, followed 

by PSCs with CsSnI3 and FAPbI3. 

4.4 Conclusion 

In conclusion, the study represents the optimization of a stable lead-free all-inorganic 3D 

bulk CsSnI3 perovskite absorber. We used SCAPS- 1D software to simulate four different 

perovskites ETLs, namely TiO2, SnO2, BSO, and La-BSO, with three distinct PLHs FAPbI3, 

FASnI3, and CsSnI3. A systematic study on the influence of each layer on the performance of PSCs 

is evaluated. The thickness, defect, and doping densities of the subsequent layers are varied to 

show variation in the performance of PSCs. The FAPbI3 and FASnI3 PLHs are highly compatible 

with SnO2 ETL and deliver optimized PCE greater than 25% and 27 %, respectively, whereas the 

CsSnI3 light harvester shows the highest PCE (~23%) with La-BSO ETL. Though experimentally, 

the PCE of PSCs with FAPbI3 has crossed 25%, it is imperative to develop techniques to enhance 

the performance of the CsSnI3 light harvester, which is hindered by its low solubility in standard 

precursor solvents. Thus, strategies such as vapor-assisted synthesis and mixed solvents can be 

used to uniform CsSnI3 films with low bulk defect density. 
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Chapter 5 

Lead-free non-toxic Cs2BiAgI6 

double perovskite solar cell 
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5.1 Introduction 

Accounting from high absorption co-efficient (~105 cm-1),[1] long charge diffusion length 

(~1 m),[2] ease of processing, low recombination rates, etc.,[3,4] the power conversion efficiency 

(PCE) of single junction thin film solar cells comprising perovskite light absorbers has witnessed 

a quantum jump from 3.8 % to 25.6 %, approaching the matured crystalline silicon solar cell at 

26.7 %.[5] Owing to the tunability of their crystal structure and optoelectronic properties, the 

perovskite light harvesters can be tailored into 2D perovskites, layered double perovskites, double 

perovskites, etc.[6,7] Despite these advances, the high-efficiency perovskite solar cells contain 

carcinogenic Pb2+, and the crystal structure disintegrates when exposed to moisture, hindering their 

real-time implementation.[8,9] Various encapsulation techniques are experimented to address the 

poor stability of the perovskite absorbers.[10] However, the intense direct visible light absorption 

in perovskites originates from filled 6s orbitals at the valence-band maximum and empty 6p 

orbitals at the conduction-band minimum of the Pb cation.[11,12] Therefore, replacing the Pb atom 

in the crystal structure is crucial for achieving high efficiency. Thus, initially, Pb2+ was substituted 

with Ge2+ or Sn2+ cations, but the higher energy of 4s and 5s orbitals of Ge2+ and Sn2+ cations, 

respectively, produce oxidation centers in the crystal structure resulting in poor stability.[13] 

However, lately, several non-toxic lead-free lower dimension perovskites (0D and 2D) attained by 

hetero-valent substitution of Pb2+ with Bi3+ or Sb3+, and 3D double perovskites are studied for their 

suitability as a light harvester.[14,15] Nevertheless, a stable and non-toxic perovskite light 

harvester with optoelectronic properties akin to lead-containing 3D perovskites is yet to be 

unraveled. Among all the Pb-free alternatives, perovskites obtained by transmutation of M2+ cation 

with a combination of monovalent and trivalent cations result in 3D double perovskite with 

chemical formula A2M′M″X6 where A, M′, M″, and X are monovalent cation, monovalent metal 

ion, trivalent metal ion, and halogen, respectively. Thus, the unit cell is doubled, and a pair of M2+ 

cations are replaced with M+ and M3+ cations and forms the 3D double perovskite structure, which 

crystallizes in the cubic crystal system with 𝐹𝑚3̅𝑚  space group.[16] Though the 3D double 

perovskites possess relatively high indirect bandgap, yet several approaches, namely, doping 

at M″ site doping,[17] dilute alloying,[18] and pressure-assisted bandgap tuning[19] can be 

applied to reduce the bandgap towards panchromatic absorption. Further, depending on the M′ and 

M″ combinations, the lead-free halide double perovskite can be classified as (i) nitrogen/alkali 
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metals (M′ = Sb3+, Bi3+ and M″ = N+, K+), (ii) nitrogen family/transitional metals (M′ = Sb3+ and 

Bi3+ and M″ = Tl+, In+), (iii) post-transitional/noble metals (M′ = In3+, Ga3+ and M″ = Cu+, Ag+), 

and (iv) nitrogen family/noble metals (M′ = Sb3+, Bi3+ and M″ = Cu+, Ag+). Unlike the AMX3 

structure, in double perovskites, there is a need to consider a specific octahedral factor for each 

type of octahedron. However, for the tolerance factor, the average ionic radii of the M′ and M″ 

sites can be used. The theoretical conditions for a stable structure are μ > 0.41 and 0.75 < t < 1. 

The theoretical conditions for a stable structure are μ > 0.41 and 0.75 < t < 1.[20] 

Consequently, the Pb atom can be replaced with Bi and Ag hetero-valent substitution to 

form Cs2BiAgI6 double perovskite crystal structures. Moreover, Cs2BiAgCl6 and Cs2BiAgBr6 

double perovskites are experimentally synthesized via solid-state reactions and solution 

processing. Such double perovskites crystallize into elpasolite structure (symmetric face-centered 

cubic double perovskite) with corner-sharing octahedra, with Cs in the middle of the cubic-

octahedral cavity. The centers of the octahedra are either occupied by Bi or Ag, alternating in a 

rock-salt configuration rendering isotropic carrier transport properties.[21] Additionally, the 

Cs2BiAgI6 double perovskite having a relatively low bandgap, is inorganic, environmentally 

benign, and can provide long-term stability. On the other hand, apart from the perovskite light 

absorber, two carrier-selective transport layers are required to achieve effective carrier extraction 

at both external terminals. The optoelectronic properties of electron and hole transport layers play 

a crucial role in attaining high performance. Among the compatible electron transport layers 

(ETLs), aluminum-doped zinc oxide (AZnO) is a promising n-type wide bandgap semiconductor 

(3.33 eV) with high transparency and excellent optoelectronic properties.[22,23] Several industrial 

processes, namely, spray coating, dip coating, screen printing, bar coating, etc.,[24,25] are 

developed to coat large-area conformal thin films. Further, owing to better band alignment and 

processibility, molybdenum oxide (MoO3),[26] copper thiocyanate (CuSCN), and spiro-OMeTAD 

have been extensively investigated for extracting holes towards the external terminal.[26] 

Additionally, producing high PCE solar cells requires precise tuning of thickness, doping, and bulk 

defect densities of the subsequent layers.[27,28] However, experimentally tailoring these 

properties and achieving high performance is a myriad task. Therefore, researchers use various 

software packages, namely, SILVACO ATLAS, wxAMPS, finite difference time domain 

method, etc. All these software programs generally solve basic semiconductor second-

order differential equations by applying boundary conditions at the interfaces.[29] Among all the 

https://www.sciencedirect.com/topics/physics-and-astronomy/finite-difference-time-domain-method
https://www.sciencedirect.com/topics/physics-and-astronomy/finite-difference-time-domain-method
https://www.sciencedirect.com/topics/physics-and-astronomy/operators-mathematics
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software packages, the 1D Solar Cell Capacitance Simulator (SCAPS-1D) offers multijunction 

and heterojunction simulations.[30,31] 

 

Figure 5.1 Schematic depicting the device structure of Cs2BiAgI6 double perovskite solar cells 

considered in the present study. 

This chapter employs the SCAPS-1D software package to model and scrutinize perovskite 

solar cells with a double perovskite light harvester and three distinct hole-transporting layers 

(HTLs). The modeled device structure, FTO/AZnO (ETL)/Cs2BiAgI6/HTLs (MoO3 or CuSCN or 

spiro-OMeTAD)/rear metal contact, is as shown in Fig. 5.1. The Cs2BiAgI6-based double 

perovskite solar cells are optimized in terms of thickness, bulk, and doping densities, with three 

distinct HTLs (i.e., MoO3, CuSCN, and spiro-OMeTAD) and AZnO as ETL. Various possible rear 

electrodes are selected, and the effect on the performance of the Cs2BiAgI6-based double 

perovskite solar cells is analyzed. Further, to assess the real-time application of Cs2BiAgI6-based 

double perovskite solar cells, the performance is also evaluated concerning the change in operating 

https://www.sciencedirect.com/topics/physics-and-astronomy/heterojunctions
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temperature. The present technique used for optimization can provide guidelines for experimental 

implementation and can be extended to other optoelectronic devices. 

5.2 Device modeling and simulation procedure 

The planar double perovskite solar cell in n-i-p configuration is modeled as FTO/AZnO 

(ETL)/Cs2BiAgI6/HTLs (MoO3 or CuSCN or spiro-OMeTAD)/rear metal contact (Fig. 5.1). 

Owing to thermal stability and chemical inertness, fluorine-doped tin oxide (FTO) layered glass 

substrates are employed as transparent conducting substrates. Gold (Au) is chosen as the counter 

electrode for all simulations except for the simulations in which the work function of the counter 

electrode is varied. Global AM 1.5 spectrum with an irradiation intensity of 1000 Wm-2 is used for 

all simulations. 

In principle, the SCAPS-1D software solves the basic semiconductor equations that dictate 

the charge transport in the semiconductor.[32] However, additional requirements are needed to 

simulate polycrystalline thin solar cells. Therefore, along with these semiconductor equations, 

SCPAS offers grading of all input parameters, namely, the type of recombination, defect levels 

(bulk and interfacial), charge type (idealization, charge type (donor or acceptor), and valency 

(monovalent, divalent, or multivalent)), defect level distribution (gaussian, single level, uniform 

or combinations), optical properties (direct excitation of light), and contact properties (flat band or 

work function). Voltage, frequency, and operating temperature can also be controlled to perform 

reasonable computations. Therefore, the three underlying equations that regulate the carrier 

transport in semiconductors are listed below: 

Poisson Equation (Eq. 5.1): 

𝑑𝑦

𝑑𝑥
= −

𝑑2𝛹

𝑑𝑥2 =  
𝑞

𝜀
[𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝐷

+(𝑥) − 𝑁𝐴
− + 𝑝𝑡(𝑥) − 𝑛𝑡(𝑥)]    (5.1) 

where Ψ represents the electrostatic potential, q is the charge of an electron, ε denotes the dielectric 

constant of the material, p is the concentration of holes, n is the concentration of electrons, NA
- 

indicates ionized acceptor density, ND
+ signifies ionized donor density, nt and pt represents electron 

and hole traps, respectively, and x is the position coordinate. 

Electron (Eq. 5.2) and hole (Eq. 5.3) continuity equations: 

 

https://www.sciencedirect.com/topics/physics-and-astronomy/optoelectronic-device
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𝑑𝑛𝑝

𝑑𝑡
=  𝐺𝑛 −  

𝑛𝑝−𝑛𝑝0

𝜏𝑛
+  𝑛𝑝𝜇𝑛

𝑑𝐸

𝑑𝑥
+  𝜇𝑛𝐸

𝑑𝑛𝑝

𝑑𝑥
+  𝐷𝑛

𝑑2𝑛𝑝

𝑑𝑥2      (5.2) 

𝑑𝑝𝑛

𝑑𝑡
=  𝐺𝑝 −  

𝑝𝑛−𝑝𝑛0

𝜏𝑝
+  𝑝𝑛𝜇𝑝

𝑑𝐸

𝑑𝑥
+  𝜇𝑝𝐸

𝑑𝑝𝑛

𝑑𝑥
+  𝐷𝑝

𝑑2𝑝𝑛

𝑑𝑥2      (5.3) 

where Gp and Gn represent generation rates of hole and electron, pn and np denote concentrations 

of hole and electron in the n and p region, respectively, pn0 and np0 indicate equilibrium 

concentrations of hole and electron in the n and p region, respectively, p and n represents a 

lifetime of hole and electron, μp and μn denotes the mobilities of hole and electron, E signifies the 

electric field, and Dp and Dn indicate the diffusion coefficient of holes and electrons. The carrier 

transport happening due to drift and diffusion for electrons (Eq. 5.4) and holes (Eq. 5.5) is 

expressed as: 

𝐽𝑛(𝑥) = 𝑞𝑛𝜇𝑛𝐸 + 𝑞𝐷𝑛
𝑑𝑛

𝑑𝑥
= 𝑛𝜇𝑛

𝑑𝐸𝐹𝑛

𝑑𝑥
       (5.4) 

𝐽𝑝(𝑥) = 𝑞𝑝𝜇𝑝𝐸 − 𝑞𝐷𝑝
𝑑𝑝

𝑑𝑥
= 𝑝𝜇𝑝

𝑑𝐸𝐹𝑝

𝑑𝑥
       (5.5) 

where EFp and EFn denote the hole’s and electron’s quasi-Fermi levels. The physical and defect 

parameters used in the simulation of PSCs are tabulated in Table 5.1. Further, the series and shunt 

resistances are 5 Ω/cm2 and 1 MΩ/cm2, respectively. 

Table 5.1 The physical parameters used as input to examine and optimize solar cells (*Indicate 

the parameters varied in the present study). 

Parameters FTO AZnO Cs2BiAgI6 

Spiro-

OMeTA

D 

CuSCN MoO3 

Thickness (m) 0.1 0.03* 0.90* 0.03* 0.03* 0.03* 

Bandgap Eg (eV) 3.5 3.33 1.6 2.88 3.6 3.0 

Electron affinity χ 

(eV) 

4 4.55 3.90 2.05 1.7 2.5 

Dielectric 

permittivity 

(Relative) 

9 8.12 6.5 3.0 10.0 12.5 
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Effective density 

of states in CB Nc 

(cm-3) 

2.2×1018 4.1×1018 1×1019 2.2×1018 2.2×1019 2.2×1019 

Effective density 

of states in VB Nv 

(cm-3) 

1.8×1019 8.2×1019 1×1019 1.8×1019 1.8×1018 1.8×1019 

Velocity of 

electrons 

(Thermal) Vth,e 

(cm s-1) 

1×107 1×107 1×107 1×107 1×107 1×107 

Velocity of holes 

(Thermal) Vth,p 

(cm s-1) 

1×107 1×107 1×107 1×107 1×107 1×107 

Mobility of 

electrons µn (cm2 

V-1 s-1) 

20 100 200 2×10-4 100 25 

Mobility of holes 

µp (cm2 V-1 s-1) 

10 20 2 2×10-4 2.5×10-1 100 

Shallow uniform 

donor density ND 

(cm-3) 

21×1019 11×1013* 0 1 0 0 

Shallow uniform 

acceptor density 

NA (cm-3) 

0 0 1×1019 1×1019* 1×1019* 1×1019* 

Density of defect 

Nt (cm-3) 

1×1015 1×1017 1×1014* 1×1015 1×1015 1×1015 

Ref. [30] [33] [34] [30] [30] [35] 
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5.3 Results and discussion 

5.3.1 Effect of thickness and donor density of AZnO 

 

Figure 5.2 (a) Thickness and (b) donor doping density of AZnO layer-related deviation 

of solar cell parameters (with other parameters as tabulated in Table 5.1) 

The AZnO film is considered ETL in the present modeling. The AZnO 

accomplishes the following functionalities, (i) serves as the template for perovskite 

overlayer, (ii) blinds ultra-violet radiation from striking the double perovskite over 

layer, (iii) blocks hole transport, and (iv) aids in dissociation of electron-hole pairs at 

the AZnO/double perovskite interface. Therefore, it is essential to optimize the 

thickness and donor doping density of the AZnO ETL. Experimentally, there are several 

scalable techniques to synthesize large-area conformal AZnO thin films. Thus, the 

thickness of AZnO is varied from 30 to 180 nm, as shown in Fig. 5.2(a). 

Increasing thickness beyond 180 nm may lead to parasitic optical losses. Though 

the thickness of AZnO film is varied from 30 to 180 nm, the PCE remained constant 

(~29.55 %), originating from unaltered open circuit voltage (VOC) and short circuit 

current density (JSC). However, a minute variation in fill factor (FF) with increasing 



 

78 
 

thickness of the AZnO can be ascribed to a minor increase in series resistance in the 

thicker AZnO films. Further, the donor doping density in the AZnO ETL is varied from 

1013 to 1019 cm-3, as shown in Fig. 5.2(b). With increasing donor doping concentration 

in AZnO ETL, the PCE and VOC of the double perovskite solar cell remained constant. 

Marginal increase in the JSC and decrease in FF at higher doping can be ascribed to an 

increase in carrier conductivity in the AZnO films. These results indicate that the 

Cs2BiAgI6 double perovskite-based solar cells are independent of the thickness and 

donor doping density in the AZnO ETL. 

5.3.2 Effect of thickness and bulk defect density of Cs2BiAgI6 

Furthermore, the thickness of the Cs2BiAgI6 double perovskite light harvester is 

varied from 100 to 900 nm, as shown in Fig. 5.3(a). As the thickness of the Cs2BiAgI6 

double perovskite increases, the corresponding rise in the PCE of the Cs2BiAgI6 double 

perovskite-based solar cells increases, owing to the rise in JSC resulting from higher 

photogeneration in the thicker Cs2BiAgI6 films. At the thickness of 900 nm, the 

Cs2BiAgI6 double perovskite-based solar cell delivers a PCE of ~30%. The marginal 

decrease in VOC
 and FF in thicker Cs2BiAgI6 films can be ascribed to higher 

recombination and a minor rise in series resistance, respectively. Besides the thickness, 

experimentally, the bulk defect density of the Cs2BiAgI6 double perovskite harvester 

varies depending on the synthesis protocol. The bulk defect density in the Cs2BiAgI6 

double perovskite is varied from 1014 to 1016 cm-3, as shown in Fig. 5.3(b). As the bulk 

defect density rises, a steady decrease in the PCE is observed (PCE declines from ~29 

% to ~16 % when bulk defect density increases from 1014 to 1016 cm-3), owing to the 

corresponding decline in the VOC, JSC, and FF. The decline in VOC, JSC, and FF can be 

associated to change in Fermi level, trap-assisted recombination, and an increase in 

resistance, respectively, in Cs2BiAgI6 films with high bulk defect density. These results 

illustrate the thickness and bulk defect density in the Cs2BiAgI6 double perovskite 

absorber play a crucial role in achieving high performance. 
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Figure 5.3 (a) Thickness and (b) bulk defect density of Cs2BiAgI6 double perovskite 

absorber-related deviation of solar cell parameters (with other parameters as tabulated 

in Table 5.1). 

5.3.3 Effect of thickness and acceptor density of HTLs 

To understand the effect of HTL thickness on the performance of Cs2BiAgI6 

double perovskite solar cells, the thickness of HTL is varied from 30 to 180 nm (Fig. 

5.4(a)). Similar to the thickness of the ETL, the increase in thickness of the HTLs did 

not affect all the solar cell parameters. However, depending on the type of HTL, the 

PCE varied independently. Cs2BiAgI6 double perovskite solar cells with MoO3 as HTL 

showed the highest efficiency of ~29.53 %, followed by CuSCN (~29.34 %) and spiro-

OmeTAD (~29.22 %). Further, upon increasing the acceptor doping density from 1013 

to 1019 cm-3, the PCE and all other solar cell parameters remained constant for MoO3 

and CuSCN HTLs (Fig. 5.4(b)). However, at higher doping concentrations, an increase 

in PCE of the Cs2BiAgI6 double perovskite solar cell with spiro-OMeTAD HTL is 

observed, ascribed to the rise in the FF of the solar cells. The increase in FF is associated 

with lower resistance in highly doped spiro-OMeTAD films. 
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 Figure 5.4 (a) Thickness and (b) acceptor doping density of HTLs 

(MoO3/CuSCN/Spiro-OMeTAD) related deviation of solar cell parameters (with other 

parameters as tabulated in Table 5.1). 

5.3.4 Effect of interfacial defect density 

The interfacial properties between the subsequent layers in the perovskite solar 

cells are crucial in achieving better performance. [36, 37] Thus, the interfacial defect 

density at AZnO/perovskite and perovskite/MoO3 is varied from 1010 to 1016 cm-3, as 

shown in Fig. 5.5(a) and Fig. 5.5(b), respectively. As the interfacial defect density at 

AZnO/perovskite interface is increased from 1010 to 1016 cm-3, the PCE steadily declines 

from ~ 21 to 12 %. This decline in PCE can be ascribed to a decrease in the VOC and FF 

of the solar cells. However, the JSC remains constant, but the VOC and FF decrease due 

to interfacial losses originating change in band offset developed at the AZnO/perovskite 

interface. Conversely, when the defect density at the perovskite/MoO3 is increased up 
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to 1013 cm-3, the PCE remains constant, indicating high defect tolerance of the 

perovskite/MoO3 interface. Further, when the defect increases beyond 1013cm-3, the 

PCE decreases owing to the decrease in JSC. The decline in JSC is attributed to the defect-

assisted recombination losses at the perovskite/HTL interface. 

 
 

Figure 5.5 The solar cell parameter variation associated with the interfacial defect   

density changes at (a) ETL/perovskite and (b) perovskite/HTL interface. 

5.3.5 Effect of various counter electrodes and operating temperature 

Various rear contacts possessing distinct work functions are assessed for their 

applicability in Cs2BiAgI6-based double perovskite solar cells, as shown in Fig. 5.6. 

However, the chemical reactivity, conductivity, and processing directly influence the 

cost and performance of solar cells.[38] The work function of the rear contact directly 

impacts the performance of the solar cells. The PCE of the Cs2BiAgI6-based double 

perovskite solar cells increased with increasing the work function of the rear metal 

contact up to 5 eV. However, employing rear contacts having a work function beyond 
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5 eV had a minor change in the PCE. These results indicate even cost-effective carbon 

as counter electrodes can deliver ~29 % PCE. 

 
Figure 5.6 Counter electrode-related deviation in PCE. (with other parameters as 

tabulated in Table 5.1). 

Understanding the effect of operating temperature on the performance of solar 

cells is essential for real-time implementation. [39, 40] Thus, the influence of operating 

temperature is analyzed for temperatures ranging from 300 to 400 K, as shown in Fig. 

5.7. As the operating temperature rises from 300 to 400 K, a steady decline in the PCE 

is observed due to the reduction in VOC and FF. The VOC reduces due to an increment 

in the reverse saturation current in the Cs2BiAgI6-based double perovskite solar cell. 

However, the increase in JSC, with an increase in the operating temperature, can be 

attributed to the thermal generation of electrons. Conversely, it is to be noted that, even 

when the operating temperature shoots to 400 K, the Cs2BiAgI6-based double 

perovskite solar cell delivered a PCE of ~26 %. 
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Figure 5.7 Operating temperature-related deviation solar cell parameters (with other 

parameters as tabulated in Table 5.1). 

5.3.6 Quantum efficiency and J-V curves 

Evaluating the spectral response of the solar cells is essential in understanding 

the incident photon to electron conversion efficiency or quantum efficiency. The 

quantum efficiency of the Cs2BiAgI6-based double perovskite solar cells is shown in 

Fig. 5.8. Cs2BiAgI6-based double perovskite solar cells with different HTLs showed a 

broad absorption in the complete visible range (400 to 800 nm). Further, the J-V curves 

of Cs2BiAgI6-based double perovskite solar cells with different HTLs are shown in Fig. 

5.9. The optimum solar cell parameters evaluated for all Cs2BiAgI6-based solar cells 

show high efficiency of ~29 %. The solar cells show VOC, JSC, and FF in the range of 

~1.37 V, ~23 mA cm-2, and ~90 %, respectively. 
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Figure 5.8 Quantum efficiency curves for the Cs2BiAgI6-based double perovskite solar 

cells comprising various HTLs (MoO3/CuSCN/Spiro-OMeTAD). 

 

 
  

Figure 5.9 J-V curves for the Cs2BiAgI6-based double perovskite solar cells comprising 

various HTLs (MoO3/CuSCN/Spiro-OMeTAD). 
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5.4 Conclusion 

In conclusion, the theoretical potential of the Cs2BiAgI6 double perovskite light harvester 

is evaluated using the SCAPS-1D software package. Cs2BiAgI6 light harvesters are 

environmentally benign and render long-term stability. The high-efficiency solar cells are 

optimized based on the AZnO ETL and three different HTLs. Solar cells based on all three HTLs 

at optimized conditions delivered PCEs ~29 %. Compared to all the physical parameters varied in 

the optimization, the thickness and bulk defect density of the Cs2BiAgI6 double perovskite light 

harvester had the highest control over performance. The cheap and economical carbon electrodes 

could deliver a PCE of ~29 % in the modeled Cs2BiAgI6-based double perovskite solar cells. 

Further, even when the operating temperature shoots up to 400 K, the Cs2BiAgI6-based double 

perovskite solar cells delivered a PCE of ~26 %. Therefore, while experimentally fabricating 

Cs2BiAgI6 double perovskite solar cells, it should be noted that Cs2BiAgI6 perovskite is unstable. 

Hence, it is imperative to produce films with very low bulk defect density and prefer a practical 

rear contact. The present preliminary analysis accurately illustrates the factors which govern the 

PCE of Cs2BiAgI6 solar cells. The procedure employed in this assessment can provide guidelines 

for experimental implementation and be further expanded to examine additional light harvesters 

for optoelectronic applications. 
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Chapter 6 

Lead-free non-toxic Cs2CuSbX6 

double perovskite solar cell 
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6.1 Introduction 

Lately, single-junction thin film solar cells based on perovskite light harvesters have 

experienced a significant increase in research momentum owing to their record power conversion 

efficiency (PCE), which is comparable to single-junction crystalline silicon solar cells [1]. The 

high efficiency of the perovskite solar cells (PSCs) is attained owing to their excellent 

optoelectronic characteristics, namely, extended charge diffusion length (~1 mm), reduced exciton 

binding energy, flexible bandgap, significant panchromatic visible light absorption coefficient, etc. 

[2]. Furthermore, it should be mentioned that the full 6s and vacant 6p orbitals at the valence band 

maximum and conduction band minimum of the lead metal cations, respectively, are the origin of 

the high visible light absorption in organic-inorganic perovskites [3, 4]. Despite the fact that lead 

cation aids in the intrinsic features of perovskites, these perovskites are carcinogenic and are 

therefore prohibited in many nations. Hence, the first alternative was to substitute Ge2+ or Sn2+ 

ions for Pb2+ ions; however, the 4s and 5s orbitals of the Ge2+ and Sn2+, respectively, provide 

centers for oxidation, compromising the long-term durability [5]. In contrast, the next method 

involved creating double perovskites by hetero-valent swapping Pb2+ ions with a blend of 

monovalent and trivalent cations. The double perovskites with A2M′M″X6 (where A, M′, M″, 

and X are monovalent cation, monovalent metal ion, trivalent metal ion, and halogen, respectively) 

chemical formula crystallizes in the cubic crystal structure with 𝐹𝑚3̅𝑚 space group [6]. Ionic radii 

of the M′ and M′′ sites can be averaged to determine the tolerance factor for double perovskite 

structures. When μ > 0.41 and 0.75 < t < 1, the double perovskite structures become stable [7]. 

Further, in the double perovskites with M″ ions mostly being the 15th group elements, the M′ ions 

can be either alkali metal or transitional or post-transitional metal ions, leading to a wide range of 

available lead-free double perovskite light harvesters. Among the possible permutations, the 

majority of the double perovskite light harvesters are thermodynamically unstable or have a broad 

bandgap [4]. However, for the thermodynamically stable double perovskites with wide bandgap, 

multiple methods, including dilute alloying [8], doping at the M′′ site [9], and pressure-assisted 

tuning [10], are exploited to tailor the bandgap for panchromatic visible light absorption. 

Furthermore, among the various possible double perovskite light harvesters, Cs2BiAgCl6 

and Cs2BiAgBr6 double perovskites synthesized by heterovalent replacement of hazardous Pb ions 

with Bi and Ag ions are extensively experimentally and theoretically explored to attain high-
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performance and long-term durability [11-14]. Nevertheless, the double perovskite crystal with 

elpasolite structures (symmetric face-centered cubic double perovskite) with corner-sharing 

octahedra renders other probable environmentally benign and thermodynamically stable double 

perovskite light harvesters, which can offer high PCE [7], [15-17]. Among such double 

perovskites, Cs2CuSbX6 (where X = Cl, Br, and I) double perovskite light harvesters potentially 

have low bandgap and offer excellent optoelectronic characteristics [18]. In light of the above 

discussion, Zhou et al. have experimentally developed Cs2CuSbCl6 double perovskite nanocrystals 

with a bandgap of ~1.66 eV, which showed superior stability when exposed to ambient [19]. 

However, the experimental evaluation of Cs2CuSbX6 double perovskite light harvesters with 

prospective transport layers and rear contacts is a challenging issue. In these circumstances, 

investigators employ an array of software tools that essentially solve the boundary-constrained 

second-order fundamental semiconductor equations. Among the various software packages, the 

1D Solar Cell Capacitance Simulator (SCAPS-1D) software package offers a simulation of 

heterojunctions [20-24]. On similar grounds, Karthick et al. have employed SCAPS-1D to validate 

and compare the experimentally synthesized solar cells based on formamidinium lead iodide 

(CH(NH2)2PbI3) and cesium (Cs) doped formamidinium lead iodide light harvesters [25]. 

Parallelly, to corroborate the experimental performance of mesoscopic solar cells based on 

CH3NH3PbI3 light harvester and graphene oxide hole transport layer (HTL), the SCAPS-1D 

software was used [26]. 

As a result, in this chapter, for the first time, we present the computational evaluation of 

Cs2CuSbX6 (where X = Cl, Br, and I) double perovskite solar cells using the SCAPS-1D software 

package. The potential of three different double perovskite light harvesters, i.e., Cs2CuSbCl6, 

Cs2CuSbBr6, and Cs2CuSbI6, is evaluated with aluminum doped zinc oxide (AZnO) as electron 

transport layer (ETL), MoO3/Cu2O as HTL, and various rear contacts [27]. Further, owing to better 

band alignment and established industrially feasible synthesis protocol, MoO3, and Cu2O have 

been extensively investigated for extracting holes toward the external terminal. Moreover, the 

inorganic nature of MoO3 and Cu2O HTL can improve the long-term stability of perovskite solar 

cells compared to the traditionally used organic spiro-OMeTAD HTL. Experimentally, MoO3 and 

Cu2O are known to enhance charge extraction in perovskite solar cells [28]. The Cs2CuSbX6 

double perovskite solar cells are assessed by adjusting the thickness and defect densities of the 

subsequent layers to extract higher PCE. For the real-time assessment of Cs2CuSbX6-based double 
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perovskite solar cells, the operating temperature is varied, and the concerned fluctuations in 

performance are also presented. The variables and methodology applied in this investigation will 

offer recommendations for experimentally implementing high PCE Cs2CuSbX6-based double 

perovskite solar cells. 

6.2 Device modeling and simulation procedure 

 

Figure 6.1. Schematic illustrating the double perovskite solar cell mode simulated in the present 

work. 

Apart from solving second-order fundamental semiconductor equations, SCPAS-1D offers 

scaling of all input variables, such as recombination type, defect levels (bulk and interfacial), 

charge type, valency, defect distribution, type of light excitation, contact properties (work function 

or flat band), etc., to reasonably replicate the operation of the polycrystalline solar cells [29]. The 

Cs2CuSbX6-based double perovskite solar cells are modeled in the planar n-i-p configuration, i.e., 

FTO/AZnO/Cs2CuSbCl6 or Cs2CuSbBr6 or Cs2CuSbI6/MoO3 or Cu2O/Au, as shown in Fig. 6.1. 

The high thermal stability and chemical inertness of FTO, make it a standard alternative for 
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transparent conducting substrates. All simulations use Au as the back contact, with the exception 

of those that vary the counter electrode's work function.  

 
Figure 6.2 The simulated band alignment of Cs2CuSbX6 (where X = Cl, Br, I) based-double 

perovskite solar cells with (a) MoO3 and (b) Cu2O as HTL. 

Fig. 6.2 shows the energy band diagram alignment of the device stack considered in this 

study. The conduction band minimum (CBm) for Cs2CuSbI6, Cs2CuSbBr6, and Cs2CuSbCl6 are 

found to be 1.07 eV, 1.45 eV, and 1.74 eV, respectively. Thus, the conduction band offset for 

different double perovskites at the Cs2CuSbX6/AZnO interface is 0.10 eV. Conversely, the valence 

band offset of 2.50 eV, 2.12 eV, and 1.87 eV was estimated for Cs2CuSbI6, Cs2CuSbBr6, and 

Cs2CuSbCl6 double perovskite light harvesters, respectively at the Cs2CuSbX6/AZnO interface. 

For, MoO3 as HTL, the obtained band offsets and bandgap of the different double perovskite light 

harvesters are shown in Fig. 6.2(a). The conduction band offset of ~1.85 eV was calculated for all 

Cs2CuSbX6 light harvesters at the perovskite/MoO3 (HTL) interface. Similarly, the conduction 
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band offset of ~0.7 eV was calculated for Cs2CuSbX6 light harvesters at the perovskite/Cu2O 

(HTL) interface as shown in Fig. 6.2(b). These results show the good band level alignment of 

various double perovskite light harvesters with different HTLs (MoO3 and Cu2O) and AZnO ETL 

facilitating the extraction of photogenerated carriers in one direction by restricting their flow in 

opposite direction. Global AM1.5 spectrum intensity (1000 W/m2) is considered for all simulations 

under illumination. The three underlying equations that regulate the carrier transport in 

semiconductors are the Poisson equation (Eq. 1), electron (Eq. 2) and hole (Eq. 3) continuity 

equations, and electron (Eq. 4) and hole (Eq. 5) drift-diffusion equations listed below: 

𝑑𝑦

𝑑𝑥
= −

𝑑2𝛹

𝑑𝑥2 =  
𝑞

𝜀
[𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝐷

+(𝑥) − 𝑁𝐴
− + 𝑝𝑡(𝑥) − 𝑛𝑡(𝑥)]   (6.1) 
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𝐽𝑛(𝑥) = 𝑞𝑛𝜇𝑛𝐸 + 𝑞𝐷𝑛
𝑑𝑛

𝑑𝑥
= 𝑛𝜇𝑛

𝑑𝐸𝐹𝑛

𝑑𝑥
      (6.4) 

𝐽𝑝(𝑥) = 𝑞𝑝𝜇𝑝𝐸 − 𝑞𝐷𝑝
𝑑𝑝

𝑑𝑥
= 𝑝𝜇𝑝

𝑑𝐸𝐹𝑝

𝑑𝑥
      (6.5) 

where Ψ is the electrostatic potential, q is the electron charge, ε is the dielectric constant of the 

semiconductor material, p is the hole concentration, n is the electron concentration, NA
- is the 

density of the ionized acceptors, ND
+ is the density of the ionized donors, nt is the trapped electrons, 

and pt is the trapped holes, x is the position coordinate, Gn and Gp are the electron and hole 

generation rates, np and pn are the electron and hole concentrations in the p and n region, 

respectively, npo and pno are the equilibrium electron and hole concentrations in the p and n region, 

n and p denotes electron and hole lifetime, μp and μn are the hole and electron mobilities, E is the 

electric field, Dn and Dp are the electron and hole diffusion coefficients, EFn and EFp are the quasi-

Fermi levels for electrons and holes. The series and shunt resistance values are 5 Ω/cm2 and 1 

MΩ/cm2, respectively. Table 6.1 shows the physical parameters used to simulate Cs2CuSbX6-

based double perovskite solar cells. 
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Table 6.1 The physical input parameters used to simulate Cs2CuSbX6-based double perovskite 

solar cells (base values). 

Parameters FTO AZnO Cs2CuSbCl6 Cs2CuSbBr6 Cs2CuSbI6 MoO3 Cu2O 

Thickness 

(m) 
0 .1 0.10 0.90 0.90 0.90 0.10 0.10 

Bandgap (Eg) 

(eV) 
3.50 3.50 1.70 1.45 1.10 3.17 2.17 

Electron 

affinity (χ) 

(eV) 

4.00 4.00 3.90 3.90 3.90 2.05 3.20 

Relative 

dielectric 

permittivity 

9.00 8.12 6.50 6.00 6.20 12.50 7.11 

CB effective 

density of 

states (NC) 

(1/cm3) 

2.2×1018 4.1×1018 1×1019 1×1019 1×1019 2.21×1018 1×1017 

VB effective 

density of 

states (NV) 

(1/cm3) 

1.8×1019 8.2×1018 1×1019 1×1019 1×1019 1.8×1019 1×1019 

Thermal 

velocity of 

electrons 

(Vth,e) (cm/s) 

1×107 1×107 1×107 1×107 1×107 1×107 1×107 

Thermal 

velocity of 

holes (Vth,h) 

(cm/s) 

1×107 1×107 1×107 1×107 1×107 1×107 1×107 

Electron 

mobility (n) 

(cm2/s) 

20 100 2.0 2.0 2.0 25 50 

Hole mobility 

(p) (cm2/s) 
10 20 2 2 2 100 50 

donor density 

(ND) (1/cm3) 
2×1019 1×1013 0 0 0 0 0 

acceptor 

density (NA) 

(1/cm3) 

0 0 1×1019 1×1019 1×1019 1×1018 1×1018 

Defect 

density (Nt) 

(1/cm3) 

1×1015 1×1017 1×1014 1×1014 1×1014 1×1015 1×1014 

References [23] [30], [31] [17] [17] [17] [4] [32] 
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6.3 Results and discussion 

6.3.1 Absorption coefficient 

Maximal photogeneration in solar cells is ensured through optical management 

of the incoming irradiation. It is essential for all incoming radiation to strike the double 

perovskite light harvester. The simulated absorption coefficient of the individual layers 

is shown in Fig. 6.3. The absorption onset at ~737 nm, ~1141 nm, and ~1162 nm is 

absorbed for Cs2CuSbCl6, Cs2CuSbBr6, and Cs2CuSbI6, respectively. All the double 

perovskite light harvesters showed excellent absorption in the visible range with an 

absorption coefficient of ~105 cm-1 at 550 nm. Owing to the high transparency of the 

AZnO and MoO3 showed good transmittance to the visible spectrum. Though Cu2O 

absorbs the low energy visible spectrum, they do not influence the performance in n-i-

p device architecture. Thus, the light harvester is the most fundamental component of a 

solar cell; hence it is crucial to comprehend how the performance of solar cells is 

impacted by the thickness and defect density of light harvester films.  

 
Figure 6.3 Absorption co-efficient of AZnO ETL, Cs2CuSbX6 (where X = Cl, Br, and I) double 

perovskite light harvester, MoO3, and Cu2O HTLs. 
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6.3.2 Effect of thickness of light harvester 

Thus, the light harvester is the most fundamental component of a solar cell; hence 

it is crucial to comprehend how the performance of solar cells is impacted by the 

thickness and defect density of light harvester films. Thus, initially, the thickness of the 

three different light harvesters (Cs2CuSbCl6, Cs2CuSbBr6, and Cs2CuSbI6) is varied as 

shown in Fig. 6.4. For the double perovskite solar cells with MoO3 as the HTL (Fig. 

6.4(a)), the PCE of double perovskite solar cells increases with an increase in the 

thickness up to ~600 nm for all the light harvesters i.e., at a thickness of 600 nm, a PCE 

of 27.65 %, 28.56 %, and 29.54 % is observed for Cs2CuSbCl6, Cs2CuSbBr6, and 

Cs2CuSbI6 light harvesters (with MoO3 HTL) respectively. Beyond the thickness of 

~600 nm, the PCE for all the light harvesters mostly saturates. This increase in the PCE 

can be ascribed to the relative rise in the short circuit current density (JSC), owing to the 

increase in photogeneration in the thicker light harvester films. Moreover, a marginal 

increment in the FF is also observed with an increase in the thickness of the absorber 

layer. This increment corresponds to the decrease in intrinsic resistivity of the device 

with the rise in photogenerated charge carriers.  
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Figure 6.4 Thickness of light harvester-dependent performance of double perovskite 

solar cells with (a) MoO3 and (b) Cu2O as the HTLs. (with other parameters as tabulated 

in Table 6.1) 

Further, a similar rise in the PCE was observed for the double perovskite solar 

cells with Cu2O as the HTL (Fig. 6.4(b)), with the increase in the thickness of different 

absorber materials. The device with Cs2CuSbCl6, Cs2CuSbBr6, and Cs2CuSbI6 absorber 

layer with a thickness of 600 nm delivers an optimum efficiency of 27.69 %, 28.55 %, 

and 29.66 %, respectively, and the further increment in absorber thickness leads to the 

saturation of PCE. The higher thickness of the absorber layer will lead to increased 

charge recombination and therefore saturates the JSC and PCE of the device. Moreover, 

out of all the halide perovskite absorbers, the iodide-based perovskite exhibits the 

highest PCE. The JSC and PCE of the device rise as a result of the reduced bandgap of 

the Cs2CuSbI6 absorber layer, which leads to greater photo-generated charge carriers. 
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Additionally, the diffusion length in the perovskite light harvester needs to be 

considered while experimenting with thicker absorber films. 

6.3.3 Effect of bulk defect density in light harvester 

The quality of the absorber layer is equally important for better device 

performance. With different experimental techniques offer altering defect densities, 

hence, it is important to study the effect of bulk defect density of the absorber layer on 

the performance of the device. Films with inferior quality will have higher bulk defect 

density and result in poor device performance. Higher defect density will create 

localized recombination centers within the absorber material which will induce the 

defect-assisted recombination, and consequently reduce the charge collection 

efficiency. Therefore, in this study, we have utilized the Shockley-Read-Hall (SRH) 

model to analyze the recombination mechanism (Eq. 6.6): 

𝑅𝑆𝑅𝐻 =
(𝑛𝑝−𝑛𝑖

2)

𝜏(𝑝+𝑛+2𝑛𝑖 cosh(
𝐸𝑖−𝐸𝑡

𝑘𝐵𝑇
))

     (6.6) 

where p(n) is the concentration of holes (electron), τ is the lifetime of the charge carrier, 

ni is the intrinsic carrier concentration, Ei is the intrinsic energy level, Et is the energy 

level of trap states, kB is the Boltzmann constant, and T is the operating temperature of 

the device. 

The effect of varying defect densities on device performance is shown in Fig. 

6.5. Here, we have varied the bulk defect density from 1014 to 1016 cm-3. A steady 

reduction in all the solar cell parameters is observed with an increase in the bulk defect 

density of the device. The PCE of the devices with MoO3 HTL shows a reduction of 

~4.1 %, ~4.5 %, and ~2.2 % for Cs2CuSbCl6, Cs2CuSbBr6, and Cs2CuSbI6 absorber 

layer, respectively is shown in Fig. 6.5(a). The reduction in JSC corresponds to the 

defect-induced recombination within the absorber layer. These localized energy levels 

will alter the energy band offset of the absorber and charge transport layers, thus 

resulting in a reduction in the VOC of the device [32,33].  
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Figure 6.5 Effect of variation of bulk defect density on performance parameters of 

double perovskite solar cells with (a) MoO3 and (b) Cu2O as the HTLs. (with other 

parameters as tabulated in Table 6.1) 

Similarly, these defects will increase the parasitic resistance of the device which 

results in the reduction of FF with the increase in defect density. The maximum 

efficiency of 27.89 %, 28.72 %, and 29.79 % is observed at a lower defect density of 

1014 cm-3 for Cs2CuSbCl6, Cs2CuSbBr6, and Cs2CuSbI6 absorber layer, respectively. A 

similar trend of PCE has been observed for devices with Cu2O HTL with the variation 

of defect density and is shown in Fig. 6.5(b). However, the devices with Cu2O show 

marginally better performance than MoO3 as HTL. The reduction in PCE of ~4.0 %, 

~4.5 %, and ~3.9% is observed for Cs2CuSbCl6, Cs2CuSbBr6, and Cs2CuSbI6 absorber 

layer, respectively. The device with Cs2CuSbCl6, Cs2CuSbBr6, and Cs2CuSbI6 absorber 

layer delivers a maximum efficiency of 27.90 %, 28.87 %, and 29.82 %, respectively at 
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lower defect density of 1014 cm-3. However, when the bulk defect density exceeds 1016 

cm-3, the performance is expected to decline further in Cs2CuSbX6 double perovskite 

solar cells for both MoO3 and Cu2O as HTLs. 

6.3.4  Effect of operating temperature and various counter electrodes 

         Solar cells are designed to operate in different temperature conditions during real-

time application. The increase in operating temperature may lead to poor device 

performance, due to induced thermal stresses in the absorber layer at a higher 

temperature.[34] Therefore, analysis of device performance at different operating 

temperatures is equally important. The effect of temperature variation on the 

performance parameter of the cell is shown in Fig. 6.6. The PCE of the device with 

MoO3 and Cu2O HTL shows a similar trend as we increase the operating temperature 

of the device as shown in Fig. 6.6(a) and Fig. 6.6(b). A linear reduction is observed in 

the VOC and FF of the device, which reduces the performance of the device. The 

reduction in the VOC is attributed to the increase in reverse saturation current with an 

increase in operating temperature. At higher temperature, the collision between the 

charge carriers increases, which increase the internal resistance of the device. However, 

a marginal increment in the photocurrent is observed with an increase in temperature 

due to more excitation of the charge carrier. The maximum efficiency of 27.89, 28.72, 

and 29.79 % is observed for Cs2CuSbCl6, Cs2CuSbBr6, and Cs2CuSbI6 absorber layer, 

respectively at 300 K for MoO3 HTL. Similarly, a maximum efficiency of 27.90, 28.87, 

and 29.82 % is observed for Cs2CuSbCl6, Cs2CuSbBr6, and Cs2CuSbI6 absorber layer, 

respectively at 300 K for Cu2O HTL.  
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Figure6.6 Effect of operating temperature variation on the performance of double perovskite 

solar cells with (a) MoO3 and (b) Cu2O as the HTLs. (with other parameters as tabulated in Table 

6.1) 

The work function of the counter electrode will decide the built-in potential of 

the device. Therefore, it is important to check the compatibility of various metal and 

carbon (C) electrodes with our device. In this study, several metals namely Cu, Fe, C, 

Au, W, Ni, Pd, Pt, and Se are studied and their effect on the device performance is 

shown in Fig. 6.7 [35]. It is evident, that the PCE of the device increases with an increase 

in work function (WF) of < 5 eV and it saturates afterward for both MoO3 and Cu2O 

HTL with iodide-based double perovskite showing maximum efficiency among the 

Cs2CuSbCl6, Cs2CuSbBr6, and Cs2CuSbI6 absorber as shown in Fig. 6.7(a) and Fig. 

6.7(b). However, for Cu (4.65 eV) electrode, Cl-based double perovskite shows the 

maximum efficiency and the reason is yet not known to us. The Au, W, and Pt metal 

contact delivered a maximum PCE of ~30 % for the Cs2CuSbI6 absorber layer for both 

MoO3 and Cu2O HTL but the higher cost limits the usage in device fabrication Cu 
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having good electrical conductivity and lower cost gives an advantage over other 

metals, but it leads lower device performance. Metals like Pd and Se also show excellent 

device performance, but the rarity of these metals will increase the cost of the cell. 

Moreover, Ni shows excellent PCE as compared to Au, but surface oxidation of Ni to 

NiOX may happen at ambient conditions, resulting in reduced PCE. However, C 

delivered equivalent PCE to Au and Pt, and can be an economical alternative for counter 

electrodes and will reduce the overall cost of the device by altering its performance. 

 

Figure 6.7 Comparison of the device performance with various back metal contact of 

double perovskite solar cells with (a) MoO3 and (b) Cu2O as the HTLs. (with other 

parameters as tabulated in Table 6.1) 

 

6.3.5 Effect of parasitic series and shunt resistances 

Theoretically understanding the effect of parasitic series and shunt resistances of 

modeled Cs2CuSbX6 based-double perovskite solar cells is essential to achieve high 

efficiency. For, MoO3 as HTL, the effect of series and shunt resistance on the 

Cs2CuSbX6 double perovskite solar cell is shown in Fig. 6.8(a) and Fig. 6.8(b), 

respectively. As the series resistance increases from 1 to 10 W cm -2, a steady decline in 

the PCE is observed for all the light harvesters originating from decreasing the FF. Such 
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decrease in the FF can be attributed to the ohmic losses in the solar cell. Conversely, as 

the shunt resistance is varied from 100 to 900 W cm-2, the increase in the PCE of the 

Cs2CuSbX6 double perovskite solar cell is observed. The rise in PCE is ascribed to the 

corresponding increase in the FF of the solar cells. Further, the effect of series and shunt 

resistance on the performance of Cs2CuSbX6 double perovskite solar cells with Cu2O 

has HTL is shown in Fig. 6.9(a) and Fig. 6.9(b), respectively. Akin to the devices with 

MoO3 as HTL, the performance of Cs2CuSbX6 double perovskite solar cells with Cu2O 

decreases and increases with rise and decline in series and resistance, respectively. 

Moreover, experimentally, the series and shunt resistance can be tuned by synthesizing 

high-quality films without pinholes. 

 

Figure 6.8 The effect of parasitic (a) series and (b) shunt resistance on the performance 

of Cs2CuSbX6 double perovskite solar cells with MoO3 as HTL. 
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Figure 6.9 The effect of parasitic (a) series and (b) shunt resistance on the performance 

of Cs2CuSbX6 double perovskite solar cells with Cu2O as HTL. 

6.3.6 J-V curves and external quantum efficiency 

 

Figure 6.10 (a) QE of the double perovskite solar cells and (b) Optimized efficiency of 

the device with Cu2O as the HTL. 
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The external quantum efficiency (EQE) of the device gives a deeper insight into 

the photogeneration phenomenon relative to the wavelength of the incident light. Fig. 

6.10(a) shows the QE of the devices with Cl, Br, and I-based double perovskite solar 

cells. It is depicted above that all the perovskite absorber has reasonably good QE of 

~93 % in the visible spectra and therefore leads to better conversion of the incident 

photon to current. Moreover, the device with I based double perovskite cell has a 

slightly higher absorption onset at ~900 nm than other halide-based perovskites, which 

allows it to absorb a photon of slightly lower energy. Fig. 6.10(b) shows the J-V 

characteristics of the device with various perovskite absorbers and Cu2O HTL under 

constant illumination of AM 1.5G and 300 K temperature. Here, the device with Cl 

based perovskite absorber shows the highest VOC, but its lower QE will lead to lower 

photogeneration capability and therefore has the lowest JSC among all the halide 

perovskite absorbers. However, the device with I-based perovskite will give the highest 

JSC and results in maximum PCE. The devices with optimized physical parameters of 

the absorber layer delivered a maximum PCE of 27.9, 28.7, and 29.8 % for Cs2CuSbCl6, 

Cs2CuSbBr6, and Cs2CuSbI6, respectively. All the devices with Cs2CuSbX6 absorber 

material show excellent performance. Therefore, it is evident that the Cs2CuSbX6 

double perovskite absorber can be an alternative to toxic Pb-based perovskite light 

absorber. 

6.4 Conclusion 

There are several challenges like toxicity and stability which are quite difficult to overcome 

for present-day Pb-based organometallic perovskite solar cells. Therefore, in this study, we have 

suggested a more stable and environmentally benign Cs2CuSbX6 absorber, to efficiently harvest 

the solar spectra. The proposed device architecture comprises FTO/AZnO/Cs2CuSbX6/HTL/Au, 

with Cs2CuSbCl6, Cs2CuSbBr6, and Cs2CuSbI6 as light harvesters and HTLs (MoO3 and Cu2O). 

Here, we have systematically investigated the effect of various physical parameters such as 

thickness and bulk defect of the Cs2CuSbX6 absorber layer. Thereafter, the effect of operating 

temperature and work function of the counter electrode is also analyzed. The simulated device 

exhibits outstanding PCE, and this study can function as a manual for the researcher as they 

fabricate the experimental device. 
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7.1 Introduction 

Due to their high-power conversion efficiency (PCE) and low production costs, perovskite-

based thin film solar cells have recently acquired research traction.[1] The carcinogenic lead (Pb) 

ions found in the perovskite light harvesters facilitate, panchromatic visible light absorption 

emanating from the filled 6s and empty 6p orbital at conduction band maximum and valence band 

minimum, respectively. [2, 3] Thus, to mitigate toxicity, the Pb cation was replaced by divalent Sn 

or Ge cations. Nevertheless, the Sn2+ and Ge2+ cations comprise higher energy 4s and 5s orbitals, 

respectively, rendering oxidation centers, which limit their long-term stability.[4] To combat both 

toxicity and stability issues, the tunability of the perovskite crystal structure was exploited to 

engineer layered double perovskite, double perovskite, and low dimensional (0 and 2D) perovskite 

light harvesters.[5-8] Despite such breakthroughs, a perovskite light harvester with optoelectronics 

characteristics analogous to Pb-containing counterparts is yet to be untangled. One of these 

potential perovskite light harvesters that has shown promise is the double perovskite with the 

chemical formula A2M′M′′X6 (where A, M′, M′′, and X are monovalent cations, monovalent metal 

ions, trivalent metal ions, and halogen, respectively).[9,10] The double perovskites crystallize into 

a cubic crystal system with 𝐹𝑚3̅𝑚 space group is obtained by hetero-valent switching Pb2+ ions 

with a combination of monovalent and trivalent cations.[11] Despite the fact that such 3D double 

perovskites have a substantially large indirect bandgap, the bandgap can be regulated for visible 

light absorption using a variety of strategies, ranging from M′′ doping, diluted alloying, and 

pressure-assisted tuning.[3, 12, 13] Besides, a variety of lead-free 3D double perovskites are 

chemically feasible relying on the M′ and M′′ configurations.  By averaging the ionic radii of the 

M′′ and M′ sites, the tolerance factor (t) of the double perovskites is estimated. Theoretically, 

double perovskite structures require 0.75 < t < 1 to be stable.[14] Among the double perovskite 

light harvesters, Cs2BiAgX6 is scrutinized significantly to achieve high performance. [15-17] 

However, there are other prospective thermodynamically stable and environmentally friendly 

double perovskites light harvesters that can provide high performance at a reasonable cost. 

Accordingly, the Cs2AgSbX6 double perovskite obtained by hetero-valent replacement of 

Pb ions with Ag and Sb ions is ecologically safe, capable of retaining long-term stability, and 

reported to be thermodynamically stable. [18, 19] Such double perovskites crystallize into the 

symmetric face-centered cubic double perovskite referred to as the elpasolite crystal structure, 
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which has corner-sharing octahedra with Cs occupying the cavity in the center. In a rock-salt 

arrangement, the centers of the octahedra are alternately occupied by Ag or Sb ions, resulting in 

isotropic carrier transport capabilities.[20] Moreover, the tunability of the ‘X’ site in the 

Cs2AgSbX6 double perovskite structure renders tailoring of the bandgap for panchromatic visible 

light absorption. Thus, it is important to scrutinize the Cs2AgSbX6 double perovskite for its light-

harvesting efficacy. However, the operation of the double perovskite requires the assistance of 

other probable charge transport layers akin to perovskite solar cells. Owing to the industrial 

feasibility, matured synthesis protocol, optoelectronic properties, and suitable band alignment with 

Cs2AgSbX6 double perovskite, aluminum doped zinc oxide (AZnO) and molybdenum oxide 

(MoO3) are determined as the aiding electron and hole transport layers (ETL and HTL), 

respectively. [21,22] Therefore, experimentally investigating the performance of the Cs2AgSbX6 

double perovskite solar cell is a challenging task. Nevertheless, researchers employ various 

numerical techniques based on density functional theory (DFT) and software packages such as the 

1D Solar Cell Capacitance Simulator (SCAPS-1D) to understand the electronic structure of light 

harvesters and solar cell performance, respectively. [23-27] 

This chapter initially scrutinizes the Cs2AgSbX6 double perovskite light harvester based 

on the DFT calculations, through the Cambridge Serial Total Energy Package (CASTEP). The 

obtained fundamental understanding of the electronic structure and the physical characteristics of 

Cs2AgSbX6 double perovskite was thoroughly examined and loaded as input to the SCAPS-1D 

with other aiding layers. Device performance of the double perovskite solar cell based on a 

Cs2AgSbX6 light harvester was estimated with a device structure comprising fluorine doped tin 

oxide (FTO)/AZnO/Cs2AgSbX6/MoO3/rear contact as shown in Fig. 7.1 (using SCAPS-1D). The 

DFT analysis showed the tunability of the bandgap with other beneficial optoelectronic properties 

of Cs2AgSbX6 double perovskite light harvesters. 
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Figure 7.1 Schematics depicting the modeled double perovskite solar cell considered in this study. 

7.2 Computational study and numerical simulations 

7.2.1 DFT calculations of the Cs2AgSbX6 double perovskite light harvester 

This study performed first-principle calculations through the CASTEP which is 

committed to DFT, and incorporating the principle of calculating the total energy of 

pseudo-potential plane waves (PP-PW).[28] The ultrasoft Vanderbilt-type 

pseudopotential was utilized to create electron-ion interactions. In the Perdew Burke 

Ernzerhof, generalized gradient approximation (PBE-GGA) approach a cut-off energy 

of 600 eV is applied. The Monkhorst–Pack scheme was used by taking a 7×7×7 k-point 

mesh, which was set to an ultrafine mode for the first Brillouin zone. However, to 

analyze the electron charge density pattern undoubtedly, a larger (12×12×12) k-point 

grid was used. The Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm was also 

applied during structural optimization. The lattice parameters and atomic positions were 

relaxed following the structural optimization. The optimal convergent functions to 

obtain the ground state structure were selected as a maximum force within 0.01eV, 

maximum ion displacement within 5×10-4 Å, a total energy difference within 5×10-6 eV 

per atom, and maximum stress within 0.02 GPa. 
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7.2.2 SCAPS-1D numerical simulation 

SCAPS-1D basically solves the second-order semiconductor differential 

equation by applying boundary conditions (in one direction), which govern the charge 

transport in a semiconductor. The three fundamental equations are Poison’s equation 

(Eq. 7.1), electron (Eq. 7.2) and hole (Eq. 7.3) continuity equations, and drift and 

diffusion equations for electrons (Eq. 7.4) and holes (Eq. 7.5). For all the illuminated 

simulations global, the AM1.5 spectrum with an irradiation intensity of 1000 W m -2 was 

considered. The double perovskite solar cell based on Cs2AgSbX6 was modelled with 

an n-i-p planar configuration. 

𝑑𝑦

𝑑𝑥
= −

𝑑2𝛹

𝑑𝑥2 =  
𝑞

𝜀
[𝑝(𝑥) − 𝑛(𝑥) + 𝑁𝐷

+(𝑥) − 𝑁𝐴
− + 𝑝𝑡(𝑥) − 𝑛𝑡(𝑥)]  (7.1) 
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𝐽𝑛(𝑥) = 𝑞𝑛𝜇𝑛𝐸 + 𝑞𝐷𝑛
𝑑𝑛

𝑑𝑥
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𝑑𝐸𝐹𝑛

𝑑𝑥
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𝐽𝑝(𝑥) = 𝑞𝑝𝜇𝑝𝐸 − 𝑞𝐷𝑝
𝑑𝑝
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where Ψ is the electrostatic potential, q is the electron charge, ε is the dielectric constant 

of the semiconductor material, p is the hole concentration, n is the electron 

concentration, NA
- is the density of the ionized acceptors, ND

+ is the density of the 

ionized donors, nt is the trapped electrons, and pt is the trapped holes, x is the position 

coordinate, Gn and Gp are the electron and hole generation rates, np and pn are the 

electron and hole concentrations in the p and n region, respectively, npo and pno are the 

equilibrium electron and hole concentrations in the p and n region, n and p denote the 

electron and hole lifetime, μp and μn are the hole and electron mobilities, E is the electric 

field, Dn and Dp are the electron and hole diffusion coefficients, and EFn and EFp are the 

quasi-Fermi levels (EF) for electrons and holes. 
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7.3 Results and Discussion 

7.3.1 DFT analysis 

The stability of the Cs2AgSbX6 (where X = Cl, Br, I) double perovskites was 

assessed from formational energy. The crystal structure of Cs2AgSbX6 is a cubic 

double-perovskite-type system with 𝐹𝑚3̅𝑚  space group.[28] The Cs2AgSbCl6, 

Cs2AgSbBr6, and Cs2AgSbI6 double perovskites possessed a calculated lattice 

parameter (a) of 10.793 Å, 11.430 Å, and 12.313 Å, respectively. The variation in the 

atomic radii of Cl, Br, and I ions induces associated changes in the lattice parameters. 

Further, the formation energy (Ef) for Cs2AgSbCl6, Cs2AgSbBr6, and Cs2AgSbI6 

double perovskites were calculated using Eq. 7.6, Eq. 7.7, and Eq. 7.8, respectively. The 

negative value of Ef for all the Cs2AgSbX6 double perovskites is listed in Table 7.1, 

which confirms the thermodynamic stability of such double perovskites. 

𝛥𝐸𝑓(𝐶𝑠2AgSb𝐶𝑙6) =
[𝐸𝑇𝑜𝑡𝑎𝑙(𝐶𝑠2𝐴𝑔𝑆𝑏𝐶𝑙6) −2𝐸𝑆(𝐶𝑠) − 𝐸𝑆(𝐴𝑔) − 𝐸𝑆(𝑆𝑏)− 6𝐸𝑆(𝐶𝑙)]

𝑁
  (7.6) 

𝛥𝐸𝑓(𝐶𝑠2AgSb𝐵𝑟6) =
[𝐸𝑇𝑜𝑡𝑎𝑙(𝐶𝑠2𝐴𝑔𝑆𝑏𝐵𝑟6) −2𝐸𝑆(𝐶𝑠) − 𝐸𝑆(𝐴𝑔) − 𝐸𝑆(𝑆𝑏)− 6𝐸𝑆(𝐵𝑟)]

𝑁
  (7.7) 

𝛥𝐸𝑓(𝐶𝑠2AgSb𝐼6) =
[𝐸𝑇𝑜𝑡𝑎𝑙(𝐶𝑠2𝐴𝑔𝑆𝑏𝐼6) −2𝐸𝑆(𝐶𝑠) − 𝐸𝑆(𝐴𝑔) − 𝐸𝑆(𝑆𝑏)− 6𝐸𝑆(𝐼)]

𝑁
  (7.8) 

where ES(Cs), ES(Ag), ES(Sb), ES(Cl), ES(Br), and ES(I) are the energy of Cs, Ag, Sb, 

Cl, Br, and I atoms, respectively.  N represents the number of atoms in the unit cell. 

Further, the empirical Goldschmidt’s tolerance factor (t) was calculated using 

Eq. 9 to confirm the structural stability of Cs2AgSbX6 double perovskites. Typically, 

the value of t between 0.75 and 1.023 corresponds to a stable double perovskite 

structure.[29] The value of t obtained for all Cs2AgSbX6 double perovskites (Table 7.1) 

illustrates the stability of the crystal structures.  

𝑡 =
(𝑅𝐴 + 𝑅𝑋)

√2 (𝑅𝐵 + 𝑅𝑋)
         (7.9) 

where RA, RB, and RX are the ionic radii of the ions at the A, B, and X positions, 

respectively. 
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Table 7.1 The tolerance factor (t) and formational energy (Ef) of various Cs2AgSbX6 

double perovskites. 

Perovskite a (Å) Volume (Å3) t Ef (eV atom-1) 

Cs2AgSbCl6 10.79 1257.26 0.984 -2.73 

Cs2AgSbBr6 11.43 1493.27 0.978 -2.67 

Cs2AgSbI6 12.31 1866.77 0.971 -2.60 

 

 

Figure 7.2 Computed band structure of (a) Cs2AgSbCl6, (b) Cs2AgSbBr6, and (c) 

Cs2AgSbI6 double perovskite light harvesters along the noted symmetry direction of the 

Brillouin zone using the GGA-PBE functional. 

 
Figure 7.3 Computed band structure of (a) Cs2AgSbCl6, (b) Cs2AgSbBr6, and (c) 

Cs2AgSbI6 double perovskite light harvesters along the noted symmetry direction of the 

Brillouin zone using the HSEO6 functional. 

The electronic band diagram of Cs2AgSbX6 (where X = Cl, Br, I) double 

perovskite toward the symmetry Brillouin zone direction as shown in Figure 2. All three 

double perovskite light harvesters illustrated an indirect transition with bandgap (Eg) 

ranging from 1.55 to 0.44 eV. The highest bandgap of 1.55 eV was observed for 
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Cs2AgSbCl6 light harvester (Fig. 7.2(a)), followed by Cs2AgSbBr6 (0.9 eV) (Fig. 7.2(b)) 

and Cs2AgSbI6 (0.44 eV) (Fig. 7.2(c)) light harvesters. Moreover, it should be noted 

that the Eg values were lower in comparison to the reported values. Such discrepancy 

can arise due to the usage of PBE-GGA potentials (average potential) which debate the 

Eg of the light harvesters. [30, 31] Thus, apart from PBE-GGA potentials, the HSEO6 

functional was also used to estimate the Eg of the Cs2AgSbX6 (where X = Cl, Br, I) 

double perovskite. Compared to the Eg obtained from the PBE-GGA model, the Eg 

marginally reduced (~10 m eV) with HSEO6 functional. The Eg of 1.49 eV, 0.88 eV, 

and 0.41 eV were estimated for Cs2AgSbCl6, Cs2AgSbBr6, and Cs2AgSbI6 double 

perovskites, respectively as shown in Fig. 7.3. Additionally, such variation in the 

bandgap can be further engineered for panchromatic visible light absorption by tuning 

the combination of the halide ions in the Cs2AgSbX6 double perovskite light 

harvester.[32] 

 

Figure 7.4 The variation in density of states of the Cs2AgSbX6 (where X = Cl, Br, and 

I) double perovskite light harvesters. 
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The obtained DOS of the light harvester is shown in Fig. 7.4. The DOS state 

curves estimated small values of ~1.32, ~1.19, and ~1.17 states eV -1 when X = Cl, Br, 

and I, respectively at EF showcasing the semiconducting nature of the Cs2AgSbX6 

double perovskites light harvesters. Additionally, DOS curves also indicated p-type 

carriers in the Cs2AgSbX6 double perovskites. Understanding the absorption coefficient 

() of the light harvester is important to comprehend the possible PCE of the solar cell.  

 

Figure 7.5 Energy-dependent variation in absorption coefficient () of the Cs2AgSbX6 

(where X = Cl, Br, and I) double perovskite light harvesters. Yellow shaded region 

highlighting the solar spectrum. 

The energy-dependent variation in absorption coefficient () of the Cs2AgSbX6 

(where X = Cl, Br, and I) double perovskite light harvesters is shown in Figure 5. The 

absorption onset at ~1.5, ~0.9, and ~0.5 eV when X = Cl, Br, and I, respectively, 

reflected the semiconducting nature and the bandgap obtained from the E-K diagram 

(Fig. 7.2 and Fig. 7.3) for Cs2AgSbX6 double perovskites light harvesters. All the 

Cs2AgSbX6 double perovskites light harvesters, showed absorption in the solar 
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spectrum i.e. ~0.5 to ~5 eV (highlighted with the yellow shaded region in Fig. 7.5). 

Moreover, for all the Cs2AgSbX6 double perovskites light harvesters, showed three 

main peaks, demonstrating the panchromatic absorption of the electromagnetic 

spectrum with the dominant ultraviolet (UV) region. It is often noted that the peaks in 

the low energy infrared region originate due to the intraband transition, whereas the 

interband transition produces the peaks in the high-frequency level of absorption.[33] 

Thus, for all the Cs2AgSbX6 double perovskites light harvesters, the highest absorption 

is observed above 14 eV indicating interband transitions. Nevertheless, the minor peaks 

at high energy region (i.e., > 30 eV) can be ascribed to the interband electronic 

transitions. 

In the context of optoelectronics and nano-electronic devices, optical functions 

are crucial in comprehending electronic structure with and prospective optical 

applications. The energy-dependent reflectivity of the Cs2AgSbX6 (where X = Cl, Br, 

and I) light harvester is shown in Fig. 7.6(a). The static part of the reflectivity (0.13) 

was obtained at 0 eV, whereas the highest reflectivity (0.49) was observed in the UV 

region for the Cs2AgSbCl6 light harvester. However, when the Cl was replaced by Br 

ions in the Cs2AgSbX6 light harvester, the static reflectivity increased to 0.17 with the 

highest reflectivity of 0.31 in the UV region. Notably, the static and highest reflectivity 

of 0.24 and 0.34, respectively, were estimated for the Cs2AgSbI6 double perovskite light 

harvester. Additionally, using the obtained reflectivity, the other required optical 

constants can be calculated by employing the Kramers–Kroning equation. 

Further, when the electromagnetic radiation passes through the Cs2AgSbX6 light 

harvester, the refractive index and extinction coefficient account for the changes in the 

phase velocity and the absorption losses. The energy-dependent variation in refractive 

index and extinction coefficient are shown in Fig. 7.6(b). The n (0) of 2.20, 2.48, and 

2.98 were estimated for Cs2AgSbCl6, Cs2AgSbBr6, and Cs2AgSbI6 double perovskite 

light harvesters. Additionally, the refractive index increases with increasing energy, and 

a minimum refractive index was recorded for Cs2AgSbCl6 (i.e., 2.58 at 2.32 eV) 

followed by Cs2AgSbBr6 (i.e., 2.91 at 1.81 eV) and Cs2AgSbI6 (i.e., 3.32 at 1.32 eV). 

Moreover, the refractive index varied with changing energy indicating the 
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photorefractive nature of the Cs2AgSbX6 double perovskite light harvester. Overall, the 

n (0) for all Cs2AgSbX6 double perovskite light harvesters were found comparable to 

GaAs and K2Cu2GeS4 semiconductors.[34] 

 

Figure 7.6 Energy-dependent variation in (a) reflectivity, (b) refractive index, (c) 

dielectric function, and (d) conductivity of the Cs2AgSbX6 (where X = Cl, Br, and I) 

double perovskite light harvesters. 
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Fig. 7.6(c) illustrates the variation of the real (ɛ1) and imaginary (ɛ2) parts of the 

dielectric function depending on the energy. The ɛ1 at zero energy indicating the 

electronic part of the static dielectric function was estimated to be 4.96, 6.22, and 8.94 

for Cs2AgSbCl6, Cs2AgSbBr6, and Cs2AgSbI6, respectively. Additionally, the ɛ1 for all 

Cs2AgSbX6 double perovskite light harvesters steadily increased and attained a 

maximum value. Moreover, the intraband and interband transitions can be correlated to 

the dielectric function where the intraband represents the absorption of free or 

conduction electrons. The maximum ɛ1 of 10.66 (at 1.20 eV) was recorded for 

Cs2AgSbI6 followed by Cs2AgSbBr6 (i.e., 8.01 at 1.74 eV) and Cs2AgSbCl6 (i.e., 6.49 

at 2.18 eV) light harvesters in the visible region. For energies > 20 eV, the dielectric 

constant of Cs2AgSbX6 double perovskite light harvesters remained almost constant 

indicating an energy loss of the electrons originating from electronic transitions. The ɛ2 

for all Cs2AgSbX6 double perovskite light harvesters attained zero beyond an energy of 

20 eV proving their transparent and anisotropic (optical) nature. Fig. 7.6(d) illustrates 

the photoconductivity of the Cs2AgSbX6 light harvesters. The initiation of the 

photoconductivity curve from 0 eV shows the degenerative nature of the Cs2AgSbX6 

light harvesters showcasing their applicability in high-efficiency solar cells. 

Nevertheless, the highest conductivity was observed for Cs2AgSbCl6 (at 13.73 eV) 

followed by Cs2AgSbBr6 (at 13.67 eV) and Cs2AgSbI6 (at 6.44 eV) light harvesters. 

Overall, the optical properties of Cs2AgSbX6 double perovskite light harvesters 

demonstrated their suitability for fabricating high-efficiency solar cells. 

7.3.2 SCAPS-1D analysis 

With the prerequisites pertaining to the electronic and optical properties of 

Cs2AgSbX6 double perovskite light harvesters, the physical parameters employed in the 

SCAPS-1D device simulation are tabulated in Table 7.2. The series and shunt resistance 

values are 5 Ω cm-2 and 1 M Ω cm-2, respectively. 
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Table 7.2 The physical parameters loaded as input to simulate Cs2AgSbX6 double perovskite solar 

cells. 

Parameters FTO AZnO Cs2AgSbCl6 Cs2AgSbBr6 Cs2AgSbI6 MoO3 

Thickness 

(m) 
0.1 0.03 0.9 0.9 0.9 0.3 

Bandgap 

(eV) 
3.5 3.33 1.55 0.9 0.44 3.0 

Electron 

affinity (eV) 
4.0 4.55 3.9 3.9 3.9 2.5 

Relative 

dielectric 

permittivity  

9.0 8.120 6.5 6.0 6.2 12.5 

CB 

effective 

density of 

states (cm-3) 

2.2×1018 4.1×1018 1×1019 1×1019 1×1019 2.2×1018 

VB 

effective 

density of 

states (cm-3) 

1.8×1019 8.2×1018 1×1019 1×1019 1×1019 1.8×1019 

Thermal 

velocity of 

electrons 

(cm s-1) 

1×107 1×107 1×107 1×107 1×107 1×107 

Thermal 

velocity of 

holes 

 (cm s-1) 

1×107 1×107 1×107 1×107 1×107 1×107 

Mobility of 

electrons 

(cm2 V-1 s-1) 

20 100 2 2 2 2.5 

Mobility of 

holes (cm2 

V-1 s-1) 

1 20 2 2 2 100 

donor 

density, ND 

(cm-3) 

2×1019 1×1013 0 0 0 0 
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acceptor 

density, NA 

(cm-3) 

0 0 1×1019 1×1019 1×1019 1×1018 

Defect 

density, Nt 

(cm-3) 

1×1015 1×1017 1×1014 1×1014 1×1014 1×1015 

References [35] [25] [36] [37] [28] [2] 

  

 

Figure 7.7 The variation in the performance of Cs2AgSbX6-based double perovskite 

solar cells corresponding to the changes in (a) thickness, and (b) bulk defect density in 

the light harvester films. (with other physical parameters as tabulated in Table 7.2) 

The thickness of the light harvester films directly influences the performance of 

Cs2AgSbX6-based double perovskite solar cells. The optimum thickness of the light 

harvester film is necessary, as increasing the thickness beyond charge diffusion lengths 

can lead to charge recombination and decline performance. The variation in the 
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performance of Cs2AgSbX6-based double perovskite solar cells corresponding to the 

changes in thickness is shown in Fig. 7.7(a). As the thickness of the light harvester was 

increased from 100 to 800 nm, the associated steady rise in PCE of the Cs2AgSbX6 

double perovskite solar cell was observed. The main contributor to such a high increase 

in PCE can be correlated to the corresponding rise in JSC. The increase in JSC can be 

ascribed to the higher photogeneration in relatively thicker light harvester films.[38] 

Additionally, beyond a thickness of 600 nm, the PCE of Cs2AgSbX6 double perovskite 

solar cells saturated. At a thickness of 600 nm, a PCE of ~26.5 %, ~28.16 %, and 

~29.30% was estimated for Cs2AgSbCl6, Cs2AgSbBr6, and Cs2AgSbI6 light harvester. 

Moreover, the open circuit voltage (VOC) and fill factor (FF) of Cs2AgSbX6 double 

perovskite solar cells remain constant for all the light harvesters with varying 

thicknesses. 

Experimentally, depending on the synthesis protocol, the bulk defect density in 

the Cs2AgSbX6 films varies. Thus, the bulk defect density of the Cs2AgSbX6 double 

perovskite light harvester was varied from 1013 to 1016 cm-3 as shown in Fig. 7.7(b). 

With the rise in bulk defect density, an associated decline in the PCE was observed for 

all the Cs2AgSbX6 light harvesters. Even at a higher bulk defect density of 1016 cm-3, 

the PCEs of 13.62 %, 14.54 %, and 15.15 % were estimated for Cs2AgSbCl6, 

Cs2AgSbBr6, and Cs2AgSbI6, respectively. The deduction in the PCE at high bulk defect 

density can be ascribed to the corresponding reduction in JSC originating from defect-

assisted recombination which reduces the effective charge diffusion length in the 

defective light harvesters. Moreover, the marginal decline in the VOC can be associated 

with the formation of defect energy levels, which modifies the effective bandgap in the 

Cs2AgSbX6 double perovskite light harvesters. The change in JSC and VOC results in 

declining the FF of high bulk defect density films. 

While evaluating the performance and economic viability of Cs2AgSbX6 double 

perovskite solar cells, it is essential to consider the application of several potential rear 

contacts based on their conductivity, work function, reactivity, and cost.[39] The 

variation in the PCE of Cs2AgSbX6 double perovskite solar cells depending on the work 

function of the rear metal contact is shown in Fig. 7.8. The PCE of Cs2AgSbX6 double 

perovskite solar cells increased with the increase in the work function of the rear 



 

126 
 

contacts. The PCE of the Cs2AgSbX6 double perovskite solar cells saturated beyond a 

work function of 5 eV (carbon). These findings pointed to the possibility of using 

inexpensive and chemically inert carbon electrodes as rear contacts for the Cs2AgSbX6 

double perovskite solar cells without sacrificing PCE. 

 

Figure 7.8 The variation in the PCE of Cs2AgSbX6 double perovskite solar cells 

depending on the work function of the rear metal contact. 

 

Figure 7.9 The (a) quantum efficiency (QE) indicating the spectral response and (b) J-

V characteristics of the modeled Cs2AgSbX6 double perovskite solar cells. 
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Comprehending the spectral response is essential in interpreting the incident 

photon to electron conversion or quantum efficiency (QE) of Cs2AgSbX6 double 

perovskite solar cells. The QE of Cs2AgSbX6 double perovskite solar cells is shown in 

Fig. 7.9(a). All the Cs2AgSbX6 (where X = Cl. Br, I) light harvesters showed broad 

absorption in the visible range. The associated J-V curves depending on the type of light 

harvester are shown in Fig. 7.9(b). The highest PCE of ~29.9 % was estimated for 

Cs2AgSbI6 light harvester followed by Cs2AgSbBr6 (~28.2 %) and Cs2AgSbCl6 (~27.29 

%). Overall, these findings show the possible potential PCE of the Cs2AgSbX6 double 

perovskite solar cells and the physical parameters that control them. The methodical 

approach used to comprehend the optoelectronic characteristics and interpret the 

potential device applications can be adopted for various other heterojunction 

photovoltaics and optoelectronic devices. 

7.4  Conclusion 

In conclusion, the CASTEP software program, which is dedicated to DFT, was first used 

to probe the Cs2AgSbX6 (where X = Cl, Br, and I) double perovskite light harvesters. The tunable 

bandgap (indirect) and related semiconducting nature of Cs2AgSbX6 double perovskite light 

harvesters were revealed by the DFT analysis. The optoelectronic characteristics of Cs2AgSbX6 

light harvesters, such as their absorption coefficient, reflectivity, refractive index, and dielectric 

characteristics, highlight their theoretical potential for excellent solar energy conversion. 

Additionally, the device simulation using SCAPS-1D programming demonstrated the impact of 

several physical factors on the performance of the modeled double perovskite solar cells based on 

Cs2AgSbX= (FTO/AZnO/Cs2AgSbX6/MoO3/rear contact). The thickness and bulk defect density 

of the light harvesters showed higher control over the PCE of the cells. The change in PCE with 

possible rear contacts demonstrates the applicability of cost-effective carbon electrodes. The 

highest PCE of ~29.9 %, ~28.2 %, and ~27.2 % was estimated for Cs2AgSbI6, Cs2AgSbBr6, and 

Cs2AgSbCl6 double perovskite light harvesters, respectively. The present theoretical estimation 

illustrated in this study can be stretched to other optoelectronic devices. 
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Summary and conclusion 
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8.1 Summary and conclusion 

The amount of energy globally is anticipated to rise about 30 TW by 2050 to 46 TW by 

2100. Conventional energy sources like coal, oil, natural gas, etc., cannot keep up with the 

projections owing to the ever-increasing demand. Consequently, an extensive evaluation of 

sustainable and renewable energy sources must be conducted to address the staggering energy 

demand of the future. Of the various kinds of green energy solutions readily accessible, 

photovoltaic (PV) cells for solar energy conversion are of special interest to the scientific and 

industrial sectors. Owing to the high power-to-weight ratio, the PV cells can handle large demands 

and the output of the PV cell can be integrated into existing power grids making them the best-

suited choice. Consequently, there are several PV technologies based on the type of light harvester 

used and the associated manufacturing cost. However, the cost is further linked to the abundance 

and ease of processing of the light harvester. Overall, solar cell technology has progressed and is 

classified depending on decreasing cost. Nevertheless, finding environmentally benign light 

harvesters with ideal optoelectronic properties is of utmost importance to combat the modern-day 

challenges which include global warming. In general, photovoltaic panels will be effective ways 

to meet future energy needs in a sustainable manner. 

Among the developed solar cell technologies, the third-generation perovskite solar cells 

have recently captured the limelight. Presently, the efficiency of the single junction perovskite 

solar cells is comparable to the established first-generation crystalline silicon technology. 

Moreover, the robustness of the perovskite crystal structure renders cost-effective manufacturing 

which comprises simple thin film techniques at relatively low temperatures. Thus, the modern 

perovskite light harvesters are currently demonstrating considerable assurance. But, the 

shortcomings of their toxicity and long-term stability remain the biggest concern. However, the 

crystal structure of the perovskite light harvesters offers tunability which can be modulated 

towards non-toxic, stable, and highly efficient perovskite solar cells. Depending on the ionic radii 

and oxidation states several replacements in the perovskite crystal structures are researched to 

substitute the toxic and unstable ions at the operating conditions. Apart from the perovskite light 

harvesters, the associated assisting layers which aid in the formation of n-i-p or p-i-n junctions can 

also help boost both the long-term stability and PCE of the perovskite solar cells. 
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Therefore, investigating the possible perovskite light harvesters obtained by tailoring their 

crystal structure towards non-toxicity and high efficiency is essential in assessing the potential of 

perovskite solar cells. It is a laborious process to experimentally investigate various perovskite 

light harvesters in conjunction with additional supporting films. However, the influence of the 

thickness, doping, and defect densities of the subsequent layer on the performance of the 

perovskite solar cells is not well understood.  Thus, the optimizations required to enhance the PCE 

of PSCs based on the SCAPS-1D software program are evaluated. The effect of the replacement 

of toxic Pb ions with Sn ions in the perovskite crystal structure and concomitant changes in the 

performance needs evaluation. The possible theoretical performance considering the physical 

parameters is discussed and optimized with the SCAPS-1D program. Other possible perovskite 

light harvesters obtained by transmutation of the toxic Pb ions resulting in double perovskite 

crystal structures need scrutinization for solar energy harvesting. The performance of all inorganic 

and non-toxic double perovskites is optimized. By understanding the thermodynamic stability, the 

potential of other inorganic non-toxic double perovskite light harvesters is also evaluated. Further, 

the DFT calculations based on the CASTEP software program are performed on the double 

perovskite light harvesters to understand their intrinsic optoelectronic properties. The obtained 

optoelectronics properties were used as input to numerically comprehend the light harvesters.  

Therefore, we have addressed the following objective in this thesis work. 

 Optimization of the subsequent layers in perovskite solar cells based on CH3NH3PbI3-

XClX light harvesters to yield high efficiency. 

 The effect of replacement of toxic and unstable ions in the perovskite structurers on the 

performance of solar cells. 

 The influence of heterogenous substitution of the toxic lead ions in the perovskite light 

harvester to form double perovskite and their solar cell performance. 

 The influence of thickness, defect, and doping densities of the subsequent layers in the 

double perovskite solar cells on the perovskite solar cells. 

 The study on optoelectronic properties of possible perovskite light harvesters and their 

associated changes in the performance. 

Organic-inorganic perovskite light absorbers have shown tremendous progress over the 

last decade. Single junction solar cells with perovskite light absorbers have achieved power 

https://www.sciencedirect.com/topics/physics-and-astronomy/perovskite
https://www.sciencedirect.com/topics/materials-science/perovskite
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conversion efficiencies exceeding 25%. Further optimization of the subsequent thin-films in 

the perovskite solar cells is essential to attain higher power conversion efficiencies reaching the 

Shockley-Queisser limit. Herein, we report the preliminary studies on how the subsequent thin-

films thickness and properties can be tuned to achieve efficiencies exceeding 30%. We used 

SCAPS-1D software to optimize the thickness, donor, defect, and acceptor densities of each thin 

film of the perovskite solar cells. The thickness and defect densities of the CH3NH3PbI3-XClX light 

absorber had the highest control over power conversion efficiencies. The thickness and acceptor 

densities of the hole transporting films had the slightest control over power conversion efficiencies. 

We have also studied the operating temperature-dependent variation in power conversion 

efficiency and other solar cell parameters. In an attempt to replace the high-cost gold counter 

electrode, we compared the variation of power conversion efficiency with other possible counter 

electrodes. Overall, the current approach of utilizing SCAPS-1D software to optimize high-

efficiency perovskite solar cells theoretically can be extended to other solar cells 

and optoelectronic devices. 

   
Figure 8.1 Theoretical optimization of the device structure based on CH3NH3PbI3-XClX light 

harvesters and the associated J-V curve demonstrating PCE of ~30%. 

https://www.sciencedirect.com/topics/physics-and-astronomy/perovskite-solar-cells
https://www.sciencedirect.com/topics/materials-science/perovskite-solar-cell
https://www.sciencedirect.com/topics/materials-science/defect-density
https://www.sciencedirect.com/topics/physics-and-astronomy/optoelectronic-device
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Single junction solar cells with organic-inorganic perovskites have achieved efficiency > 

25%, yet they suffer from long-term durability and toxicity. Additionally, all the best-performing 

perovskite light harvesters contain lead, hindering their real-time application. Herein, we report 

preliminary studies with the SCPAS-1D software package on three different perovskite light 

harvesters, namely FAPbI3, FASnI3, and CsSnI3, considering an approach towards stable and 

environmentally benign perovskite light harvesters. Additionally, to extract the best performance, 

each perovskite light harvester is analyzed with four electron transport layers, namely TiO2, SnO2, 

BaSnO3, and La doped BaSnO3. The physical parameters such as thickness, doping, and defect 

density are optimized for the subsequent films to deliver high performance. Further, the operating 

temperature-dependent variation in power conversion efficiency and other solar cell parameters 

are also analyzed. In an attempt to replace the high-cost gold counter electrode, a comparative 

study on the performance of other possible counter electrodes is also comprehensively detailed. 

   

Figure 8.2 The schematics of the device considered for replacing the toxic lead ions with Sn ions 

and the corresponding absorption co-efficient subsequent layers. 

Recently, the efficiency of single-junction perovskite solar cells has been competing with 

the crystalline Si solar cells. However, the perovskite absorbers are toxic and susceptible to 

moisture. Herein, the performance of an environmentally benign and durable Cs2BiAgI6 light 

harvester using the 1D Solar Cell Capacitance Simulator (SCAPS-1D) software package is 

evaluated. The primary physical parameters, namely, defect and doping densities and thickness of 



 

136 
 

the subsequent layers, are varied to achieve high efficiencies. The optimized Cs2BiAgI6-based 

double perovskite solar cells with three distinct hole-transporting layers (HTLs) (i.e., MoO3, 

CuSCN, and spiro-OMeTAD) deliver a power conversion efficiency of ≈29% with AZnO as 

electron transport layer (ETL). Further, a variety of possible rear electrodes are explored, and their 

effect on the performance is estimated. For real-time examination of the Cs2BiAgI6-based double 

perovskite solar cells, the variation of power conversion efficiency (PCE) concerning the operating 

temperature is estimated. The thickness of the Cs2BiAgI6 light harvester layer and the bulk defect 

density are the key aspects in attaining high power conversion efficiencies in Cs2BiAgI6-based 

double perovskite solar cells. 

 

Figure 8.3 The possible PCE of PSCs based on a double perovskite light harvester dependent on 

the long-term stability and toxicity. 

The main issues impeding the commercialization of perovskite solar cells are their toxicity 

and long-term stability. Thus, it is essential to find a robust and reliable alternative light absorber 

that is environmentally friendly and provides stability. Herein, we present stable and lead-free 

Cs2CuSbX6 (where X = Cl, Br, and I) double perovskite light harvesters as a substitute, which can 

render excellent efficiency and long-term stability. The double perovskite solar cells based on the 

Cs2CuSbX6 light harvester, the aluminium-doped ZnO electron transport layer, and the MoO3 and 

https://www.sciencedirect.com/topics/materials-science/perovskite-solar-cell
https://www.sciencedirect.com/topics/materials-science/perovskite
https://www.sciencedirect.com/topics/materials-science/electron-transfer
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Cu2O hole transport layers are critically evaluated using the SCAPS-1D software package. The 

densities of defects and dopants as well as the thickness of the succeeding layers of the double 

perovskite solar cells are altered to extract high efficiency. With aluminium-doped ZnO serving as 

the electron transport layer, the optimized Cs2CuSbI6-based double perovskite solar cells attain a 

power conversion efficiency (PCE) of about ∼29% for both MoO3 and Cu2O hole transport layers. 

Several potential back electrodes are also investigated, and their impact on performance is 

assessed. The fluctuation in PCE concerning operating temperature is computed for authentic 

analysis of the double perovskite solar cells during real-time operation. Overall, in order to achieve 

high PCEs in Cs2CuSbI6-based double perovskite solar cells, it is crucial to consider both the 

thickness of the light harvester layer and the bulk defect density. 

     
Figure 8.4 Schematics of the optimized and environmentally benign double perovskite solar cells 

yielding PCE of ~29%. 

Owing to the low long-term stability and high toxicity, high-efficiency perovskite solar 

cells are yet to be commercialized. Therefore, it is imperative to find a reliable and environmentally 

benign alternative perovskite light harvester. Herein, we present a non-toxic double perovskite 

light harvester based on Cs2AgSbX6 (where X = Cl, Br, and I) as a substitute, which can render 

both high efficiency and long-term durability. The optoelectronic properties of the Cs2AgSbX6 

double perovskite light harvesters were investigated with the CASTEP software package which is 

committed to density functional theory (DFT). The bandgap (indirect) tunability of Cs2AgSbX6 

https://www.sciencedirect.com/topics/materials-science/doping-additives
https://www.sciencedirect.com/topics/materials-science/defect-density
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double perovskite light harvesters and associated changes in the density of states (DOS) were 

explored. The obtained results were further loaded as input to the SCAPS-1D software package to 

assess the potential of Cs2AgSbX6 double perovskite solar cells. With the 

FTO/AZnO/Cs2AgSbX6/MoO3/rear contact device structure, the thickness and bulk defect density 

of the Cs2AgSbX6 light harvester had superior control over the performance of the double 

perovskite solar cells. The highest theoretical efficiency of ~29.9 % was estimated for the 

Cs2AgSbI6 light harvester. Additionally, the effectiveness of several prospective back electrodes 

was examined. 

     

Figure 8.5 DFT calculations aided numerical estimation of Cs2AgSbX6 based double perovskite 

light harvester and the corresponding optimized solar cells. 
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8.2 Future scope 

Although increasing energy consumption will boost economic growth, it will also result in 

greenhouse gas emissions and other concerns like pollution of the natural world, climate change, 

and other related difficulties. Thus, the only path to a greener future will involve the 

implementation of sustainable energy applications. Achieving zero carbon footprint will be greatly 

aided by sustainable energy applications like solar cells, photocatalysis, green hydrogen 

production, etc. Green hydrogen fuel can be produced and used effectively in industry, or it can be 

used to power internal combustion engines that emit no pollution and support modern 

transportation. Similarly, to reduce dependency on fossil fuels, PV panel output can operate as 

independent sources or be integrated into existing grids. When such applications are applied in 

tandem the output of the PV panel can be fed into the fuel cells to produce green hydrogen fuel by 

water splitting. Thus, for these sustainable energy applications, one ought to strive to boost the 

overall performance functional materials. The current work suggests that perovskite light 

harvesters can be tailored for solar energy conversion. Nonetheless, a few of the major conclusions 

offer guidelines for additional research, including: 

1. Experimental investigation on the theoretically well-performing stable, non-toxic and 

perovskite solar cells with industrially feasible aiding transport layers and counter 

electrodes. 

2. The comparison of the theoretical performance to the experimental output to comprehend 

the device and interfacial physics.  

3. To use such theoretical optimization as guidelines for evaluating other optoelectronic 

devices like photodetectors, light emitting diodes, photo transistors, etc. 

4. To compare the output of various other numerical estimations so as provide strategies for 

fabricating large area thin film solar cells. 

5. Employing various software based on DFT to understand the properties other potential 

light harvesters which are not limited perovskite structures. 


	Dedicate
	REMERCIEMENTS
	ACKNOWLEDGEMENTS
	RÉSUMÉ
	ABSTRACT
	LIST OF PUBLICATIONS
	LIST OF COMUNICATIONS
	LIST OF FIGURES
	LIST OF TABLES
	NOMENCLATURE
	Chapter 1
	Introduction
	1.1  Overview of solar energy
	1.2 Evolution of solar cells
	1.2.1 First-generation solar cells
	1.2.2 Second-generation solar cells
	1.2.3 Third-generation solar cells
	1.2.4 Fourth-generation solar cells
	1.3 Perovskite solar cells
	1.3.1 Perovskite solar cell architectures
	1.3.2 Various supporting layers in perovskite solar cells and their functioning
	1.3.3 The major challenges in perovskite solar cells
	1.4 Motivation
	1.5 Objectives of the thesis
	1.6 References
	Chapter 2
	Simulation Techniques
	2.1  Introduction
	2.2 1D Solar Cell Capacitance Simulator (SCAPS-1D)
	2.2.1 Fundamental semiconductor equations
	2.2.2 1D-SCAPS front interface (front end)
	2.2.3 1D- SCAPS problem defining
	2.2.4 Including layers to the solar cell structure
	2.2.5 Simulating the baseline for numerical analysis of the solar cells
	2.3 Cambridge Serial Total Energy Package (CASTEP)
	2.4 References
	Chapter 3
	Optimization of CH3NH3PbI3-XClX
	based perovskite solar cells
	3.1  Introduction
	3.2 Simulation procedure
	3.3 Results and discussion
	3.3.1 Influence of transparent conducting oxide
	3.3.2 Influence of TiO2 ETL
	3.3.3 Influence of CH3NH3PbI3-XClX perovskite light absorber
	3.3.4 Influence of Spiro-OMeTAD HTL
	3.3.5 Influence of CuSCN HTL
	3.3.6 Influence of operating temperature and material of the counter electrode
	3.4 Conclusion
	3.5 References
	Chapter 4
	Towards lead-free all-inorganic perovskite solar cell
	4.1  Introduction
	4.2 Simulation procedure
	4.3 Results and discussion
	4.3.1 Absorption coefficient
	4.3.2 The effect of thickness of various ETLs
	4.3.3 The effect of donor doping density in various ETLs
	4.3.4 The effect of the thickness of various light harvesters
	4.3.5 The effect of defect density in various light harvesters
	4.3.6 The effect of various counter electrodes and operating temperature
	4.3.7 J-V and IPCE curves of the optimized device
	4.4 Conclusion
	4.5 References
	Chapter 5
	Lead-free non-toxic Cs2BiAgI6 double perovskite solar cell
	5.1  Introduction
	5.2 Device modeling and simulation procedure
	5.3 Results and discussion
	5.3.1 Effect of thickness and donor density of AZnO
	5.3.2 Effect of thickness and bulk defect density of Cs2BiAgI6
	5.3.3 Effect of thickness and acceptor density of HTLs
	5.3.4 Effect of interfacial defect density
	5.3.5 Effect of various counter electrodes and operating temperature
	5.3.6 Quantum efficiency and J-V curves
	5.4 Conclusion
	5.5 References
	Chapter 6
	Lead-free non-toxic Cs2CuSbX6 double perovskite solar cell
	6.1  Introduction
	6.2 Device modeling and simulation procedure
	6.3 Results and discussion
	6.3.1 Absorption coefficient
	6.3.2 Effect of thickness of light harvester
	6.3.3 Effect of bulk defect density in light harvester
	6.3.4  Effect of operating temperature and various counter electrodes
	6.3.5 Effect of parasitic series and shunt resistances
	6.3.6 J-V curves and external quantum efficiency
	6.4 Conclusion
	6.5 References
	Chapter 7
	Cs2AgSbX6 double
	perovskite: DFT and SCAPS studies
	7.1  Introduction
	7.2 Computational study and numerical simulations
	7.2.1 DFT calculations of the Cs2AgSbX6 double perovskite light harvester
	7.2.2 SCAPS-1D numerical simulation
	7.3 Results and Discussion
	7.3.1 DFT analysis
	7.3.2 SCAPS-1D analysis
	7.4  Conclusion
	7.5 References
	Chapter 8
	Summary and conclusion
	8.1  Summary and conclusion
	8.2 Future scope

