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RESUME

Avec leur efficacité exceptionnelle de conversion de I'énergie, de plus de 23 % actuellement, les
pérovskites tridimensionnelles aux halogénures dominent la recherche sur les cellules solaires
pouvant étre traitées en solution. Toutefois, la présence dans ces dispositifs de pointe d'un
élément toxique tel que le plomb ainsi que la stabilité chimique des pérovskites aux halogénures
entravent la commercialisation de cette technologie. Des cellules solaires pérovskites halogénure
sans plomb peuvent étre réalisées en remplagant complétement le plomb par des éléments tels
que Iétain, le germanium, etc. Cependant, elles présentent une efficacité et une stabilité
inférieures a celles des cellules contenant du plomb. A ce jour, les cellules solaires pérovskites a
base d’étain sont celles qui sont les plus slres du point de vue toxicologique et qui représentent
donc le plus faible danger. Malheureusement, 'étain est sujet a I'oxydation, ce qui pose des
problémes de stabilité ainsi que des performances photovoltaiques plus faibles pour les cellules
solaires en pérovskite a base d’étain. L'efficacité et la stabilité des cellules solaires pérovskites a
base d’étain sont limitées par une recombinaison accrue des porteurs de charge induite par des
lacunes d'étain qui sont activées par I'oxydation de I'étain d'un état d'oxydation 2* a un état
d'oxydation 4" qui est plus stable. Alternativement, on peut remplacer partiellement le plomb par
de I'étain ce qui permet de réduire la teneur en plomb (pérovskites alliées étain-plomb) sans perte
significative d’efficacité. Dans le cas présent, les pérovskites d’alliage plomb-étain efficaces sont
obtenues via une ingénierie de la composition qui comprends la substitution partielle des métaux
et des halogénures dans les pérovskites en alliage. Aussi, la problématique de la stabilité
chimique des pérovskites aux halogénures peut étre résolue en utilisant des pérovskites en
couches de faible dimensionnalité (pérovskites a deux dimensions) comme absorbeurs de soleil,
mais ceci est réalisé au détriment des performances photovoltaiques. Les pérovskites en couches
de faible dimensionnalité sont synthétisées par I'exfoliation de pérovskites a l'aide de cations
d'ammonium organiques a grand volume. Les cellules solaires fabriquées avec ces pérovskites
a faible dimensionnalité ont montré une amélioration significative de leur stabilité chimique contre
I'humidité ainsi que contre I'élévation de la température par rapport a la structure d'origine. Dans
cette thése, nous avons d’abord étudié de maniére approfondie les pérovskites a faible
dimensionnalité  synthétisées en utilisant un cation organique volumineux, le
phényléthylammonium. Par la suite, nous avons exploré les effets des cations
phényléthylammonium dans les pérovskites a base d’alliages étain-plomb afin d’améliorer leurs

performances photovoltaiques ainsi que la stabilité des dispositifs. Il est intéressant de noter que
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laddition d’'une petite quantité de cations volumineux d'ammonium organique dans les
pérovskites peut passiver les défauts associés a I'oxydation de I'étain dans le matériau. Aussi
nous avons optimisé la quantité de cations d’ammonium nécessaires pour améliorer
simultanément l'efficacité et la stabilité. Cette thése sert donc a paver la voie vers des cellules

solaires a pérovskite sans plomb, ultra-stable et trés efficace.

Mots-clés: cellules solaires pérovskites, pérovskites sans plomb, pérovskite a alliage étain-
plomb, pérovskites moins toxiques, pérovskites stables, pérovskites bidimensionnelles,
perovskites en couches, oxydation de I'étain, pile solaire de perovskite sans plomb, perovskites

mixtes aux halogénures.
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ABSTRACT

Three-dimensional halide perovskites have been dominating solution-processable solar cell
research recently with outstanding power conversion efficiency of over 23%. The presence of
toxic element “lead” in state-of-the-art devices and chemical stability of halide perovskites,
however, hamper the commercialization of this technology. Although lead-free halide perovskite
solar cells can be realized by completely replacing lead with other elements, such as tin,
germanium, etc., they show inferior efficiency and stability. To date, tin-based perovskites are
toxicologically safer, highest-performing lead-free perovskite solar cells. Unfortunately, tin is
prone to oxidation causing critical stability issues as well as lower photovoltaic performance. The
efficiency and stability of tin perovskites are limited by enhanced charge carrier recombination in
the solar cell induced by tin vacancies activated by tin oxidation from the 2" oxidation state to
more stable 4" oxidation state. Alternatively, partially replacing lead with tin helps to reduce the
lead content (viz. tin-lead alloyed perovskites) in perovskite solar cells while without significant
loss in efficiency. Here, efficeint lead-tin perovskites are achieved via compostional engineering.
The compositional engineering was comprised of partially substituting metals and using mixed
halides in alloyed perovskites. The issue of chemical stability of halide perovskites can be
addressed by employing layered low-dimensional perovskite (known as two-dimensional
perovskites) as solar absorbers, but at the expense of photovoltic performance. Layered low-
dimensional perovskite structures are synthesized by exfoliating perovskite structure by bulky
organic ammonium cations which have shown significant improvement on chemical stability
against moisture and heat compared to the parent structure. In this thesis, layered perovskites
using bulky organic cation, phenylethyl ammonium, are thoroughly studied. Subsequently, effects
of phenylethyl ammonium cations in tin-lead peovskites are explored to improve photovoltic
performance and device stability of tin-lead alloyed perovskites. Interestingly, a small amount of
bulky organic ammonium cation addition in the perovskites showed various effects from
passivating the Sn vacancy defects to homogenizing the metals and halides in the material. Here,
the amount of phenylethyl ammonium cations is optimized to simultanously improve the efficiency
and stability. The thesis proposes a recipe for a stable, highly efficient lead-less perovskite solar

cell.

Keywords : perovskite solar cells, lead-free perovskites, tin-lead alloyed perovskite, less-toxic
perovskites, stable perovskites, two-dimensional perovskites, layered perovskites, tin oxidation,

efficeint less-lead perovskite solar cell, mixed-halide alloyed perovskites.



SYNOPSIS

INTRODUCTION

L’'un des problémes majeurs auquel '’humanité devra faire face au cours des 50 prochaines
anneées est la crise de I'énergie. L'augmentation de la population, I'évolution rapide des modes
de vie, l'industrialisation massive et I'évolution du paysage urbain ont considérablement accru la
demande en énergie. Actuelement, la consommation annuelle mondiale d'électricité est de 12
TW et devrait passer a 24 TW d'ici 2050, ce qui laissera un déficit de 12 TW. Le scénario
énergétique actuel consistant a utiliser des combustibles fossiles pour répondre a la demande en
énergie ne permet pas de répondre efficacement a I'augmentation de la demande, car ces
ressources en combustibles fossiles sont non renouvelables et limitées. En outre, ils causent des
risques environnementaux importants, tels que le réchauffement de la planéte et les problémes

climatiques associés. A I'heure actuelle, plus de 75% de la demande énergétique mondiale est

satisfaite par des ressources énergétiques traditionnelles , notamment le charbon, le gaz naturel
et le pétrole. Un rapport récent, publié par le Groupe d'experts intergouvernemental sur I'évolution
du climat (GIEC) des Nations Unies (ONU), indique que siles ressources
énergétiques « propres » ne sont pas largement utilisées, la planéte atteindra le seuil critique de
1,5 avant les niveaux préindustriels d'ici 2030 Parmi les ressources énergétiques durables,
I'énergie solaire est la plus propre, avec un colt en carbone zéro. Le photovoltaique, qui convertit
I'énergie solaire, la source d'énergie la plus abondante et la plus propre, en électricité est
considérée comme l'une des technologies les plus prometteuses pour répondre a notre demande
urgente d'énergie verte. Le silicium cristallin domine le marché des cellules solaires depuis des
décennies, mais un nouveau matériau appelé « pérovskite aux halogénures » approche
rapidement des niveaux d'efficacité identiques. Les pérovskites aux halogénures adoptent la
structure cristalline ABX 3, ou A = méthylammonium (MA), formamidinium (FA), césium (Cs) et /
ou rubidium ( Rb ); B = plomb (Pb) et / ou étain (Sn); X = chlore (Cl), brome (Br) et / ou iode (l).
Ces matériaux sont généralement décrits comme des pérovskites tridimensionnelles
(3D). Les pérovskites aux halogénures sont attrayantes pour plusieurs raisons. Les ingrédients
sont abondants et ils peuvent étre mélangés facilement et a moindre colt. De plus, ils peuvent,
a basse température, étre mis en forme de couches minces contenant un matériau hautement
cristallin comme celui des plaquettes de silicium aprés que celui-ci ait subi un traitement colteux
et a haute température. Cependant, la stabilité des cellules solaires pérovskites (PSC) et la

présence de plomb métallique toxique dans les pérovskites sont sans doute les principaux
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inconvénients qui limitent la commercialisation de cette technologie. Dans cette these, les

préoccupations principales liées aux cellules solaires pérovskites sont abordées.

La présence de plomb dans les PSC les plus efficaces entrave I'application a grande échelle de
cette technologie. En effet, des sous-produits toxiques du Pb hydrosolubles peuvent se former
une fois les pérovskites d'halogénure de Pb au contact avec I'eau ou avec l'air humide, lesquels
peuvent s'accumuler dans la chaine alimentaire. Les directives de I'Union Européenne limitent a
0,1% en poids la concentration maximale de plomb dans chaque matériau homogéne contenue
dans des dispositifs électroniques, a savoir, le matériau pérovskite dans une cellule solaire
pérovskite. L'Amérique du Nord impose également des restrictions similaires au contenu en
plomb dans les appareils électroniques. Les matériaux hautement efficaces a base de pérovskite
aux halogénures contiennent plus de 10% de plomb. Les candidats appropriés pour le
remplacement du plomb sont des éléments du méme groupe (groupe 4) que le plomb. Ainsi, le
Sn et le germanium (Ge), qui ont tous deux plusieurs états d'oxydation (2+ et 4+), sont de bons
candidats. Les simulations numériques montrent que la configuration électronique du Pb 2* dans
la structure pérovskite ABX est cruciale pour ses remarquables propriétés photovoltaiques. Les
pérovskites a base de Sn constituent la meilleure alternative aux pérovskites aux halogénures de
plomb car ce sont des matériaux sans plomb plus sdrs sur le plan toxicologique. Cependant, les
performances des meilleures PSC a base de Sn sont encore loin de celles des PSC aux
halogénures de plomb. Une autre approche consiste a allier / remplacer le Pb par des métaux
moins toxiques tels que Sn et Ge dans les pérovskites ABXs, ce qui est une stratégie trés
prometteuse pour obtenir des cellules solaires stables et moins toxiques et ce sans compromettre
les performances photovoltaiques. Ici, les pérovskites en alliage Sn-Pb sont utilisées pour

résoudre le probléme de la quantité élevée de Pb dans les pérovskites aux halogénures

Une autre préoccupation majeure est la stabilité chimique des pérovskites aux halogénures. Dans
ces pérovskites, les petites molécules organiques volatiles telles que le MA et le FA peuvent étre
facilement évincées par I'eau en raison de la faible liaison entre la structure organique et la
structure inorganique. En outre, I'exposition a la lumiére des pérovskites halogénées peut
entrainer la production de superoxyde O? qui peut a son tour déprotoner MA* pour former du CH3
NH;2 et ainsi dégrader les pérovskites. L'introduction de certains cations organiques plus
volumineux dans la structure de la pérovskite altére l'intégrité structurale de la structure de la
pérovskite et conduit a la formation de pérovskites en couches de dimensionnalité inférieure
(bidimensionnelle 2D). Les pérovskites 2D présentent une meilleure stabilité a I'humidité et a la

chaleur. Les mécanismes exacts de cette stabilité supérieure sont encore en discussion.

vil



Cependant, il a été affirmé que des cations organiques hydrophobes plus volumineux dans des
pérovskites 2D pourraient tendre les liaisons Pb-l de surface et ainsi repousser les molécules
d'eau des sites réactifs. Une autre hypothése est la nanoencapsulation des couches de pérovskite
par ces cations organiques volumineux. Cependat, les cellules solaires employant des
pérovskites 2D présentent des performances photovoltaiques inférieures a celles des pérovskites
3D. Par ailleurs, l'incorporation de petites quantités de cations espaceurs volumineux dans des
pérovskites 3D peut améliorer la stabilité et les performances photovoltaiques. Dans cette thése,
le phényléthylammonium (PEA), cation encombrant aromatique, a été exploré en tant que cation
espaceur lors de la syntheése des pérovskites 2D. Aussi, les effets du PEA sur des pérovskites a

alliage Sn-Pb sont étudiés afin d’'améliorer les performances et la stabilité photovoltaiques.
Obijectifs de recherche

L'objectif principal du projet est de développer des pérovskites stables et sans plomb. Les

objectifs de la recherche sont divisés en deux parties tel qui suit.

Partie I: Synthése et caractérisation de pérovskites 2D avec des cations espaceurs de

phényléthylammonium (PEA) et leur application dans des cellules solaires

Les pérovskites 2D résistent a la dégradation en présence d'humidité, de chaleur et de lumiére.
Ici, les pérovskites 2D sont synthétisées en isolant des couches de pérovskite aux halogénures
métalliques (Pble) en utilisant des cations espaceurs aromatiques plus volumineux ((Ces Hs (CH2 )3
NH: )2 (CH3 NH3 )2). Les cations espaceurs aromatiques devraient étre meilleurs que les cations
organiques aliphatiques pour conserver leurs performances dans des conditions d'humidité
ambiante en raison de la propriété hydrophobe du cation espaceur. Des couches pérovskites de
haute qualité (PEA)2 (MA) n-1Pbn-1 lan-1 (n =3, 4, 5) ont été préparés par un procédé a chaud sous
pression pour I' application dans des cellules solaires. La stabilité supérieure de la pérovskite 2D
a base de PEA a été étudiée grace a une série de caractérisations, telles que l'analyse par
diffraction des rayons X (DRX), les mesures d'absorption (utilisant la spectroscopie ultraviolet et
visible), la durée de vie des porteurs (utilisant la photoluminescence résolue dans le temps), et

analyse thermogravimétrique (TGA).

Partie Il: Effets des cations PEA sur les pérovskites a alliage de Sn-Pb et amélioration des

performances des cellules solaires

Bien que les pérovskites I(PEA)2 (MA)n.1 Pbn.1 lan1 présentent une stabilité supérieure, la
performance photovoltaique semble étre inférieure a celle des pérovskites 3D. De plus, la

présence d'espéces de plomb solubles dans I'eau, qui entravent l'application réelle de cette
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technologie, est une autre source de préoccupation. Le métal Sn s’avere étre la meilleure
alternative au Pb pour atteindre des performances photovoltaiques raisonnables, mais
néanmoins inférieur aux Pb-pérovskites typiques. Alternativement, des alliages de Pb avec des
pérovskites Sn semble étre une stratégie prometteuse et équilibrée visant a obtenir des cellules
solaires stables et moins toxiques sans trop compromettre les performances photovoltaiques.
L’objectif principal était ici d’explorer les effets des cations PEA dans les pérovskites Sn-Pb afin
d’améliorer simultanément les performances photovoltaiques et la stabilité du dispositif.
L'expertise acquise avec les cations d'espacement PEA dans la conception de pérovskites 2D
(dans la partie 1) a été appliquée a la synthése de pérovskites stables et efficaces a base de Sn-
Pb incorporées dans du PEA. En outre, les pérovskites en alliage Sn-Pb présentent également
l'avantage supplémentaire d'étendre l'absorption des photons au domaine spectral du proche
infrarouge (NIR). Les effets de I'incorporation de cations organiques volumineux dans la réduction
de la formation de défauts de Sn dans la pérovskite a base d’alliage Sn-Pb ont aussi été étudiés
a l'aide de techniques expérimentales telles que : la spectroscopie par photoémission par rayons
X (XPS), la diffraction des Rayons X, les mesures de potentiel de surface, les mesures
d'absorption transitoire et la spectroscopie de photoluminescence (PL). De plus, la passivation

du défaut de Sn par les molécules de PEA a été confirmée par des calculs de DFT.
Résultats

Utilisation des cations aromatiques alkylammonium pour produire des pérovskites a deux

dimensions:

Les pérovskites 2D sont synthétisées en isolant des couches de pérovskite aux halogénures
métalliques en utilisant un cation espaceur alkylammonium aliphatique ou aromatique, qui peut
conserver ses performances dans des conditions d'humidité ambiante du fait de la propriété
hydrophobe du cation espaceur. Cependant, la meilleure pérovskite 2D a ce jour, utilisant un
cation espaceur a butylammonium court (BA), ne montre qu'une tolérance modeste a I'humidité
et a la chaleur en raison de I'hnydrophobie inférieure ainsi que de la taille relativement plus petite
du cation BA. Ici, un phényléthylammonium aromatique (PEA) plus volumineux est utilisé comme
cation espaceur pour la synthése de la pérovskite 2D afin d’obtenir des cellules solaires trés
stables. Des couches pérovskites de haute qualité (PEA)2 (MA)n-1 Pbn I3n+1 avec (n = 3, 4) sont
préparés en modifiant le procédé de dépot. Des matériaux conducteurs organiques ont été choisis
comme couches sélectives de porteurs de charge dans une configuration de cellule solaire
planaire qui peut étre facilement mise a I'échelle pour la fabrication de cellules solaires d'un

rouleau a l'autre. La nature excitonique des porteurs de charge dans la pérovskite 2D limite
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I'épaisseur du film de (PEA)2 (MA)n-1 Pbn I3n + 1 pour 'application de la cellule solaire. L’optimisation
de I'épaisseur de la couche d’absorbeur solaire s’est avérée cruciale pour I'obtention de
dispositifs de pérovskite 2D trés efficaces avec une hystérésis trés faible. La stabilité supérieure
de la pérovskite 2D a base de PEA a été étudiée au moyen d'une série de caractérisations, telles
que l'analyse par diffraction des rayons X (DRX), les mesures d'absorption, les mesures de la

durée de vie des porteurs et 'analyse thermogravimétrique (TGA).

Les études précédentes ont montré qu’un simple revétement par centrifugation en une étape du
précurseur de pérovskite 3D a base de DMF ne donne pas une couche homogéne de pérovskite.
.12 a direction de cristallisation dépend en grande partie du type de cations organiques présents
dans le précurseur ainsi que du solvant utilisé pour préparer la solution de précurseur. Par
exemple, la présence d'IAM dans le précurseur de pérovskite préparé dans du
diméthylformamide (DMF) favorise une croissance cristalline rapide le long de l'axe c-
cristallographique, conduisant a la formation d'une couche inhomogéne de pérovskite. Par contre,
les pérovskites 2D (n =1, 2, 3, 4) se cristallisent sous forme de plaques sur le dessus du substrat
de verre avec une bonne couverture de surface car la cristallisation suivant les axes
cristallographiques b se produit plus rapidement que celle suivant I'axe ¢, contrairement aux
pérovskites 3D. En résumé, les espéces organiques de (PEA)2 (MA)4 Pbs 16 (N = 5) composées
principalement d’AMI (MAI: 66% et PEAI: 34%) ont conduit & la formation d’'une couche de
pérovskite moins homogeéne, ce qui ressort clairement des images SEM et AFM (Figure 1.1 et
Figure 1. S1). Avec le dépbt par centrifugation conventionnel a la température ambiante, des
grains cristallins plus petits se forment en raison de I'évaporation rapide du DMF avant la
cristallisation des pérovskites, ce qui entraine également une couverture incompléte de la
pérovskite sur le substrat. On a émis I'hypothése que, lorsqu'un substrat est maintenu au-dessus
de la température de cristallisation de la pérovskite pendant le revétement par centrifugation, une
croissance cristalline prolongée est favorisée en raison de la présence d'un excés de solvant
pendant la cristallisation. Dans le revétement par centrifugation classique, une phase pérovskite
intermédiaire non entiérement cristallisée est déposée et une cristallisation compléte de la
pérovskite ne se produit que pendant I'étape de post-recuit. La croissance cristalline de pérovskite
est ainsi limitée dans I'étape classique de post-recuit du film de pérovskite en raison de
I'évaporation presque totale du solvant avant la cristallisation compléte de la pérovskite. D'autre
part, la présence d'un excés de solvant pendant la cristallisation offre plus de temps pour une
plus grande croissance cristalline dans le procédé de coulée a chaud. Ici, le substrat a été

maintenu a une température bien inférieure a la température d'ébullition du DMF pour éviter toute



évaporation significative du solvant, qui est cependant suffisamment élevée pour favoriser la

croissance des cristaux de pérovskite.

La spectroscopie PL résolue dans le temps est utilisée pour étudier les porteurs de charge photo-
excités et comprendre les processus de recombinaison de porteurs de charge (interbandes
relaxation, recombinaison bimoléculaire radiatif et recombinaison assistée par piége) dans les
couches de pérovskite 2D (Figure 3.3c). La durée de vie de la PL est significativement allongée
pour tous les couches de pérovskite 2D coulés a chaud par rapport aux couches classiques
déposées par centrifugation, ce qui peut étre corrélé a la réduction des processus de
recombinaison (figure 3.S3). L'allongement de la durée de vie de la PL peut étre attribué a la
réduction des défauts et du désordre aux joints de grain. Le rendement de conversion de
puissance (PCE) des dispositifs a pérovskite de plus faible dimension est considérablement
amélioré lorsque la méthode de coulée a chaud est utilisée. Le tableau 2.1 compare les
paramétres photovoltaiques des dispositifs 2D a pérovskite fabriqués a la fois par la méthode de
coulée a chaud et par la méthode de revétement par centrifugation classique. La densité de
courant en court-circuit (Jsc) a grandement augmentée pour tous les dispositifs en pérovskite 2D
coulé a chaud a la suite de l'absorption accrue de photons et l'orientation des cristaux de
pérovskite (n =4, 5). Les gros cristaux ainsi que la bonne couverture de surface dans les couches
coulées a chaud ont permis de réduire le piégeage des charges interfaciales et de réduire le
nombre de défauts volumineux, entrainant une amélioration du facteur de remplissage (FF) et de
la tension en circuit ouvert (Vo) des cellules solaires. Parmi tous les pérovskites de plus basse
dimension, les dispositifs (PEA): (MA)s Pbs |1z ont présenté les meilleures performances
photovoltaiques. Tous les paramétres photovoltaiques sont meilleurs dans les dispositifs
déposés par coulée a chaud de (PEA)2 (MA)sPbas l13, qui présentent un PCE moyen amélioré de
5,50% contre 3,92% pour le PEA>(MA)3 Pbsl 13déposés par centrifugation classique. Des mesures
de JV dans différentes directions de balayage (figure 3.4a) et des vitesses de balayage (figure
3.4b) sont effectuées et une hystérésis de JV faible a été observée pour les dispositifs

(PEA)2(MA)3Pbalis, suggérant une fiabilité de fonctionnement photovoltaique de ces dispositifs.

Pour étudier la stabilité a I'humidité, des dispositifs de pérovskite 2D non encapsulés ont été
stockés dans I'obscurité a une humidité relative de 72 + 2%. La demi-vie de ces dispositifs s’est
avérée étre de 90 heures (figure 3.5a). En revanche, la demi-vie des dispositifs de pérovskite 3D
était beaucoup plus courte, environ 10 heures. Fait intéressant, le PCE des dispositifs de
pérovskite 2D a initialement augmenté de 10% aprés une exposition a I'humidité. La figure 3.5b

montre la stabilité thermique de dispositifs de pérovskite 3D et 2D maintenus dans une
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atmosphére inerte (N2). Dans le cas des dispositifs en pérovskite 3D, la chute de PCE est au
moins de 20% au bout de 24 heures. Les cellules solaires 2D montrent une excellente stabilité
thermique, conservant 65% de la PCE initiale au bout de 70 heures. La figure 3.5¢c démontre la
photostabilité des dispositifs en pérovskite testés pendant 65 heures dans une atmosphére inerte
et la PCE reste presque constante pour les pérovskites 2D en tandis que les dispositifs en
pérovskites 3D conservent seulement 60% de la PCE initial. La figure 3.S5 montre I'évolution des
parameétres photovoltaiques en fonction du temps dans différentes conditions environnementales
difficiles. Pour comprendre la stabilité a I'humidité de la pérovskite 2D, nous avons analysé les
modifications du diagramme de diffraction des rayons X des couches de pérovskite stockés a 72
+ 2% HR (figure 3.6a). Un pic correspondant a Pbl, a 12,7 © commence a apparaitre dans la
couche de pérovskite 2D aprés dix jours d'exposition a I'humidité. En revanche, la pérovskite 3D
commence a montrer des signes de dégradation aprés seulement trois jours (figure 3.56). De
plus, il N’y a pas eu de baisse de I'absorbance de la couche de pérovskite 2D méme apres 23
jours avec une humidité relative de 72 + 2% (Figure 3.6b). D'autre part, l'absorbance constante
de la couche de pérovskite 3D est considérablement réduite, en particulier dans la région visible
du spectre solaire aprés quatre jours a 72 + 2% HR, ce qui indique une dégradation majeure du
matériau (figure 3.S6). Les cations PEA intercalés entre les couches de pérovskite peuvent
empécher I'exposition directe des cations MA aux molécules d’eau; ainsi, les couches de
pérovskite sont nanoencapsulées, ce qui contribue a I'amélioration de la stabilité. Néanmoins,
méme si les cations PEA sont moins hygroscopiques que les cations MA, ils restent sensibles
aux molécules d’eau, ce qui finit par conduire a la lente dégradation des pérovskites 2D. Cela
ressort clairement de 'émergence d’un pic, correspondant a Pbl,, dans le diagramme DRX aprés
exposition a 'humidité.

La stabilité thermique exceptionnelle de la pérovskite 2D a été mise au jour en étudiant le
comportement thermique des précurseurs et des pérovskites a I'aide du TGA. Les températures
de sublimation (AH s.us) et de sublimation (T sup) ont été déterminées pour les pérovskites a partir
d'un ajustement linéaire des moindres carrés des données isothermes TGA
(équation 1. S1). Les valeurs calculées AH syoet T sup du log (m T "2) par rapport au tracé 1/ T
sont répertoriées dans le tableau 3.2, ou m est la pente de la perte de masse obtenue a partir de
chaque isotherme a température constante (T) (Figure 3.S7). La figure 3.7c montre les courbes
TGA pour la poudre de pérovskite 3D et 2D. Les deux étapes de perte de masse observées dans
la premiere dérivée des courbes TGA pour la pérovskite (Figure 3.7d) correspondent a la
libération d'especes organiques et inorganiques, respectivement. L’encadré de la figure 3.7c

présente une comparaison des courbes de chauffage TGA d’ espéces organiques (MAI et PEAI)
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et de poudres de pérovskite, ou I'étape de perte de masse de '’AMI se produit plus rapidement
quand elle se trouve a l'intérieur de la matrice de pérovskite 3D. Mais en présence de PEAI dans
la matrice de pérovskite, un retard notable a été observé dans la sublimation des espéces
organiques. Les courbes TGA des pérovskites confirment que différentes voies de décomposition
se produisent lorsque le cation PEA est incorporé a la structure de pérovskite, ce qui indique
essentiellement le comportement thermique supérieur de la pérovskite 2D. Mais en présence de
PEAI dans la matrice de pérovskite, un retard notable a été observé dans la sublimation des
espéces organiques. Les courbes TGA des pérovskites confirment que différentes voies de
décomposition se produisent lorsque le cation PEA est incorporé a la structure de pérovskite, ce

qui indique essentiellement le comportement thermique supérieur de la pérovskite 2D.

Effet des cations d'espacement d’alkylammonium aromatiques sur les pérovskites

halogénures avec alliage Sn- Pb:

Les pérovskites 2D employant des cations volumineux résistent a I'numidité et a l'oxygéne, mais
aux dépens du PCE de la cellule solaire. Dans cette thése, le chapitre 4 explore les effets de la
substitution d'une petite quantité de cations organiques du site A dans des pérovskites d’alliage
Sn-Pb par des cations PEA. Actuellement, les PSC les plus efficaces contiennent des espéces

de Pb solubles dans I'eau, ce qui entrave la commercialisation de cette technologie. '

Les pérovskites de Pb forment facilement des sous-produits solubles dans I'eau, qui peuvent
s’accumuler dans la chaine alimentaire et donc dans le corps humain. 31l est donc indispensable
de limiter l'utilisation du Pb en le remplacant partiellement ou totalement par des métaux moins
toxiques ou, mieux encore, non toxiques. Trés probablement, les candidats appropriés au
remplacement du plomb sans trop compromettre les propriétés photovoltaiques sont des
éléments du méme groupe (groupe 4) que le plomb. Les candidats immédiats apparaissent alors
comme le Sn et le Ge puisque tous les deux peuvent étre facilement oxydées des états 2 4 *
tout comme le Pb. Des simulations numériques ont montré que la configuration électronique du
Pb 2* dans la structure pérovskite d’ ABX 3 est cruciale pour son remarquable comportement
photovoltaique. Par conséquent, bien que les pérovskites a base de Sn forment les cellules
solaires sans plomb les plus performantes en termes de PCE, le fait que Sn soit plus stable a
I'état d'oxydation 4 * pose des problémes. Aussi, ils montrent des performances beaucoup plus
faibles que les cellules solaires pérovskites Pb en raison de la formation de lacunes Sn associés
a l'oxydation de Sn?*a Sn*". Ces lacunes jouent le réle de centres de recombinaison non radiative
dans les pérovskites a base de Sn. Les PSC a base de Sn présentent ainsi une tension de circuit

ouvert (Vo) inférieure a la normale?324, principalement en raison d'une recombinaison assistée
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par un piége profond généré par un dopage / défaut non intentionnel induit par une vacance de
Sn. Différentes approches y compris le contrdle morphologique des pérovskites Sn, la
minimisation de I'exposition a I'oxygéne pendant la préparation du dispositif et I'addition de sels
de Sn, ont été étudiés et se sont avérés utiles pour améliorer la performance des PSC a base de
Sn. Récemment, Wang et al. ont rapporté des PSC de Sn avec une efficacité de 9,41% en utilisant
des pérovskites de Sn quasi-dimensionnelles (2D), qui sont toutefois loin d’étre équivalentes aux
efficacités des PSC de Pb. En revanche. L’alliage du plomb a la pérovskite au Sn semble étre
une stratégie prometteuse et équilibrée visant a obtenir des cellules solaires stables et moins
toxiques sans trop compromettre les performances photovoltaiques. Enoutre, les pérovskites en
alliage Sn-Pb apportent un avantage supplémentaire, I'absorption étendue de photons dans le
domaine spectral du proche infrarouge (NIR) (jusqu'a 1050 nm avec une largeur de bande
interdite optique de 1,18 eV). En revanche, les pérovskites hybrides organiques-inorganiques
hybrides typiques telles que MAPbIs, FAPbIls; et FASnI3 ne présentent pas d’absorption dans la
gamme NIR en raison de leurs bandes interdites optiques relativement plus élevées, de 1,55 eV
(jusqu’a 800 nm), 1,48 eV (jusqu'a 838 nm). ) et 1,30 eV (jusqu’a 950 nm), respectivement.
Malheureusement, la performance des pérovskites Sn-Pb est limitée par 'oxydation Sn 2* — Sn
“*tel que mentionnée précédemment. La stratégie la plus efficace pour inhiber ce processus
préjudiciable a été I'incorporation de SnF > dans les pérovskites a base de Sn. Cependant, méme
avec une quantité optimale de SnF», le coefficient de recombinaison assisté par piege, défini
comme une vitesse spécifique a laquelle les ions de charge opposée se combinent au niveau des
piéges, est 70 fois plus élevé que celui des ions a base de Pb. Ceci suggére une perspective

d'améliorer les performances des PSCs en alliage Sn-Pb en réduisant les défauts liés a

I'oxydation de Sn 2*vers Sn #* et / ou la formation de vacance Sn.

Plus récemment, plusieurs groupes, dont nous ont montré que les pérovskites 2D employant des
cations encombrants sont résistants a I'humidité et de 'oxygéne, mais au détriment du PCE de la
cellule solaire. Ici, la suppression de la formation de défauts par la substitution de petits cations
organiques dans des pérovskites en alliage par des cations organiques volumineux est explorée
pour la premiére fois dans le but d'augmenter simultanément le PCE et la stabilité. Pour étre plus
spécifique, différentes compositions de pérovskites d’alliage Sn-Pb sont réalisées en mélangeant

stoechiométriquement FAShI; et MAPDI3 (identifiées comme pérovskites a alliage FA / MA).

Les absorptions optiques de (FASnI 3) x (MAPDI3)sxet (PEA)y (FAxMA1 )1, SnyPbix13(x =0, 0,3,
0,5, 0,7 et 1) ont été déterminés a partir de mesures d'absorption ultraviolets et visibles (UV-Vis)

(figures 4.1a et 4.51). Les pérovskites mixtes Sn-Pb montrent un décalage du début de
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I'absorption vers la région NIR par rapport aux pérovskites Pb (x =0) ou Sn (x = 1) pures. Le plus
bas était de 1,18 eV pour (FASnI3)o7 (MAPDI3)o 3, puis 1,22 eV pour (FASNI3 )os (MAPDI3 )os et
1,26 eV pour (FASNI3 )03 (MAPDIs)o7 , comme indiqué par lignes pointillées a la figure 4.1a. La
substitution de FA / MA par une petite quantité de PEA ne modifie pas considérablement le début
de l'absorption optique (Figures 4.1b et 4.51). Mais nous avons remarqué une modification de la
forme du spectre d'absorption optique ainsi que de lintensité de I'absorption optique. Fait
intéressant, le pic situé a 1,85 eV (marqué d'une fleche dans le spectre d’absorption) de
pérovskites en alliage FA / MA a disparu pour les pérovskites en alliage PEA-FA / MA. En
geénéral, le pic proche du bord d’absorption optique est attribué a I'état excitonique lié en raison
de l'attraction Coulombienne des électrons et des trous (pic d’absorption hydrogénique). Dans
notre cas, le pic est situé (a 1,85 eV) de maniére significative par rapport aux débuts d'absorption
(2a1,18eV, 1,22 eV, 1,26 eV), ce qui exclut fondamentalement 'origine d'absorption hydrogénique
du pic. La modification de la forme des spectres d'absorption pourrait &tre associée aux propriétés
excitoniques des pérovskites en alliage PEA-FA/MA et des études plus détaillées portant sur les
espéces photogénérées dans les zones a faible bande interdite sont nécessaires pour

comprendre cette particularité.

La structure cristalline des pérovskites en alliage a été caractérisée par XRD. Comme le montre
la figure 4.S5, le FASnI 3n'a qu'un seul pic, compris dans l'intervalle entre 22, et 25, indexé sur
le plan (113) dans le groupe d'espace orthorhombique de Amm 2, alors que MAPbI 3 présente
deux pics du méme intervalle indexés aux plans (211) et (202) du groupe spatial tétragonal
(74cm). Les spectres XRD des pérovskites alliées (figures 4.3a a 4.3c) ne présentent qu'un seul
pic dans la plage comprise entre 22 et 25, ce qui suggére fortement que les pérovskites en alliage
adoptent la structure cristalline orthorhombique. En outre, il semble que les atomes de Sn et Pb
occupent de fagon aléatoire les sites métalliques du coin de partage ([Sn 1«Pbx ls]*) octaédres.
La structure cristalline est inchangée apres le remplacement d’une petite quantité de cations FA
/ MA par des cations PEA dans des pérovskites en alliage PEA-FA / MA. Les cations organiques
volumineux tels que le PEA sont généralement utilisés pour la synthése de pérovskites 2D, les
pics aux angles faibles (210) correspondant aux pérovskites de faible dimension ainsi que les
débuts d’absorption étaient absents. L'intensité des pics XRD, en particulier le pic (110) a 14,1,
a notamment augmenté pour tous les pérovskites en alliage avec l'introduction du PEA, ce qui

pourrait étre di a une cristallinité plus élevée de la pérovskite en alliage et / ou a une meilleure

couverture de la couche sur substrat.
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Le changement de la taille du cristal a été sondé en suivant la variation de la largeur totale du
maximum a mi-hauteur (FWHM) du pic XRD situé en 14 correspondant au plan cristallin (110)
(Figure 4.56). Le FWHM est passé de 0,239 a 0,214 etde 0,246 a 0,230 po (FASnI3)o,3 (MAPDI3
Yo7 et (FASNI3) 05 (MAPDI 3y o 5lorsque FA / MA ont été remplacés par 5% de PEA, respectivement.
Le changement de FWHM est corrélé a la déformation locale et a la cristallinité. La diminution de
FWHM implique une augmentation de la cristallinité ainsi qu'une réduction de la déformation du
réseau. En particulier, la réduction du FWHM du pic XRD situé en (110) signifie une diminution
de la contrainte de réseau le long de la direction de liaison inorganique de I-Pb-I, I-Sn-I. Toutefois,
une intégration plus poussée du PEA a 10% a entrainé une augmentation du FWHM, qui reste
toutefois inférieure a celle de I'échantillon exempt de PEA. Il est clair qu'une intégration de 5% de
PEA peut produire des pérovskites en alliage hautement cristallines parmi (PEA)y (FAo,3 MAo 7 )1-
ySNo3Pbo 713, (PEA)y (FAosMAo 5 )1y ShosPboslz(y = 0%, 5% et 10%). Au contraire, la composition
riche en Sn a montré une tendance différente. Le FWHM a augmenté progressivement avec la
quantité de PEA (5 et 10%) dans (FASnI3)o7 (MAPDI3)o,3, suggérant dans ce cas, I'introduction de

PEA a conduit a une diminution de la cristallinité.

Pour étudier le réle des cations PEA dans la prévention de l'oxydation de Sn?* dans les
pérovskites en alliage, des mesures XPS ont été effectuées (figure 4.S7, figures 4.4a et 4.4b).
Pour le (FASnNI3)o.3 (MAPbIs)o.7, le pic Sn 3d s (situé a 486.08 eV) pourrait étre bien déconvolué
en deux pics situés a 485.75 eV et 486.3 eV, correspondant aux états d'oxydation Sn 2* et Sn #*
(figure 4.4a). De méme, le pic Sn 3d 3. (situé a 495,41 eV) est composé de deux pics situés a
494,27 eV et 494,71 eV, associés aux états d’oxydation Sn ?* et Sn**. En revanche, le (PEA)o0s
(FAo0,3 MAo,7 )o,95 Sno,s Pbo 7 I3 ne montre que deux pics nets, non déconvoluables, sans aucun pic
Sn #*. Les spectres XPS des pérovskites (PEA) 0,05 (FAo7 MAo 3 )o.95 Sno7 Pbos I3 ont également
présenté un comportement similaire a celui de leurs échantillons témoins (figure 4.S7).
L'oxydation de Sn 2* en Sn " est une indication forte de la formation de lacunes Sn dans les
pérovskites a base de Sn, qui sont les principaux défauts des pérovskites a base de Sn en raison

de leur faible énergie de formation de défauts parmi tous les défauts ponctuels.

Les premiers calculs de principe ont montré que la taille des cations organiques pouvait jouer un
réle vital dans la formation de I'énergie de formation des lacunes de Sn dans les pérovskites a
base de Sn. ?° La taille ionique plus grande pourrait réduire le couplage antiliant Sn 5s — | 5p,
entrainant des énergies de formation de vacance de Sn plus élevées. Pour prouver la tendance
réduite de la formation de Vsndans les pérovskites mixtes PEA-FA/MA, I'énergie des défauts de
pérovskite (PEA1x FAx)2Snls (x = 0,056) a été calculée. La structure défectueuse (PEA1xFAx )2
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Snls est rapportée a la figure 4.5¢. Les résultats montrent clairement une tendance réduite vers
la formation de Vs, pour le cas mixte (illustré a la figure 4.5f) ce qui correspond aux données
expérimentales. Ainsi, l'introduction de cations organiques volumineux (PEA) augmente I'énergie
de formation de lacunes dans Sn PEA contenant perovskites alliés dans nos conditions riches
Sn. Moins de postes vacants dans les pérovskites PEA-FA / MA Sn-Pb sont trés encourageants

pour les applications photovoltaiques.

Les propriétés photovoltaiques des pérovskites en alliage de FA / MA et PEA-FA / MA ont été
testés par emploi de I'architecture de cellule solaire suivante : oxyde indium dopé d'étain (ITO) /
poly (3, 4-éthyléne dioxythiophéne ) -poly (styréne sulfonate) (PEDOT : PSS) / pérovskite / p
henyl-C61-butyrique ester méthylique (PCBM) / argent (Ag). Parmi les pérovskites en alliage FA
I MA, (FASNI3 )03 (MAPDI3 )o 7 affichait le PCE le plus élevé suivi de (FASnI3)os (MAPDI3 )o5, puis
(FASNI3 )07 (MAPDI3 )o 3. Le Vo et le facteur de remplissage (FF) diminuent avec I'augmentation
de la teneur en Sn (tableau 4.1), les cellules riches en Sn ((FASnI3)o,7 (MAPDI3 )o3) indiquant les
plus faibles Vo et FF de toutes les compositions. Etant donné que le V. et le FF dépendent
fortement de la recombinaison des porteurs de charge dans la cellule solaire, les pérovskites
riches en Sn contiennent trés probablement un nombre plus élevé de défauts limitant le V. et le
FF de leurs dispositifs. Plus précisément, les défauts de la bande interdite attireraient des
électrons / trous et agiraient en tant que centres de recombinaison non radiative, ce qui aurait un
impact important sur le Vo des cellules solaires correspondantes. La dépendance de FF sur
l'intensité de la lumiére incidente annule la nature du processus de recombinaison dans la cellule
solaire pendant le fonctionnement du dispositif. Dans le processus de recombinaison
bimoléculaire pur, le taux de recombinaison est proportionnel au produit des densités de porteurs
de charge. Par conséquent, a une faible intensité lumineuse (c'est-a-dire une faible densité de
porteurs de charge), le taux de recombinaison diminue et un meilleur FF est obtenu. Ceci est
essentiellement la tendance qui a été observée pour les PEA-PSCs FA allié / MA (Figure 4.7 c),
ce qui est en ligne avec la prédominance de la recombinaison bimoléculaire dans ces dispositifs.
D'autre part, le FF a nettement diminué avec la diminution de l'intensité lumineuse dans les
dispositifs de pérovskite en alliage FA/MA, ce qui confirme sans ambiguité la dominance de la
recombinaison assistée par un piége dans ces dispositifs. Comme le nombre de piéges ne
change pas avec la diminution de lintensité lumineuse, on comprend aisément que le taux de
recombinaison des porteurs de charge photo-générés avec des charges piégées augmente
lorsque lintensité lumineuse diminue, ce qui entraine une diminution du FF. L'étude montre
clairement que l'introduction du PEA a effectivement modifié le processus de recombinaison des

porteurs de charge dominants dans nos PSC.
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L’étude de la dégradation de la performance photovoltaique de dispositifs de type pérovskite en
alliage contenant 5% de PEA non encapsulés et offrant les meilleures performances (en termes
de PCE) a été réalisé dans différentes conditions environnementales pour évaluer leur stabilité
et la comparer a celle de leurs échantillons de contrdle. Ici, nous définissons t 1> comme un temps
pour que le PCE du dispositif tombe a 50% de sa valeur initiale pour normaliser la comparaison
entre différents dispositifs. La figure 4.8b illustre la dégradation des dispositifs sous illumination
AM1.5G dans une atmosphére inerte. Les dispositifs (PEA)o,05 (FA03 MAo7 )o9s Snos Pbo7 I3
présentaient une meilleure photostabilité que les dispositifs FA / MA en pérovskite (t 12= 30h vs
t 12= 15h). La lumiére semble étre plus nocive que I'humidité pour les dispositifs en alliage de
pérovskite. La figure 4.8¢c montre que la dégradation des dispositifs en alliage de pérovskite est
devenue plus rapide en présence d’humidité légére. Cependant, les dispositifs en pérovskite
PEA-FA/MA étaient encore plus résistants a la dégradation, conservant 20% des performances
initiales aprés 24h, alors que les dispositifs en pérovskite FA / MA étaient totalement dégradés
au cours de la méme période. Les défauts des pérovskites Sn-Pb induits par les lacunes du Sn
jouent non seulement un rbéle clé dans la détermination des performances photovoltaiques
(hystérésis PCE et JV), mais également la stabilité des dispositifs. Les défauts des pérovskites
sont vulnérables a l'infiltration de I'oxygéne ou de I'humidité et accélérent la dégradation des
dispositifs dans des conditions ambiantes. ** Sur la base de toutes les caractérisations décrites
ci-dessus sur les matériaux (PL, AFM, SEM, XPS, XRD, GIWAXS) et les dispositifs (mesures JV
et EQE, analyses dépendantes de l'intensité lumineuse des paramétres de performance de la
cellule solaire), on peut tirer une conclusion raisonnable: i ) plus de défauts sont présents dans
les PSC en alliage FA / MA , et plus la recombinaison assistée par piege domine leurs
performances et ii) en remplagant les cations FA/MA par une petite quantité de cations PEA, le
nombre de défauts peut étre considérablement réduit et de ce fait, il y a une baisse significative
de la recombinaison assistée par piége dans les pérovskites en alliage. Cette conclusion est en
outre corroborée par une diminution importante de I'hystérésis de JV observée dans les dispositifs
a pérovskite en alliage PEA-FA/MA par rapport a celle des dispositifs a pérovskite en alliage
FA/MA (Figure 4.S12). Parmi les nombreuses raisons possibles suggérées pour le phénomene
préjudiciable de I'hystérésis de la courbe de la coentreprise, la migration des défauts dans les
PSC est considérée comme la principale responsable. Il a déja été montré que des défauts
chargés tels que des lacunes MA / FA et Pb / Sn proches des couches sélectives de charge
génent l'extraction de la charge au niveau des contacts sélectifs, provoquant I'hystérésis de la
cellule solaire. En réduisant le nombre de défauts chargés, nous pensons que la migration des

défauts a été considérablement réduite dans les pérovskites de Sn-Pb contenant du PEA,
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réduisant ainsi I'hystérésis JV dans les dispositifs. Comme indiqué précédemment, les défauts
proches de la région interfaciale entre les couches sélectives a la pérovskite et a la charge

influencent principalement I'hystérésis de la JV.

Effets des cations espaceurs en alkylammonium aromatiques dans les pérovskites

d'halogénures mixtes Sn-Pb

A ce jour, les pérovskites aux halogénures Sn-Pb avec 60% de Sn de la teneur totale en métal
du site B offrent les meilleures performances photovoltaiques. La performance des pérovskites
aux halogénures Sn-Pb contenant 60% de Sn est en partie limitée par leur faible bande interdite
(1,18 eV-1,2 eV), qui réduit généralement le V. des PSC. Il est bien connu que la bande interdite
de la pérovskite peut étre ajustée en utilisant des mélanges fractionnels de | et de Br dans la
composition, connus sous le nom de pérovskites mixtes aux halogénures. Cependant, on sait
que la ségrégation des halogénures réduit les performances photovoltaiques et la stabilité des
pérovskites a halogénures mixtes. Les couches minces de pérovskite en alliage d'halogénure
mélangé Sn-Pb, (FASnhIs3)o,7 (MAPDLBTr3 )o,3s (FA/MA/SnPb/I/Br) sont préparées en mélangeant des
précurseurs de pérovskite FASnI; et MAPbBrs. La bande interdite de 1,4 eV de FA/MA/SnPb/1/Br
est trés proche de la bande interdite idéale pour atteindre une efficacité théorique maximale dans
une cellule solaire a simple jonction. Malheureusement, la bande interdite avantageuse de ce
matériau ne s'est pas manifestée sur les performances de leur cellule solaire, principalement en
raison d'un photocourant plus faible, malgré leur impressionnant V oc pour un pérovskite allié riche
en Sn. La ségrégation de I'halide est connue pour étre la cause de la réduction du rendement
photovoltaique et de la stabilité des pérovskites d'halogénure mixte de Pb. Des chercheurs ont
récemment découvert que la substitution partielle de cations de sites A par des cations
inorganiques tels que Rb, Cs pouvait conduire a I'homogénéisation d'halogénures dans des
pérovskites a halogénures mixtes. Dans cette thése, nous avons étudié les effets de la
substitution partielle des cations des sites A avec un cation volumineux PEA en homogénéisant
des métaux et des halogénures en halogénure mixte Sn-Pb en alliage de pérovskites
(FA/MA/SnPb/I/Br).

Nous avons mesuré l'absorption de ces films et extrait la bande interdite des pérovskites FA/MA
(SnPDb)I/Br et PEA/FA/MA(SnPb)I/Br, comme indiqué sur la figure 5. 1c et 5.1 d. En général, les
pérovskites en alliage Sn-Pb sont des semi-conducteurs a bande interdite basse (1,2 eV). La
présence a la fois de Pb et de Br dans les pérovskites mixtes aux halogénures Sn-Pb donne lieu
a une bande interdite plus large de 1,4 eV. L'ajout de 5% de PEA a la solution de pérovskite

FA/MA(SnPb)I/Br ne modifie pas la bande interdite de la couche mince de pérovskite (figure 5.
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1d). Une augmentation significative de l'intensité du pic de diffraction des rayons X a été observée
pour les échantillons de PEA/FA/MA ( SnPb ) I/Br par rapporta FA/MA ( SnPb ) I / Br montrant
que PEA/FA/ MA ( SnPb I / Br pérovskites) expose plus fortement les cristaux orientés dans le
plan (110) que ses homologues sans PEA (Figure 5.2a) . Une analyse plus poussée du profil
des pics montre que l'incorporation de cations PEA conduit & une légére diminution de la largeur
totale a mi-hauteur (FWHM) (figure 5. S1). La diminution du FWHM implique un réseau moins
contraint lors de I'ajout de 5% de PEA. Plus précisément, la réduction de la FWHM des pics (110),
(200) signifie une diminution de la contrainte de réseau le long de la direction de liaison
inorganique de | -Pb (ou / et Sn)-I, Br-Pb (ou / et Sn) -Br ou | -Pb (ou / et Sn) -Br. La pérovskite
orientée le long de la direction de liaison inorganique sur le substrat est avantageuse pour un
transport efficace de la charge vers les contacts sélectifs de la charge dans une cellule solaire,
car les porteurs de charge rencontrent des obstacles moins importants dans une couche de
pérovskite avec un empilement parfait des cristaux. Les différences de composition chimique
entre les échantillons ont été analysés par quantification des rapports d'intensité du signal XPS
entre les différents éléments. Les ratios d'intensité estimés a partir de XPS comparés aux ratios
obtenus a partir de la formule chimique permettent d'étudier les compositions chimiques des
couches minces. Des surfaces riches en Sn et en Br ont été observées dans une couche de
pérovskite FA/MA(SnPb)I/Br. Cela peut étre di a la distribution non homogéne des éléments
dans la couche mince de pérovskite FA/MA( SnPb ) I/Br. L'ajout de PEA modifie la composition
chimique précise de la couche de pérovskite. Les rapports Sn / Pb et | / Br pour PEA / FA / MA (
SnPb ) | / Br sont proches des valeurs théoriques, en accord avec sa formule chimique (tableau
5.1 ), qui suggére une distribution homogéne des éléments dans I’ ensemble du PEA / FA / Film
de pérovskite MA ( SnPb ) | / Br. Nous nous attendons a ce que I'nomogénéisation des
halogénures et des métaux influence la recombinaison des porteurs de charge dans les
pérovskites, car les zones riches en Br / | du film de pérovskite agissent en tant que centres de
recombinaison. Une spectroscopie d'absorption transitoire (TAS) a été réalisée pour comprendre
la dynamique de recombinaison dans les pérovskites en alliage d'halogénures mixtes (Figure
5.3). Les caractéristiques spectrales monter un étroitement quand on incorpore 5% PEA dans la
structure (Figure 5.3a- 5.3c). Le rétrécissement de la caractéristique spectrale indique une
diminution des événements de recombinaison dans le matériau. Le comportement dépendant du
temps du signal GSB + SE a 1,5 eV est illustré a la figure 5. 3d. Le recouvrement GSB + SE de
l'échantillon PEA/FA/MA (SnPb)l/Br est beaucoup plus lent que pour [I'échantillon
FA/MA(SnPDb)I/Br, ce qui suggére un dépeuplement plus lent des porteurs de charge dans les

échantillons contenant du PEA. La récupération du signal lent GSB + SE TAS implique la
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population porteuse de charge a long terme. L’inhomogénéité de la composition et la déformation
du réseau peuvent provoquer des pertes non radiatives dans les couches mixtes de pérovskite
contenant des halogénures. Comme nous 'avons noté dans la discussion sur les résultats XPS
et XRD, l'incorporation de molécules de PEA améliore la distribution des éléments en plus de
réduire la contrainte de réseau dans les pérovskites aux halogénures mixtes Sn-Pb, ce qui
entraine une diminution des pertes de recombinaison non radiative dans les couches de PEA/FA
IMA(SnPDb)I/Br. Les propriétés photovoltaiques des pérovskites FA/MA (SnPb) I/Br et PEA /
FA/MA(SnPDb)I/Br ont été évaluées dans une architecture de cellules solaires planaires
composées de ITO/ PEDOT: PSS /pérovskite/PCBM/Bathocuproine (BCP)/Ag (Figure 5. 4a).

Les courbes J-V des dispositifs les plus performants sont représentés sur la figure ure 5. 4b et 5.
4 c. FA /MA(SnPDb)I/Br) et elles présentait une PCE moyenne de 7,03 + 0,70%, une tension en
circuit ouvert (Voc) de 0,72 £ 0,03 V, une densité de courant en court-circuit (Jsc) de 15,03 £ 1,35
mAcm= et un facteur de remplissage (FF) de 64,73 + 1,36%. L'ajout de PEA améliore
considérablement les performances globales du dispositif. PEA/FA /MA (SnPb)I/Br présentait une
moyenne de PCE de 12,06 + 0,62% avec unV o.de 0,76 + 0,01 V, un J scde 22,61 + 1,06 mA/cm?
et un FF de 69,42 + 0,78%. Tous les paramétres photovoltaiques ont été améliorés dans le
PEA/FA/MA(SnPb/I/Br) par rapport au FA/MA(SnPb/I/Br), le Jsc montre I'amélioration la plus
importante. La forte augmentation de J sc dans PEA/FA/MA(SnPb/I/Br) est expliquée par
I'alignement de la bande des pérovskites, comme cela a été observé pour influencer fortement le
photocourant de dispositifs. La spectroscopie par photoémission ultraviolette (UPS) a été réalisée
sur les pérovskites FA/MA (SnPb)I/Br et PEA/FA/IMA(SnPb)I/Br pour étudier I'énergie d’ionisation
(par rapport au vide), et donc le maximum de la bande de valence (VBM) de ces composés
(Figure 5. 5a - 5,5 d). Le PEA/FA/MA(SnPb)I/Br a montré une énergie d’ionisation inférieure a
celle du FA/MA(SnPb)I/Br (-5,66 eV contre -6,04 eV, respectivement). Comme nous I'avons noté
dans la discussion sur le XPS, la composition chimique précise peut étre différente en PEA/
FA/MA(SnPDb)I/Br par rapport a FA/MA(SnPb)I/Br, ce qui peut entrainer des modifications de la
position VBM du matériau. Nous pensons que les surfaces de pérovskite riches en Br de
FA/MA(SnPb)I/Br influence la position énergétique du VBM, car les Brutovskites présentent une
énergie d'ionisation significativement plus élevée (et donc des VBM plus profondes). Pour
produire une bande de conduction qui s’aligne avec le contact sélectif électronique on ajoute la
bande interdite optique a I'énergie d'ionisation des composés. Les niveaux d'énergie connus de
PCBM et PEDOT: PSS sont esquissés a la figure ure 5. 5¢ et 5.5 d. En raison d'un VBM plus
profond, le CBM de FA/MA (SnPb)I/Br présente un alignement défavorable de la bande avec le

PCBM, créant une barriere d'énergie de 0,34 eV pour le transport d'électrons a travers l'interface
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pérovskite / PCBM. En revanche, le CBM de PEA/FA/MA(SnPb)I/Br s'aligne bien avec celui de
PCBM sans barriére apparente a travers l'interface pérovskite/PCBM. Il a été démontré que les
barriéres énergétiques situées a linterface contact / pérovskite / sélection d'électrons étaient a
l'origine de faibles Jsc rencontrées dans les cellules solaires a pérovskite. Bien que l'alignement
de la bande favorable pour pérovskite / PCBM accroisse la Jscdans les cellules solaires PEA/FA/
MA(SnPDb)I/Br, le défaut d’alignement de CB avec PCBM inhibe le transfert de charge interfaciale
dans les cellules solaires FA/MA(SnPb )I/Br qui a son tour réduit la J sc dans les dispositifs. Dans
ce travail, nous avons constaté que I'alignement des bandes défavorable au niveau de l'interface
pérovskite/PCBM est le principalt responsable de la baisse des performances des pérovskites en
alliage halogéné mixte Sn-Pb. Les résultats XPS suggérent que l'alignement défavorable de la
bande provient de la surface riche en Sn et Br des couches de pérovskite en alliage d'halogénure

mélangé Sn-Pb.

En résumé, cette thése explore les divers effets du cation organique aromatique, PEA dans les
pérovskites hybrides pour améliorer la performance photovoltaique et la stabilité. L'utilisation de
PEA comme cation d'espacement dans les pérovskites est connue pour produire des pérovskites
2D avec une excellente stabilité face a I'humidité et a la chaleur. L'étude sur les pérovskites 2D
utilisant le PEA comme cations espaceurs nous a incités a étudier d'autres effets des cations
organiques espaceurs dans les pérovskites sans plomb. La substitution partielle au site A avec
PEA a été explorée dans les pérovskites en alliage Sn-Pb, ce qui conduit a la passivation de
défauts et a I'nomogénéisation des pérovskites halogénures ce qui améliore le rendement

photovoltaique et de la stabilité.
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1 INTRODUCTION

One of the major problems that humanity must face in the next 50 years is the energy crisis. The
rising population, rapidly changing lifestyles of people, massive industrialization and evolving
landscape of cities have enormously increased energy demands. The present annual worldwide
electricity consumption is 12 TW and is expected to become 24 TW by 2050, leaving a challenging
increase of 12 TW." The current energy scenario based on the use of fossil fuels is unable to
meet that largely increased energy demand, as these fossil fuel resources are non-renewable
and limited. Also, they cause significant environmental hazards, like global warming and the
associated climatic issues. Major energy sources like hydroelectricity, nuclear power, and coal
have their own drawbacks.? For example, hydropower facilities can have significant environmental
impacts by changing the environment and affecting land use, homes, and natural habitats in the
dam area. On the other hand, solar energy is a clean, safe, and inexhaustible energy source. A
recent report suggests that wind and solar will produce almost 50% of world electricity by 2050.3
Photovoltaic (PV) is considered as one of the most suited technology for solar energy conversion.
Increased awareness about human-made climatic changes along with steadfastly falling prices of
solar technologies will soon make solar PVs as one of the lowest-cost options for future electricity
supply. Interestingly, solar panels have recorded a cost-decline of 85% since 2010 with solar

module retailer prices as low as 0.56 US$ / Watt.*

Before going into details about solar photovoltaic materials, a brief description of the working

principle of solar cells is provided in the next section.

1.1 Theory of solar cells

A solar cell is a device that converts light energy into electrical energy by the photovoltaic effect.®
A semiconductor is used as solar cell material. The energy conversion involves absorption of light,
production of electron-hole pairs in a semiconductor and charge carrier separation. Typically, p—
n junction is used for efficient charge carrier separation. It is necessary to understand the working

principle of p—n junction solar cells, to comprehend and develop new-type of solar cells.

The generation of current in a solar cell involves three fundamental processes, which determine
the overall efficiency of the solar cell, (1) absorption of incident photons to create electron-hole
pairs, (2) charge separation and (3) collection of photo-generated charge carriers by the p-n
junction. In the first process, electron-hole pairs will be generated in the semiconductor provided

that the incident photon has an energy greater than that of the band gap of the semiconductor.



However, electrons and holes will only exist, on average, for a duration of time equal to the
minority carrier lifetime before they recombine. The light-generated electron-hole pair is lost, or
no power can be generated in a solar cell if the charge-carrier recombines. In the second process,
the recombination is prevented by spatially separating electrons and holes by using a p-n junction.
In third process, the electrons can also flow through the external wire; there will be effectively no
voltage across the solar cell if external wire has very low electrical resistance, but current can
flow, which is called the short-circuit current (lsc). To generate power in a solar cell, both voltage
and current should be produced simultaneously. If photo-generated carriers are prevented from
leaving solar cells, both the number of electrons on the n-type side and the number of holes on
the p-type side increase and this separation of charges creates an electric field opposed to already
existing electric field at the p-n junction. This will reduce the electric field, which leads to the
increase of the forward bias diffusion current. The voltage required to balance out photogenerated
current and diffusion current is called the open-circuit voltage (Vo). In an operating solar cell, an
optimal current and voltage are generated across the load, leading to the maximum power to do

useful work.

The solar cell performance can be characterized by current-voltage (I-V) measurements. A typical
I-V graph is shown in Figure 1.1.° The I is the maximum current (Imax), and Vo is the maximum
voltage (Vmax) can be obtained from a solar cell. The maximum power point (MPP) is a point on
an |-V curve corresponding to the highest power generated in a solar cell. MPP is a product of I,
(current at maximum power) and Vm, (voltage at maximum power). The fill factor (FF) is figure of

merit provided by the ratio between lnpXVmp and ImaxXVmax (FF = ImpXVmp/ ImaxXVmax).

Maximum Power

. Amps Paint (MPP) Power
Short Clrcu |? A1 .. IV Curve A o
Current (Isc)
(P = VxI)
Tmp
= P-V Curve P
e =3
2 [
= @
- :
3 £
<L Area = Vmp X Imp
VI‘I‘IH}\'
0 -
Valtage (V) Vimp T Valts
Open Circuit
Voltage (Voc)

Figure 1.1 |-V curve of a solar cell. Reprinted from ref. 6 with permission from the Alternative Energy Tutorials.



1.2 Halide perovskite solar cell

To date, silicon solar panels dominate the renewable energy market, being most matured
semiconductor technology. However, the silicon solar cells are relatively expensive due to the
high-temperature processing of material and solar panel installation costs.”® The cost associated
with silicon wafer technology has forced to search for new materials and technology for solar
energy conversion. Thin-film solar cells based on cadmium telluride (CdTe) and copper indium
gallium selenide (CulnGaSe) offer good efficiencies around 20%; however, they have serious
disposal problems.® Unfortunately, more environmentally friendly solar technologies such as
dye/quantum dot (QD) solar cells have subpar performance compared to silicon wafer and/or thin
film solar technologies.'®' On the other hand, hybrid halide perovskite solar cells (PSCs) are an
emerging solar technology that may have the potential to outperform established solar
technologies at cheaper costs than silicon because high-quality halide perovskite semiconductor
can be made at much lower temperatures.'>'> Halide perovskites are enticing for several
reasons. The ingredients are abundant, and researchers can blend them easily and
inexpensively, at low temperature, into thin films that have high crystallinity like that accomplished

in silicon wafers while after costly, high-temperature processing.
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Figure 1.2 National Renewable Energy Laboratory (NREL) chart of the highest confirmed power conversion

efficiencies for research cells for a range of photovoltaic technologies. Reprinted from ref. 16 with permission
from the NREL.



PSCs have achieved an impressive certified power conversion efficiency (PCE) of 25.2% within
a decade of their development due to their high absorption coefficient, high carrier mobility and,

long diffusion length (Figure 1.2).'®

In the next section, the structural and optoelectronic properties of halide perovskites are
described, which make them a unique solar material in providing an excellent alternative option

to silicon wafer solar technology.

1.21 Structure and properties of halide perovskites

Halide perovskites adopt ABX3 crystal structure (Figure 1.3), where A = methylammonium (MA),
formamidinium (FA), cesium (Cs) and/or rubidium (Rb); B= lead (Pb) and/or tin (Sn); X= chlorine
(CI), bromine (Br) and/or iodine (l), which are typically described as three-dimensional (3D) halide
perovskites. ABXs perovskite structure consists of an extended 3D network of corner-sharing BXs
octahedra, where B is generally a divalent metal cation, and X is halide anion. The A cations fill
the 12-fold coordinated cubo-octahedral cavity formed by adjacent octahedra. Goldschmidt’s

tolerance factor (t) dictates the formation of ABX3 perovskite structure,

— _(Ra*Rx)

T2ReRy (1.1)

Figure 1.3 Crystal structure of ABXs perovskites. Reprinted from ref. 14 with permission from the Springer

Nature Springer Nature Limited.



where Ra, Rs, and Rx denote the ionic radii for the A, B, X ions, respectively, and the tolerance
factor must satisfy t =1 for 3D ABX3 perovskite formation. The ability to change components in a
number of permutations within the limit of tolerance factor provides a room for engineering
perovskite materials with tunable physical, chemical, optical, and electronic properties.'” Figure

1.4a shows the tunability of bandgap of halide perovskites by compositional engineering.'®

3D perovskites have a direct bandgap nature with relatively large absorption coefficient, which
produces high photocurrent in submicron films used in optoelectronic applications. A strong
optical absorption in halide perovskites originates from the halide-p — metal-p band edge
transition. Here, we should take note of that the direct gap nature of halide perovskites is a
standard generalization, but there may be subtle nevertheless crucial exceptions in
noncentrosymmetric perovskite compounds due to Rashba, Rashba/Dresselhaus splitting.'®2°
The absorption coefficient of typical halide perovskite, MAPbI; is presented in Figure 1.4b along
with MAPbBrs; and a number of other semiconductors which are widely used as solar absorbers

in a variety of PV systems.
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Figure 1.4 a) Bandgap tunability of FAPb(l1.x Brx)s perovskite (Br composition increasing from x = 0 to 1).
Reprinted from ref. 18 with permission from the American Association for the Advancement of Science. b)
Experimentally determined the absorption coefficient of variety of solar absorbers. Reprinted from ref. 17 with
permission from the American Chemical Society.

In addition to the superior optical properties of halide perovskites, underlying photophysics has
been found critical in achieving efficient thin-film PV devices. For example, photoexcited charge
carriers in 3D perovskites exist as free charge carriers at room temperature which allows
fabricating planar thin-film solar cells. The temperature dependent photoluminescence (PL) and

magneto-absorption measurements have revealed that 3D perovskites have exciton binding



energies ranging from 19 to 50 meV, which are comparable to the thermal energies at room
temperature of k,T ~25 meV. One of the greatest advantages of PSCs is their low potential loss
between bandgap and V., due to low density of sub gap defect states. The exciton dynamics and
low defect densities contribute to much longer charge carrier recombination lifetime in halide

perovskites which results in longer charge carrier diffusion lengths (>1 um).

A more comprehensive discussion on material and optoelectronic properties of halide perovskites
can be found in chapter 2. In the next section, major concerns with state-of-the-art Pb-based 3D

perovskites are discussed.

1.2.2 Toxicity and stability of halide perovskites

The state-of-the-art PSCs involve water-soluble Pb species, which hinder the wide application of
this technology.?' Pb halide perovskites in contact with water or humid air form water-soluble by-
products of Pb, which can accumulate within the food chain and so human body.?>? Countries
around the world adhere to lead-free directives which set a maximum amount of lead in electronic
devices. For example, the European Union adheres to the “Directive on the restriction of the use
of certain hazardous substances in electrical and electronic equipment,” RoHS1 in 2003 and the
subsequent RoHS2 in 2011. These Directives restrict to 0.1% in weight the maximum
concentration of lead in each homogeneous material contained in any electronic devices, i.e., the
perovskite material within a perovskite solar cell. North America also makes similar restriction to
the content of lead in the electronic devices. Meanwhile, it should be noted that highly efficient
halide perovskites materials contain more than 10% lead in weight. Suitable candidates for Pb
replacement, without much tradeoff in photovoltaic performance, are elements in the same group
(group 4) as Pb. The Sn and germanium (Ge), both of which have multiple oxidation states (2+
and 4+) are good candidates. The computational studies show that the electronic configuration of
Pb?* in the ABX3 perovskite structure is crucial for its remarkable photovoltaic properties.?*?® To
date, Sn-based perovskites are toxicologically safer, highest-performing lead-free perovskite
solar cells.?®?” However, the performance of the best Sn-based PSC is still falling far short of Pb
halide PSCs, reporting the highest efficiency of 9.41%.28 Another approach is alloying/replacing
Pb with less toxic metals such as Sn and Ge in ABX3 perovskites which is a very promising
strategy towards achieving stable, less toxic solar cells without compromising the photovoltaic

performance.

Another major concern is stability of halide perovskites. The effect of moisture on PSCs has

received substantial attention on the account of presence of water (from rain and humid air) in



real-world applications of solar cells.?**° The volatile small organic molecules (A-site cations) such
as MA and FA can be expelled by water due to the weak non-covalent bond between organic and
inorganic framework. For example, MAPbIs perovskite can easily hydrolyze in the presence of
water due to deprotonation of MA* by H,O.*'" Even though a complete understanding of
decomposition of 3D perovskites upon exposure to water is not yet fully formed, there is a
consensus on organic cations being a susceptible component to the H.O molecules. Also, organic
cations have low enthalpies of formation making them unstable even at moderate temperatures.®?
The halide perovskite upon exposure to light can generate superoxide O% formed which acts as

a Lewis base to deprotonate MA* to form CH3;NH; and degrade the perovskites.3334

1.2.3 Layered halide perovskites

As described in last section 1.2.2, the small organic molecules in halide perovskite are the
weakest component as far as their stability is concerned. Therefore, replacement of these
unstable small hygroscopic organic cations with bulkier hydrophobic organic cations is expected
to help prolong the lifetime of the perovskites under ambient conditions.*3¢ As we discussed in
section 1.2.1, the introduction of bulkier organic cations in perovskite structure distorts the
structural integrity of the perovskite framework. The introduction of bulkier organic cations leads
to the formation of lower dimensional (two-dimensional (2D)) or layered perovskites.®’%® The
bulky organic cations in 2D perovskites provide steric hindrance for the surface water absorption
which is the initial step of halide perovskite decomposition. Therefore, hydrophobic bulky organic
cations in 2D perovskite structure can effectively impede moisture infiltration.®® The 2D
perovskites can be formed along different crystallographic directions, specifically, <100>-oriented,
<110>-oriented, and <111>-oriented.*' The <100>-oriented perovskites are most commonly used
layered perovskite, further they can be categorized into Ruddlesden—Popper (RP) phases,
Dion-Jacobson (DJ) phases, and alternating cation in the interlayer space (ACI) phases. RP
phases are most ideal for optoelectronic applications. The RP perovskites have generic formula
of (RNH3)2(A)n-1BXsn-1 (n is an integer which represents the number of perovskite layers), where
RNHs is a primary aromatic or aliphatic alkylammonium cation serving as a spacer between the
perovskite layers. The number of perovskite layers can be tuned by changing ratios between
RNH; and A-site cations (Figure 1.5).4°
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Figure 1.5 Crystal structures for (NH3CsH16NH3) (CH3NH3)n-1Pbnlsn+1 (n = 1-4) from solution method.

Reprinted from ref. 40 with permission from the American Chemical Society.

Phase-pure compounds of layered perovskites are difficult to synthesize, only up to n = 7 have
been successfully synthesized. Generally, attempts to obtain thin films of 2D perovskites with n>4
do not really produce a phase-pure n-member of layered perovskites but a mixture of different n-
members of lower dimensional perovskites. Optoelectronic properties of 2D perovskites are
significantly different from that of 3D perovskites due to dielectric and quantum confinement of
charge carriers®?. In chapter 2, we explore structural and optoelectronic properties of 2D
perovskites in detail. Due to the different optoelectronic properties of phase-pure 2D perovskites,
such as wider optical band gaps and limited charge transport, the 2D perovskites are not ideal for
photovoltaic applications. In summary, use of stable 2D perovskites in solar cells comes with

major trade-off in photovoltaic performance.

1.24 Bulky organic cations as additives or/and A-site substituents in halide
perovskites

The optoelectronic properties of the layered perovskites can be tuned by varying the number of
perovskite layers. For instance, change in optical band gap with varying “n” is shown in Figure
1.6. The layered perovskites with n>10, can be considered as mixture of lower dimensions and

3D perovskites. The mixed-dimensional perovskites show better photovoltaic performance



compared to phase-pure 2D perovskites and improved device stability compared to 3D
perovskites. Even though, mixed-dimensional perovskites show better stability compared to 3D

perovskites, they exhibit comparatively lower photovoltaic performance to that of 3D perovskites.
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Figure 1.6 PL spectra of perovskite thin films of the MAPbIs (n=) and (BA)2(MA)n-1Pbnlsn+1 compounds
showing change in the optical band gap with varying number of perovskite layers. Reprinted from ref. 37 with
permission from the American Chemical Society.

In another class of materials, namely 2D/3D perovskites, a very small amount of 2D perovskites
are incorporated on the top surface of the 3D perovskite film (via spin coating 2D perovskite
precursor solution on the top of 3D perovskite film) or in the bulk 3D perovskites (substituting a
small amount of A-site cations with bulky organic cations in the perovskite precursor). 2D/3D
perovskites predominantly show bulk 3D perovskite characteristics (optoelectronic and structural

properties), but with some additional benefits, such as improved stability and fewer defects.

1.3 Thesis Objectives and Organization

1.3.1 Objectives

Part I: Synthesis and characterization of 2D perovskites with phenylethyl ammonium (PEA)

spacer cations and their solar cell application



2D perovskites are resistant to degradation in the presence of moisture, heat, and light. Here, 2D
perovskites are synthesized by isolating metal halide perovskite layers (Pbls) using bulkier
aromatic PEA ((CeHs(CH2)2NH3)2(CH3sNHa)2) spacer cations. The aromatic spacer cations are
expected to be better compared to aliphatic organic cations in retaining their performance under
ambient humidity levels due to the hydrophobic property of the spacer cation. High quality
(PEA)2(MA)n.1Pbn.1l3n-1 perovskite films (n=3, 4, 5) were prepared by hot-cast method for solar cell
application. The superior stability of PEA-based 2D perovskite through a series of
characterizations, such as X-ray diffraction (XRD) analysis, absorption measurements (using
ultraviolet—visible spectroscopy), charge-carrier lifetime measurements (using time-resolved

photoluminescence (PL)), and thermogravimetric analysis (TGA).

Part II: Effects of PEA cations in Sn-Pb alloyed perovskites and performance enhancement of

solar cells

Though, (PEA)2(MA).-1Pbn-1l3n-1 perovskite exhibit superior stability, the photovoltaic performance
seems to be inferior to that of 3D perovskites. Another concern is involvement of water-soluble
Pb species, which hinder the real-world application of this technology. The Sn metal is found to
be best alternative for Pb in achieving reasonable photovoltaic performance, but still inferior to
typical Pb-perovskites. Alternatively, alloying Pb with Sn perovskites seems to be a promising,
balanced strategy towards achieving stable, less toxic solar cells without much compromising the
photovoltaic performance. The major objective was here to explore the effects of PEA cations in
Sn-Pb perovskites to simultaneously improve photovoltaic performance and device stability. The
expertise and familiarity with PEA spacer cations in designing 2D perovskites (in Part I) applied
to synthesize stable and efficient PEA-incorporated Sn-Pb perovskites. Additionally, alloyed Sn-
Pb perovskites also fetch an added benefit of extending absorption of photons to the near-infrared
(NIR) spectral range. Effects of incorporating bulky organic cations in reducing Sn defect
formation in iodide-based Sn-Pb based perovskite investigated through experimental results such
as X-ray photoemission spectroscopy (XPS), XRD, surface potential measurements, transient
absorption measurements and PL spectroscopy. Furthermore, Sn defect passivation by PEA
molecules was confirmed by DFT calculations. Further, bandgap of Sn-Pb perovskites was tuned
by partial substitution of | with Br and a value of 1.4 eV was obtained, which is close to ideal
bandgap for a single-junction solar cell according to the Shockley—Queisser limit. In the case of
mixed halide Sn-Pb perovskites, addition of optimized amount of PEA led to halide

homogenization in the perovskite film surface which resulted in favorable band alignment of
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perovskite with electron transport layer. The photovoltaic properties and recombination dynamics

of mixed halide Sn-Pb perovskites were studied.

1.3.2 Thesis organization
The thesis organized into five chapters as follows:

Chapter 1 Introduction: This chapter briefly introduces theory of solar cells and halide perovskite

solar cells.

Chapter 2 Literature Review: Structural and optoelectronic properties of 2D layered perovskites

and 2D/3D perovskites and their application as solar cell absorbers.
Results: The experimental results are discussed in next three chapters.

Chapter 3 This chapter presents synthesis of 2D perovskites using aromatic alkylammonium
spacer cations, PEA, and their characterization. Also, modified thin film fabrication and their

application for solar cells are provided.

Chapter 4 In the fourth chapter, use of PEA in Sn-Pb alloyed perovskites and characterization of
Sn-Pb thin films are described. Furthermore, the improvement of photovoltaic performance and

stability in PEA-containing Sn-Pb perovskites is rationalized through series of characterizations.

Chapter 5 deals with fine-tuning the performance of Sn-rich alloyed perovskites. Here, optical
properties of Sn-rich alloyed perovskites are tuned by partially substituting iodine with bromine.
Further, optimized amount of PEA incorporated in these mixed halide Sn-rich alloyed perovskites

to yield improved performance and stability.

Chapter 6 General discussion and conclusion: General comments and main conclusions are
presented based on the experimental results, theoretical calculations and their analysis. Also,

future prospects in this research direction are proposed.
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2.1 Introduction

In search of cheap, solution-processable solar conversion technologies to replace Silicon
(Si) wafer technology, halide perovskite solar cells (PSCs) have become a leading
contender within a decade of their development.'24345 PSCs employing a three-
dimensional (3D) structure achieved a certified efficiency of 23.7%.'® Unfortunately, the
issue associated with the long-term stability of 3D perovskites against moisture, heat, and
light is still a huge hurdle for their real-world applications.?®3° The effect of moisture on
PSCs has received substantial attention on the account of presence of water (from rain
and humid air) in realistic operating conditions of solar cells. A small amount of Lewis base,
such as water, can readily disrupt the 3D perovskite structure through hydrogen bonding.
The volatile small organic molecules (such as methylammonium (MA) and formamidinium
(FA)) can be ejected by water due to the weak non-covalent bond between organic and
inorganic framework. For instance, a typical 3D perovskite methylammonium lead triiodide
(MAPDI3) readily hydrolyzes in the presence of water due to deprotonation of CHsNHs*
(MA*) by H20O, and degrades into products, such as CH3NH2, HI, and Pbl,.3"4647 Some
researchers suggested that the degradation of MAPbIs in ambient environments may
produce PbCO; and a-PbO rather than Pbl..*®4° Formation of unstable intermediate
phases like monohydrated CHsNH3Pbls.H2O or dihydrated (CH3NH3)4Pble.2H20 has also
been observed.®%*? First-principles calculations have recently predicted that intermediate
degradation products could reduce the activation energies for vacancy-mediated ion
migration.*® lon migration is also detrimental to the photovoltaic performance and stability
of PSCs. Even though a comprehensive understanding of water-induced decomposition
of 3D perovskites is not yet fully established, there is a resounding consensus on small
organic cations being an extremely vulnerable component to the water molecules. In
addition, organic cations having low enthalpies of formation can also be easily liberated at
moderate temperatures.® As well, superoxide O, formed in halide perovskites under
illumination acts as a Lewis base to deprotonate MA* to form CH3NH.2334 Therefore,
replacement of these unstable small hygroscopic organic cations with bulkier hydrophobic
organic cations expected to help prolong the lifetime of the perovskites under ambient
conditions. The introduction of certain bulkier organic cations in perovskite structure
distorts the structural integrity of the perovskite framework and lead to the formation of
lower dimensional (two-dimensional (2D)) layered perovskites but in some cases, they

passivate the defects in 3D perovskites. We are well aware of ongoing debate over the
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semantics of “layered perovskites” as well as definition of a “perovskite-type structure”, but
we label the materials that contains disconnected perovskite layers as “layered perovskite”
in this review, following the widely held perception.35° Nevertheless, it has been asserted
that bulkier, hydrophobic organic cations in 2D perovskites could strain the surface Pb-I
bonds and repel the water molecules from reactive sites.?*® Karunadasa et al. reported
the first application of 2D halide perovskite as a promising, stable solar absorber layer,
although the power conversion efficiency (PCE) of 4.73% was relative low even at that
time.%® An over 10% efficiency reported by Mohite and co-authors in 2016 revived interest
in layered perovskite materials.®® This led to a number of seminal fundamental and
experimental studies in 2017-2018, including but not limited to structure-property
relationships, excitonic properties of charge carriers, synthetic chemistry aspects and solar
cell application, etc.5"% Recently, a mixed composite of 3D and 2D perovskite phases,
known as 2D/3D perovskites emerged as a class of excellent photovoltaic material with
long-term stability. In this review, considering an invigorated appeal to 2D perovskites, we
discuss their structural and optoelectronic properties. We also summarize the progress of
2D and 2D/3D PSCs extensively in this article. Further, we assess the design principles

for efficient layered PSCs.

2.2 Structural characteristics

ABXj3 perovskite structure consists of an extended 3D network of corner-sharing BXs octahedra,
where B is generally a divalent metal cation, and X is halide anion. The A cations fill the 12-fold
coordinated cubo-octahedral space created by adjacent octahedra.®’ The ABX; perovskite

structure formation is dictated by the Goldschmidt’s tolerance factor,

— _(Ra+Rx)

JV2(Rg+Rx) ’ (1)

The ABX; perovskites known as 3D perovskites have rigid structural constrains, which limit their
structural tunability. But they can be cut into slices from the 3D structure to lower dimensional
layered configuration, all the way down to eventually zero-dimensional (0D) BXs octahedra

clusters.

Dimensional reduction gradually removes the size constrains imposed by the tolerance factor.

The layered 2D derivatives of the 3D perovskites can be conceptualized by slicing the 3D structure
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into well-defined 2D inorganic or perovskite layers (Figure 2.1).373%4162 The layered perovskites
can accommodate considerably larger and more complex organic cations as compared to 3D
perovskites. There are two central guiding principles to be followed in designing and synthesizing

new 2D layered perovskites.
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Figure 2.1 Schematic representation of different families of layered perovskites: (a) family of <100>-oriented
layered 2D perovskites with a general formula of (RNH3)2An-1Bnx3n+1, (b) (<110>-oriented, A"2AmBmX3m+2 layered
2D perovskites (c) and < 111>-oriented, A"2Aq-1BqX3q+3 layered 2D perovskites. Reprinted from ref. 41 with
permission from the American Chemical Society. d) Derivation of 2D halide perovskites from the parental cubic
perovskite lattice of 3D LHPs by cutting the latter along typical crystallographic planes: (100), (110), and (111).
Reprinted from ref. 63 with permission from the American Chemical Society.

Foremost, the organic molecule must contain one or two terminal functional groups that can
interact with the inorganic anion via hydrogen bonds. It is important to note that the rest of the
organic molecule should not interfere with the “B” and “X”. Secondly, the width of the organic

molecule is regulated by a space specified by adjacent corner-sharing BXs octahedra.
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Figure 2.2 (a) Unit cell of BA2MA.Pbsl1s (n=5), where layers are separated by a distance ~ 7.124. (b) A View of a
single perovskite slab along the b axis. Reprinted from ref. 77 with permission from the Cell press.

If the width of the organic molecule is too large, it can cause steric hindrance to neighboring
organic molecules, leading to difficulty in fitting the required number of organic cations into the
perovskite framework for the charge balance. The formation of layered 2D derivatives may be
along different crystallographic directions, producing different families of layered perovskites,
namely <100>-oriented, (<110>-oriented), and <111>-oriented perovskites (Figure 2.1). Out of
the three classifications, <100>-oriented perovskites are by far the most commonly found 2D
layered perovskite structure. Further, the number or thickness of perovskite (or inorganic) layer in
layered 2D perovskites can be synthetically controlled by tuning the stochoimetric ratio between
A-site cations and larger spacer cations. The layer thickness is denoted by ‘n’ in <100>- oriented
layered perovskites, ‘m’ in <110>-oriented layered perovskites and ‘q’ in <111>- oriented
layered perovskites. Following the classification of layered oxide perovskites (such as Sr,TiOs,
Ca>MnO4 and SrLaAlQ.), the <100>-oriented 2D halide perovskites can be further categorized
to Ruddlesden—Popper (RP),%45% Dion-Jacobson (DJ),®® and Aurivillius (AV) perovskites.®"-5°
Among these three types, RP phase perovskites are the most commonly used in optoelectronic

applications. In contrast, we are aware of only few reports on the DJ phase in halide
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perovskites,”®”! while the AV phase can only be found in oxide perovskite families. In this section,

our discussion primarily focuses on the <100>-oriented RP phase halide perovskite.
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Figure 2.3 a) XRD pattern and scanning electron microscopy (SEM) image of BA2MA4Pbsl1s crystals. Reprinted
from ref. 77 with permission from Cell press. (b) Representations of the crystal structures of conventional
CsPbBr; perovskite phases (cubic and orthorhombic) and RP phases (n =1, 2) and (c) STEM image of CsPbBr3
nanosheets (d) Atomic-scale AC-STEM image of conventional perovskite phase within a CsPbBr3; nanosheet
and (e) [001] projections are overlaid in an unusual phase region in CsPbBr3 nanosheet, where an in-plane (2,
') shift between two adjacent CsPbBrs observed. Reprinted from ref. 80 with permission from the American

Chemical Society.

221 RP phase perovskites

RP perovskites with a general formula (RNHs)2 An-1BnXsn+1 can be imagined as intergrowth
compounds formed from the 3D ABX3 and 2D layered (RNH3).BX4. The RNH3s is an organic cation

spacer. From a crystallography point of view, RP perovskites can be produced by methodically
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removing the B-component from the inorganic framework along the <100> crystallographic axis
in the ABX3s structure.
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Figure 2.4 a) Difference in crystal structures between DJ phase and RP phase of both oxide and halide
perovskite. (b) Top-view of DJ phase 2D perovskites, and (c) side-view of DJ phase 2D perovskites. Reprinted
from ref. 70 with permission from the American Chemical Society. Unit cells of ACI perovskites
(GA)(MA)nPbnlsn+1 (n = 1-3) along (d) the crystallographic b-axis and (e) the crystallographic a-axis. Reprinted
from ref. 85 with permission from the American Chemical Society.

In the RP phase, inorganic layers are offset by one octahedral unit, showing a (’2, %)
displacement along the ab-plane (i.e. a half unit cell shift in both a and b crystallographic axes).
As a result, the layers are to slide in a staggered configuration (where inorganic layers are not

stacked perfectly on top of each other). The structure of (RNH3).BXs compounds generally
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matches that of the distorted KoNiFs-type. The unit cell in the layered (RNH3)2BX4 perovskites
features two inorganic layers and two organic bilayers. In contrast to the 3D structure, the lattice
constant values in layered perovskites are increased due to the incorporation of larger spacer
cations. For example, Butylammonium (BA) spacers need an accommodating space of ~7.12 A
between the perovskite layers and one perovskite layer has a thickness ~6.32 A, which is about
two Pb-1 bond lengths (Figure 2.2). As the perovskite slab gets thicker by introducing smaller
cations (e.g., MA) in the crystal structure, the unit cell expands. The low angle reflections in X-ray
diffraction (XRD) reveal the number of perovskite layers in a 2D perovskite. Both the calculated
and experimental XRD spectra (Figure 2.3a) of BA2MA4Pbslis (n=5) show five distinct reflections
below 26 ~ 14°, indicating the number of perovskite layers in the compound. The positions of
heavy atoms in layered perovskites govern the crystal symmetry, but the exact space group
changes with the nature of the organic spacer and thereby indirectly affects the details of crystal
symmetry. The organic spacer provides the structure more freedom and prompts a relative
rotation and tilting of the [BX®]*~ octahedra with respect to small A-site cations in the cuboctahedral
cages. All A-site cations in 2D layered RP perovskites are oriented in the same direction, which
is implied by noncentrosymmetric configurations in the 2D perovskite crystal structure.*®2-"® The
(BA)2(MA),-1Pbnlsn+1 layered perovskite compounds are one of the well-studied (100)-oriented RP
phase.®*’” BA is a monovalent organic spacer molecule. All (BA)2(MA)q-1Pbnlsn+1 (n=1,2,3,4,5,6,7)
perovskites crystallize in orthorhombic space groups, of which (BA)2Pbls (n=1) crystallizes in the
primitive centrosymmetric Pbca space group, the (BA)2(MA)Pbzl; (n=2) in Cc2m, the
(BA)2(MA)2Pbslio (n=3) in C2cb, the (BA)2(MA)3sPbaliz (n=4) in Cc2m, the (BA)2(MA)4Pbslis (n=5)
in Acam, the BA2MAsPbglig (N=6) in Cc2m and the (BA)2(MA)sPbrl22 (n=7) in C2cb. It is important
to note that compounds with n > 5 is synthetically challenging to be isolated in a phase pure form
due to unfavorable enthalpies of formation (AHr). The higher-n members tend to transform to the
n = 3 and n = .o members. Recently, Kanatzidis et al. reported first and only structurally
characterized high members of layered perovskites (n=6,7) using kinetically controlled chemical
synthesis.”® In contrast to monovalent organic spacer cations like BA, the divalent organic cations
bring the inorganic layers closer. For example, the interlayer terminal iodide—-iodide distance was
decreased from 9.14 A to 4.37 A to when benzylammonium (BZA), a monovalent organic cation
was replaced with histammonium (HA), a divalent organic cation in 2D perovskites.’® The variation
of the interlayer distance strongly affects the lattice constants, therefore the crystal structure of
2D perovskites. Crystallographic data of 2D layered perovskites explored in solar cell applications

are listed in Table 2.1.

19



Interestingly, RP phase was observed in CsPbBr; nanosheets.®® Aberration-corrected scanning
transmission electron microscopy (AC-STEM) revealed the structural details of plausible
coexistence of RP domains and conventional perovskite phases (such as cubic and
orthorhombic).8" The [001]-projected atom columns in conventional perovskite phases are pure
Cs and Pb-Br columns. On the other hand, all the [001]-projected atom columns are Cs—Pb—-Br
in RP phases. Figure 2.3b shows the crystal structures of different phases, where the [001]
structural projection is also depicted. AC-STEM image of CsPbBrs is shown in Figure 2.3d. Yu
et al. observed an unusual phase region in the AC-STEM image of CsPbBrs; nanosheets along
with conventional perovskite phase (Figure 2.3e).8° They overlaid the [001]-projection of
conventional phase on the unusual phase region to identify the unusual phase observed in the
CsPbBrs nanosheets with atomic resolution. An in-plane (%, 72) shift corresponding to the RP
phase was observed between two adjacent CsPbBr; units. Therefore, all the [001]-projected atom
columns were Cs—Pb-Br columns in the unknown phase region confirming the coexistence of RP
and conventional perovskite phases. It also shows that RP domains and conventional perovskite
domains are well-connected, and all the domain boundaries are positioned in the <100 >
crystallographic directions on the atomic scale. Very recently, Li et al. synthesized all-inorganic
2D RP perovskites, Cs2Pbl.Cl, and Cs,Sn2l2Cl; with the optoelectronic response for the first
time.®28 The RP compound CszPbl,Cl;, with n = 1, is formed by corner-sharing of elongated
[Pbl2Cl4] octahedral units. The Cs2Pbl,Cl; synthesized by a solid-state method crystallizes in the
tetragonal space group of /4/mmm. All-inorganic layered compounds, Cs2Snl>Cl, and Cs2Pbl>Cl,,
and hybrid layered compound (MA).Pbl>(SCN).®* have distinctive structure compared to the rest
of hybrid layered perovskite RP phases. In these structures, the separation between the layers
occurs without the use of bulky organic spacers, while as a result of the ionic-size mismatch of
the two heteroatoms (I" and SCN-" in (MA)2Pblz(SCN). compound and |- and CIin Cs2Snl>Cl, and
Cs2Pbl>Cl; compounds).

2.2.2 DJ phase perovskites

Recently Mao et al. reported the first complete homologous series of DJ hybrid layered
perovskites, which adopt a general formula of A'’An-1Pbnlzn+1.”° In comparison to the RP phase
which features two monovalent spacer cations, the DJ structure contains single divalent (2%)
interlayer spacer cation. In a crystallographic standpoint, the DJ phases are supplemented

relative (1/2, 0) shift of the layers along the ab-plane or no shift (0,0) at all.
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Table 2.1

Compound

RP Phase
(BA).Pbl,

(BA)2(MA)Pb:l;
(BA)2(MA),Pbslio
(BA)2(MA)3Pbslis

BA:MA4Pbsl6

(PEA)2(MA)PDb,I,

(PEA)2(MA)2Pbsl1o

(HA)Pbl,
(HA)Sn14
(BZA):Pbl,
(BZA):Snl,
(PA)2MA4Pbsli6
(Gu)Pbl,
(Gu)2Snl,
BdAPbl,
Cs2Pbl.Cl,
DJ Phase
(3AMP) Pbl,
(3AMP) (MA) Pb: I;
(3AMP)
(MA);Pbslso
(3AMP)

(MA);Pbyls
(4AMP) Pbl,

Spacer cation

n-Butylammonium
(CaNH14)
n-Butylammonium
(CaNH11)
n-Butylammonium
(CaNH11)
n-Butylammonium
(CaNH11)
n-Butylammonium
(CANH11)
Phenylethylammoniu

m
(C18NgH36)
Phenylethylammoniu

m
(C18NsgH36)
Histammonium
(CsN3H11)
Histammonium
(CsNsH11)
Benzylammonium
(C1aN2H20)
Benzylammonium
(C1aN2H20)
n-Propylammonium
(CsNH11)
Guanidinium
(CNsHs)
Guanidinium
(CNsHs)

1,4-
Butanediammonium
Cesium
(Cs)

3-(aminomethyl)
piperidinium
3-(aminomethyl)
piperidinium
3-(aminomethyl)
piperidinium
3-(aminomethyl)
piperidinium
4-(aminomethyl)
piperidinium

Crystal
system

orthorhombic
orthorhombic
orthorhombic
orthorhombic

orthorhombic

Triclinic

monoclinic

monoclinic
orthorhombic
orthorhombic
orthorhombic
orthorhombic

monoclinic

Triclinic

Tetragonal

Monoclinic

monoclinic
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Space
group

Pbca
cc2m
C2cb
cc2m
C2cb

P1

P1

P2:/n
P2:/n
Pbca

Pbca

Pnnm
P2:/n
P1

14/mmm

P2:/c
la
Pa
la

Pc

Crystallographic parameters of 2D perovskites explored in PSCs.

Unit cell dimensions (A)

a

8.876

8.947

8.927

8.927

8.905

8.728

8.915

8.741

9.1561

9.0944

8.624

27.033

9.2784

8.4815

5.6385

8.6732

8.8581

8.8616

8.8627

10.4999

b

8.692
39.347
51.959
64.383

77.013

8.733

20.033
20.044
8.689
8.6613
72.53
9.310
26.95
8.847

5.638

18.426

8.8607
8.8624
8.8689

12.542

C

27.601

8.858

8.877

8.881

8.931

28.80

8.992

8.984

28.776

28.764

9.297

12.917

12.814

11.202

18.879

20.4522

33.4749

23.0316

58.842

12.5289



Table 2.1 Crystallographic parameters of 2D perovskites explored in PSCs. (Continued)

Compound Spacer cation Crystal Space Unit cell dimensions (A)
system group
a b c

(4AMP) 4-(aminomethyl) - la 8.841 8.843 33.604
(MA)Pb:l; piperidinium

(4AMP) 4-(aminomethyl) - Pc 23.133 8.836 8.8354
(MA),Pbslso piperidinium

(4AMP) 4-(aminomethyl) - la 8.858 8.857 58.915
(MA)3Pbyli3 piperidinium

In DJ oxide perovskites, the size of the spacer cations determines the shift in the unit cell; the
(0,0) shift (P4/mmm space group) was observed with large cations, whereas ('2,0) shift (I4/mmm
space group) was observed with smaller cations. However, it has been perceived that this
particular rule does not apply to halide perovskites.?® The layers in DJ halide perovskites do not
display any significant shift (with (0,0) displacement, where layers are stacked perfectly on top of
each other). Figure 2.4a shows the comparison of crystal structures between the DJ and RP
phases of both oxide and halide perovskites. The DJ halide perovskites were formed by
employing 3AMP (3AMP = 3-(aminomethyl) piperidinium) and 4AMP (4AMP = 4 (aminomethyl)
piperidinium) cations as spacer cations in between inorganic layers. The multilayered perovskites
(n>1) were synthesized employing MA as the A-site cation. From the top-view of the DJ phase
structure, the inorganic layers in (3AMP) Pbl4 exhibited a small mismatch owing to an out-of-plane
octahedral tilting (Figure 2.4b&2.4c). Conversely, a large in-plane tilting was observed in (4AMP)
Pbls, which resulted in perfect stacking of the inorganic layers. As observed in the RP phase, the
hydrogen bond between spacer cation and the inorganic layer has a significant effect on the
octahedral tilting (or Pb—I-Pb angles) in DJ phases. For example, in (3AMP) (MA)Pb:l7, the 3AMP
cation forms a weak hydrogen bond (red dotted line) with the terminal I-, which has a small effect
on the in-plane Pb-I-Pb angles since the terminal I~ does not directly impact the in-plane
distortion. In the case of (4AMP) analogue, the hydrogen bonds are formed with the bridging I~

anions which are located inside the layers, which can strengthen the in-plane distortion.
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(3AMP)Pbl, has one of the shortest interlayer distance of ~ 4.0 A among all the Pb-based 2D
perovskites, which impacts the electronic properties of these materials.”® The use of propane-1,3-
diammonium (PDA) as spacer was also found to produce DJ hybrid perovskites with the shortest
interlayer distance of 24 in 2D perovskites.®® The short interlayer distance in DJ hybrid perovskites
is favorable for solar cell applications due to its beneficial effect on optoelectronic properties. The
relationship between the interlayer distance and optoelectronic properties will be discussed in the

next section.

By introducing two types of spacer cations, guanidinium (Gu) and MA, simultaneously into the
interlayer space produce a unique type of structure , named as alternating cations in the interlayer
space (ACI), was formed.8® ACI perovskites exhibited the structural features of the DJ phase with
the chemical formula of the RP phase. To be more specific, in the ACI phase, inorganic layers
exhibit a (%, 0) shift along ab-plane similar to the DJ phase structure, but at the same time differ
in the position of the interlayer sites due to charge balance restrictions, thus leading to different

centering of the unit cell (Figure 2.4d and 2.4e).

223 Functional spacer cations and structural ordering

Widely used spacer cations (like aromatic and aliphatic ammoniums) in synthesizing layered
perovskites are electrically insulating without any active functionalities, such as light
absorbing.®"®® Replacing aliphatic and aromatic spacer cations with functional organic cations
has attracted great interest. For example, conjugated oligomers can absorb a complementary
portion of the solar spectrum to that of the inorganic layer and conductive polymers can improve
charge carrier transport in the layered perovskite solar absorber.8°°2 The layered perovskites with
functional spacer cations are especially relevant to optoelectronic applications. For instance,
improved light absorption of layered perovskites with conjugated oligomers and dye molecules as
spacer cations potentially could boost the current of derived solar cells and enhance their
efficiency.®®> Dye molecules like 5,5-bis(aminoethyl)-2,2":5',2":5”,2""-quaterthiophene (AEQT)
can strongly influence optical properties of layered perovskites.®® In the case of AEQT molecule,
it has an appropriate molecular shape and two aminoethyl groups to bond to the inorganic
framework. Recently, Vanderzande et. al. introduced charge-transfer complexes (combination of
pyrene-butylammonium, a donor molecule with the strong acceptor molecules
tetracyanoquinodimethane (TCNQ) and tetracyanobenzene (TCNB)).** The incorporation of
charge-transfer complexes has a significant influence on the absorption in the visible wavelength

region.
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Interestingly, subtle structural alterations induced by the organic spacer cation substitutions can
change the properties of layered perovskites. This opens new opportunities in materials design.
One of the simple structural tailoring of layered perovskites is selectively fluorinating PEA spacer
cation at different positions of aromatic benzene ring.% The position of the fluorine atom on the
aromatic moiety (ortho, meta, para) leads to changes in the ordering of the organic spacer cations
in the interlayer gallery (two organic cations in the spacing for RP phase) relative to one another
with varying degrees of structural disorder. For instance, para-FPEA2Pbls and para-FPEA.Snl4
(with fluorine atom located at para-position) have cations within the interlayer gallery facing the
same direction in a co-aligned fashion, whereas, ortho-FPEA.Pbls has the most orientation
disorder among other positions.®*°" Custom-synthesized, more complicated organic cations are
also used to tune structural ordering of the cation within the interlayer space to alter the properties
of layered perovskites. For example, a series of layered perovskites, (aromatic-O-linker-
NHs)2Pbls (where the aromatic moiety is naphthalene, pyrene, or perylene and the linker is ethyl,
propyl, or butyl) showed better energy level matching between the inorganic and organic layers,

resulting from ordering of organic cations.®

224 Synthetic aspects and layer thickness limitations

Typically, thin films of halide perovskites are used for optoelectronic applications and good quality
3D perovskite thin film can be easily fabricated through spin coating perovskite precursor
solutions onto substrates. Nonetheless, synthesis of phase-pure layered perovskites by this
approach is not viable and such obtained layered perovskite thin films may contain multiple lower
dimensional perovskite phases.”” The best approach to produce phase-pure layered perovskites
is by synthesizing single crystals through a wet chemistry route. Even though numerous synthesis
protocols exist for the n = 1 member of a homologous series (a single inorganic [BXg] layer), few
report the synthesis of higher-n members.3%77:%8% Phase-pure compounds of layered perovskites
up to n = 7 have been successfully synthesized by using the n-BA, as the limiting reagent.”® In
this synthetic protocol, the use of BA is essential in achieving the layered perovskites in the pure
form, avoiding precipitation of unwanted n= “c0” (3D perovskite phase). Other synthetic protocols
like slow evaporation of solvent, precipitation of compounds using antisolvent etc. are only

successful in producing low-n members of layered perovskites (up to n=3).36.100.101

A recent study on enthalpies of formation (AHr) of the RP phase suggest that, high-n members
(n>7) of layered perovskites are thermodynamically unstable and challenging to be synthesized.”®

The AH: values are negative for low-n-member compounds (n = 1-5) but positive for the
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compounds with a higher n (n= 6 and 7). For a favourable reaction, the AH: must be negative to
achieve the negative Gibbs free energy (AG). The attempt to grow high-n-member (n>7)
compounds can lead to the formation of mixture of 3D perovskites with a lower-n compound or
randomly or coherently intergrown 2D perovskites. These materials consistently show a blue shift
of the band gap compared to the 3D analogues and can be termed as “quasi-2D perovskites”. In
wake of growing number of publications on lower dimensional perovskites, researchers are
advised to term the synthesized compounds as “2D perovskites” or “quasi-2D perovskites” only
based on the rigorous analysis of optical and structural characterizations. As we mentioned in the
beginning of this section, most of the optoelectronic applications of layered perovskites have been
reported using thin films. The fundamental properties of the films are significantly different from
those of the grown single crystals. Primarily, thin films do not produce phase-pure n-member of
layered perovskites but a mixture of different n-members of lower dimensional perovskites.
Evidently, almost all the reports on 2D perovskite based solar cells are effectively employing
quasi-2D perovskites in their devices. In another class of materials, called 2D/3D perovskites, 2D

perovskites are incorporated on the top surface of the 3D perovskite film or inside the bulk 3D

perovskites.
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Figure 2.5 a) Band structure of (BA)2(MA)n-1Pbnlsn+1 perovskites. Reprinted from ref. 63 with permission from
the American Chemical Society. (b) Schematic of axial and equatorial Pb—I-Pb angles. Reprinted from ref. 69
with permission from the American Chemical Society. (c) Experimental optical absorption and emission
spectra of (BA)2(MA)n-1Pbnlsn+1 perovskites. Reprinted from ref. 77 with permission from Cell press. (d) Contour
plots of pressure-dependent absorbance of (BA) Pbls, (BA)2(MA)2Pbslioand (BA)2(MA)sPbal1s, and (e) illustration
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of Pb—I-Pb bonds in (BA)2Pbls under compression. Reprinted from ref. 110 with permission from the United
States National Academy of Sciences.

2D/3D perovskites predominately show bulk 3D perovskite characteristics (optoelectronic and
structural properties), even though, they have some additional benefits, such as improved stability

and fewer defects.

In summary, the structural characteristics of 2D perovskites can be vastly tuned by means of
changing interlayer spacing, number of perovskite layers, octahedral tilting etc. through employing
different organic/inorganic spacers. The recent advancement in the unexplored, 2D perovskite
structures has shown that there are profuse opportunities for new material discovery. Also,
structural properties of 2D perovskites strongly affect their optoelectronic properties. So even a
slight change in structure may lead to significant modification of optoelectronic features of 2D
perovskites. In the next section, we discuss current fundamental understanding of optoelectronic

properties of the 2D layered halide perovskites.

2.3 Optoelectronic properties

Halide perovskites are fundamentally different from other direct band gap inorganic
semiconductors explored in solar cell applications, such as GaAs and CdTe efc. (known as p-s
semiconductors), due to the presence of lone-pair Pb s electrons. In 3D Pb perovskites, the
conduction band minimum (CBM) comes from Pb p orbitals, and the valence band maximum
(VBM) derives from a mixture of Pb s and | p orbitals (called as a s-p semiconductor). The hole
effective mass is balanced with electron effective mass due to strong s-p antibonding coupling in
VBM, which leads to ambipolar conductivity in halide perovskites that leads to high charge carrier
mobilities. Also, the superior optical absorption observed in halide perovskites is closely
associated with their electronic structure. In addition to direct band gap absorption,the intense
optical absorption also partially originates from the halide-p to metal-p transition at the band edge.
Because the electronic band structure of the 2D perovskites is very different from that of 3D
perovskites, it can be expected that they exhibit significantly different optoelectronic properties.
In this section, we describe and discuss the band structure, confinement effects of 2D perovskites

and their effects on optical properties and charge carrier dynamics.
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Figure 2.6 a) Dispersion relation of a CB showing a doubly spin-degenerate parabolic band having a single
minimum at k = 0 (on right side) and two parabolic branches with opposite spin (subjected to Rashba splitting).
Reproduced from ref. 118 with permission from the American Association for the Advancement of Science. (b)
Time-resolved photoluminescence spectra (TRPL) of 2D perovskites, ground-state bleaching (GSB) peaks of
(c) (PEA)2Pbls, (d) (PEA)2MAPDb:l7, and (e) (PEA)2MA2zPbslio. Reprinted from ref. 119 with permission from the
American Chemical Society. Optical absorption of (f) (HA)PbxSn1-xls and (g) (BZA)PbxSn1-xl4, and (h) band gap
variation of 2D perovskites with different content of Pb and Sn. Reprinted from ref. 79 with permission from

the American Chemical Society.

2.31 Band structure and optical properties

A detailed understanding of materials’ band structure provides insights into their optical and
electronic properties from a fundamental viewpoint. First principle calculations, such as density

functional theory (DFT), can predict consistent structures and stabilities of perovskites.'92-1%5
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The calculations showed that organic molecules are not directly involved in determining the
electronic structure of organic-inorganic halide perovskites. For instance, density of states (DOS)
of MAPDI3 suggest that the contribution from the states of MA cations is insignificant around band
edges (Figure 2.5a). The organic molecule in halide perovskites primarily functions as a
counterion for stabilizing the perovskite structure and charge balance. However, the size and
nature of organic cations influence the B-X-B bond angle and equatorial B-X bond length, which
strongly affects the optical properties of these materials. For instance, the differences in hydrogen
bonding between organic spacer cations and halide ions have an impact on the B-X-B angles,
thereby their optoelectronic properties. 2D perovskite compounds having similar crystal structures
while different spacer cations, the B-X-B bond angles are the dominant factor in influencing the
band gap. An undistorted octahedra networks have a B-X-B bond angle of 180°. In the case of
Pb-based perovskites, larger Pb—I-Pb bond angles (close to 180°) mean greater overlap of Pb s
and | p orbitals, which instigates larger bandwidths and consequently lowers the band gap.'® The
B-X-B bond angles can be classified into two categories, equatorial along the inorganic plane
and axial along the stacking axis. Equatorial B-X-B bonds are more relevant to the band gap

because the charges transport across the inorganic layer (Figure 2.5b).

Axial Pb—1-Pb bonds mainly impact the excitonic behavior. Therefore, 2D perovskites prepared
with different types of organic spacer cations can have the same band gap if they have similar
crystal structures and equatorial Pb-I-Pb bond angles. For example, (NHzCgsH1sNH3) (MA)2Pbsl1o
(where NH3CgH16NH3 is diammonium ion) and (BA)2(MA)2Pbslio with the same structure of the RP
phase) and the similar equatorial Pb-I-Pb bond angles of 168.7° and 169.4° respectively, have
the same band gap at ~2 eV. For 2D layered perovskites with different structures, the interlayer
spacing between inorganic layers is the determinant factor for the band gap rather than the
Pb-I-Pb bond angle. (3AMP) (MA):Pbslio (with the equatorial Pb-I-Pb angle of 163.5°) and
(4AMP) (MA)Pbslio (with the equatorial Pb-I-Pb angle of 157.4°) are more distorted than
(BA)2(MA)2Pbsl1o (with the equatorial Pb-I-Pb angle 169.4°) and still have similar band gaps (1.90-
1.97 eV vs. 2 V) due to the shorter interlayer spacing in (3AMP) (MA)2Pbslio and (4AMP) (MA)-
Pbsl10.1%7:1%8 Figure 2.5¢ shows the variation of absorption and emission, i.e., the optical band gap,
with the change of layer thickness. The 2D perovskites show a change in optical properties when
they are subjected to external pressure.' "% An unprecedented 8.2% decrease in band gap was
observed in (BA)2(MA)2Pbslio after compression to 26 GPa and then decompression back to
ambient pressure (Figure 2.5d)."'° The (BA)2(MA)n.1Pbnl3n:1 series exhibit a characteristic

structural change upon compression, specifically reflecting the narrowing in the Pb-I-Pb angle
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and shortening in the Pb-I bond length (Figure 2.5e), leading to the increased electronic wave

function overlap between Pb and I, and thereby accounting for the narrowed optical band gap.

The calculated electronic band structures exhibit a quasi-direct band gap at the I point for 2D
perovskites (Figure 5a).””'"" The electronic structure shows no dispersion along the I'-Z direction
as a direct consequence of a dielectric mismatch between inorganic (Pbls anionic component in
the case of Pb-perovskite) and organic layers. The absence of dispersion along the I'-Z direction
results in nearly infinite effective masses in the direction perpendicular to the perovskite layers,
demonstrating the reduced charge carrier mobility across the perovskite layers. On the other
hand, 2D perovskites exhibit light electron and hole effective masses parallel to the perovskite
layers. For example, the (BA).Snls displays electron and hole effective masses of 0.15mo and
0.13mo respectively parallel to the 2D perovskite sheets, comparable to the effective masses of
3D MASnI; (0.28 mo and 0.13my).""? Also, the 2D perovskites exhibit larger band gaps compared
to 3D analogs because of the reduced dimensionality. Figure 2.5¢ displays increase in optical
absorption edge with decreasing n value, from 1.50eV (n = o) to 2.43eV (n = 1) in the
(BA)2(MA)n-1Pbnlsns1 series.®® DFT calculations agree with the general trend of decreasing band
gap with increasing number of perovskite layers, although, DFT calculations consistently
underestimate the band gap of materials. For accurate determination of band gaps, spin—orbit
interactions or spin—orbit coupling (SOC) should be included in the calculations. A strong SOC is
indeed generally observed in halide perovskites that can contribute formidably to the character of
band gaps.'"*""® A Rashba band splitting, arising from the SOC effect, has been recently explored
as a possible origin for the reduced electron—hole recombination observed in MAPbI3.""6117 |n
particular, a large Rashba splitting was observed in 2D perovskites where the spin degenerate
parabolic band splits into two branches with opposite spin-aligned electronic states.’'® Figure
2.6a shows a schematic of the Rashba splitting of conduction band (CB) to two parabolic CB
branches with opposite spins from a doubly spin-degenerate parabolic band having a single
minimum at k = 0. DFT calculations yield an estimated Rashba parameter of (1.6 + 0.1) eV-A for
the Rashba splitting in the plane perpendicular to the organic spacer barrier of (PEA):Pbls. The
experimental measurements by means of electroabsorption spectroscopy and photoinduced
absorption spectroscopy confirmed the Rashba splitting in this compound, with the splitting
energy of (40 + 5) meV. Yin et al. observed perovskite layer thickness-dependence of the Rashba
splitting in 2D perovskites.''® Theoretical calculations predicted the larger Rashba splitting for n=2
among n= 1, 2, 3 systems, which was supported by the longer PL (Figure 2.6b) and ground-state

bleaching recovery lifetimes for the n=2 system (Figure 2.6c-2.6e).
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The band gap is also dependent on the size and electronegativity of metal and halide ions; as
their size decreases, the band gap increases. For example, Sn-based 2D perovskites show a
smaller band gap compared to Pb-based system at the same perovskite layer thickness. (HA)Snl4
and (BZA).Snls have much smaller band gaps compared to their Pb analogs (Figure 2.6f-2.6h).
Sn-Pb alloyed 2D perovskites show an anomalous band gap behavior, where Sn-Pb perovskites
display much narrower band gaps compared to both pure Pb and Sn systems (Figure 2.6h). It is
linked to the SOC effects arising from alloying of heavier Pb atoms and lighter Sn atoms and

accordingly structural distortion.”®20

2.3.2 Dielectric and quantum confinement effects in 2D perovskites

Quantum and dielectric confinement effects in 2D layered perovskites increase the band gap and
the exciton binding energy compared to their 3D counterparts. The 2D perovskites, viewed as
type-I quantum-well (QW), are composed of organic barriers separating inorganic wells. 2122
Such scenario arises from a wider band gap of organic spacer molecules with respect to that of
inorganic perovskite layers. As the thickness of the perovskite layer decreases, pronounced
quantum confinement in the direction perpendicular to the plane of the inorganic layer leads to
broadening of the band gap. The quantum confinement also increases the exciton binding energy.

The exciton binding energy is given by

= =(ﬁ)2 Eb.3p, (2.2)
Eb,3D = (sll)z (7::1—6:() RH, (23)

where Eypis the binding energy of 1s exciton, a is the dimensionality of the system, Epspis the
exciton energy of the bulk system, ¢, is the dielectric constant of the inorganic layer, my is the free
electron mass, and Ry is the Rydberg constant.'?3'2* m is the reduced exciton mass and can be

calculated from:

moc= (2 +2)7 (2.4)

Mme My

Where me and my are mass of electron and hole, respectively. The value of a increases from 2
(for a perfect 2D system) to 3 (for the bulk, nonconfined system), as the thickness of the quantum

well increases.
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Figure 2.7 (a) Dielectric profile of 2D perovskite and (b) optical absorption computed using the k-p/
(Bethe—Salpeter equation) BSE approach. Reprinted from ref. 128 with permission from the American Chemical
Society. (c) Composite approach to dielectric profiles for (BA)2(MA)4Pbslie. Reprinted from ref. 131 with
permission from the American Chemical Society. (d) Optical density and PL excitation spectra of the RP phase
for (BA)2(MA)3Pbal13, () energy of the exciton Rydberg states for (BA)2(MA)sPbalis, (f) evolution of exciton
states and continuum energies with the 2D perovskite layer thickness, and (g) evolution of exciton energy with
the 2D perovskite layer thickness. Reprinted from ref. 137 with permission from Springer Nature Publishing
AG.

Moreover, the organic barrier has a much smaller dielectric constant than the inorganic perovskite
layer. Dielectric confinement occurs when the inorganic layer with a high dielectric constant ¢, is
surrounded by organic molecules with a lower dielectric constant ,. In this scenario, the electric
field generated by charges in the high dielectric constant material increases due to a less effective
screening of the field by the low dielectric constant material. A stronger dielectric confinement
steers to larger excitonic binding energies (100 meV-500 meV) in 2D perovskites.'"125-127
Analysis of dielectric constants in 2D perovskites by classical models relies on a crude continuum
modeling of the dielectric heterostructures with abrupt interfaces.'?-'3° Atomic description of
dielectric profiles for 2D perovskites built upon periodic supercells can provide a more accurate
account of the dielectric confinement without any empirical input.'® Pedesseau et al. treated 2D
perovskite as a composite to analyze its dielectric profiles.'?® Figure 2.7a&2.7b shows the atomic
level description of dielectric profiles of a composite 2D perovskite. With this approach, authors
were able to accurately model the quantum and dielectric confinements and calculate CB and VB
alignments in the 2D heterostructure.™' Figure 2.7c shows the high frequency dielectric profile of

2D perovskites. A clear dielectric contrast between the organic part (with a low dielectric constant,
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ca. 2.2) and the inorganic part (with a higher dielectric constant, ca. 5) is present in 2D
perovskites. It may be noted that the dielectric constant of the inorganic part (¢, = 4-5) in 2D
perovskites is lower than the bulk value of 3D analogues (&, = 5.6), but greater than that of the
single layer (¢4, = 4). It is worth mentioning that 2D perovskites differ from other 2D materials,
where electron and hole wave functions are confined in a 2D plane.'?'3 In the case of 2D
perovskites, exciton wave function is not confined to the 2D plane since the exciton size is
comparable to the thickness of the perovskite layer. Generally, two types of excitons are observed
in semiconductors, namely Wannier and Frenkel excitons.'” The Wannier excitons are stretched
over the host by numerous lattice constants with small binding energies <100 meV, whereas the
Frenkel excitons have large binding energies ~500 meV, which are tightly bound to a single unit
cell. 4189138 Most of the reports suggest the presence of the Wannier-type exciton in 2D
perovskites, although no consensus on the nature of excitons in 2D perovskites has been
reached. A direct measurement yielded a large excitonic energy of about 470 meV for BA,Pbl4."%"
It was derived from optical transitions corresponding to the exciton Rydberg series and the
continuum. The binding energy of excitons in perovskite wells steadily decreases as the number
of perovskite layer is increased due to reduced quantum and dielectric confinements. An exciton
energy of 125 meV was reported for the 2D perovskites with n=5 ((BA)2 (MA)4Pbsl1e).

Magneto-absorption spectroscopy measurements confirmed the similar trend for reduced exciton
masses, decreasing from 0.221 mg to 0.186 mo with increasing the perovskite layer thickness from
n=1 to n=5. Blancon et al. proposed a scaling law to calculate exciton binding energy of excitons
in 2D perovskites based on the Keldysh theory,*? which was well corroborated by optical density
(OD) and photoluminescence excitation (PLE) spectra.’® Figure 2.7d shows OD and PLE spectra
of (BA)2(MA)sPbal1z (n=4). The spectral features in these measurements can be assigned to the
Rydberg series of Wannier-Mott excitons. The experimental spectra provide energies
corresponding to 1s, 2s and 3s exciton states (Figure 2.7e). The difference |E+s — Eg|, provides
the binding energy of the 1s exciton ground state. The continuum energy Ec was calculated from
fitting 2s, 3s Rydberg series with the 2D hydrogen model. Figure 2.7f displays the exciton ground
state (1s), first excited state (2s), and continuum (Eg) energies for 2D perovskites with different
layer thickness. Figure 2.7g compares experimentally obtained binding energies to theoretical
values. Both optical and Magneto-absorption spectroscopy measurements suggested strongly

bound excitons with energies >120 meV in the RP phase 2D perovskite with n=>5.
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Figure 2.8 (a) Fraction of free charges in 2D perovskites as a function of temperature. The full lines are modeled
using the Saha equation with an excitation density of 5 x 10'* cm™3. The symbols indicate the experimental
estimates. Reprinted from ref. 138 with permission from the American Chemical Society. (b) Excitonic
absorption and PL spectra of PEA2Pbls. Reprinted from ref. 153 with permission from the American Chemical
Society. (c) Absorption spectra of (PEA)2PbCl4 thin film and a nanoparticle solution in toluene. (d) PL spectra
of (PEA)2PbCl4 thin film and a nanoparticle solution. Reprinted from ref. 157 with permission from the American
Chemical Society.

The proposed scaling law for excitons predicts free carrier like behavior for layered 2D perovskites
with n>20."" On the contrary, the photoconductivity study and the Saha equation yielded
significantly lower exciton energies, as low as 80 meV for n=4 ((BA)2(MA)sPbal+3) (Figure 2.8a)."38
The excitonic properties are tunable, varied with the physical and chemical properties of the
organic and inorganic cations.’® For instance, by employing an aromatic organic cation of PEA
(dielectric constant: 2.9) instead of the aliphatic cation of decylammonium, C1oH21NHs (dielectric
constant: 2.1) in 2D perovskites the exciton binding energy was significantly decreased from 320
meV for (C1oH21NH3)2Pbls to 220 meV for (PEA).Pbls.'*° The exciton energy can be further tuned
by mixing organic cations that differ in their dielectric constants in 2D perovskites. For example,
by stoichiometrically mixing organic cations A = 2,3,4,5,6-pentafluorophenethylammonium
(5FPEA) and B = 2-naphthyleneethylammonium (NEA) cations in (A«B1-x)2 Snls 2D perovskites,
the exciton energy was tuned from 572 nm (pure 5FPEA) to 602 nm (pure NEA).™" An unusual,
efficient generation of triplet excitons was observed in (MA)2Pb(SCN).l> 2D perovskites, where

MA is an organic spacer cation.*? These triplet excitons showed extremely long diffusion length

33



of 152 nm. Alternatively, mixing halides can also modify the excitonic properties of 2D perovskites
since the exciton binding energy is inversely proportional to the square of the dielectric constant.
In 3D perovskites, MAPbI; showed a lower exciton energy than MAPbBrs; due to the higher
dielectric constant exhibited by MAPDIs. Even though quantitative studies on halide-dependent
changes of the excitonic energy in 2D perovskites are not available, a similar trend to that in 3D
perovskites is expected. Also, when iodide is replaced by bromide and then by chloride, carrier

effective masses tend to increase in perovskites. 43146

Polaron formation has also been observed in 2D perovskites.'#-'4® The charge carriers in 2D
perovskites were mainly scattered via deformation potential by acoustic and homopolar optical
phonons, which is indicative of polaron formation in the material.’® Formation of polarons limits
the carrier mobilities, modulates the cooling process of hot charge carriers and broadens the width
of radiative transitions.'! Larger carrier effective masses due to the dielectric confinement in 2D
perovskites strengthen the electron-phonon coupling and enables the polaron formation even at
room temperature.’® The splitting of excitonic absorption spectra (Figure 2.8b) of PEA.Pbl, into
three transitions (a at 2.438 eV, f at 2.398 eV, and y at 2.355 eV) with spacing of ~40 meV is an
indication of the electron-phonon coupling.’® Due to the strong electron-phonon coupling, free
excitons are transformed to self-trapped excitons.'* Self-trapped excitons are qualitatively similar
to small polarons.’™® The calculation showed a large binding energy (Epoaron ~ 0.4-1.2 V) for
polarons, which are tightly localized at specific Pb-X positions (in (EDBE)PbCIls). In contrast, a
broadband emission (white-light emission) was found to deviate from the self-trapped excitons
mostly in the organic lattice of (PEA)2PbCl4."%5% |nterestingly, the (PEA).PbBrs and (PEA).Pbl,
(bromide and iodide analogues of (PEA).PbCls) exhibit narrower excitonic emission. All these
observations together suggest that organic layers are more than just an inert spacer. (PEA)2PbCl,4
showed a remarkably high color rendering index and photostability, rendering its high-quality
material for white LED applications. Figure 2.8c&2.8d show strong excitonic absorption and

intrinsic broad emission from (PEA)2PbCl,."’

2.3.3 Charge carrier dynamics

An increase in the charge mobility and a decrease in the effective masses of holes and electrons
were observed as the thickness of the 3D perovskite layer was increased, as a result of easier

disassociation of excitons into free charges.'®
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Figure 2.9 (a) Microscopic PL map of a single exfoliated crystal, probed at 2.010 and 1.680 eV, (b) PLE signal
of the LES measured by locally exciting the exfoliated-crystal edges, and (c) TRPL of the PL of higher energy
state, X state and LES. Reprinted from ref. 158 with permission from the American Association for the
Advancement of Science. d) lllustration of layered perovskite viewed as heterostructures, and (e) schematic
of (101) surface of the (BA)2(MA)sPbsl1o. Reprinted from ref. 158 with permission from the American Chemical

Society.

On the other hand, charge carrier mobility in 2D perovskite film is inherently related to the exciton
binding energy and defects in the material. The recombination in 2D perovskites falls into the
Langevin-Type regime due to excitonic nature of charge carriers, limiting the overall thickness of
absorber layer in 2D perovskite-based solar cells. Interestingly, the 2D perovskites with n >2
exhibit a unique, intrinsic dissociation of the photogenerated excitons to free carrier-like states
through layer edge states.'® For the n=3 2D perovskites, energy corresponding to the layer edge
state was observed at 1.68 eV, lower than the exciton emission energy at 2.01 eV (Figure 2.9a).
The charge carriers are thus trapped in the edge states and remain protected from nonradiative

processes like electron-phonon coupling. Moreover, long-lived free carriers provided by lower

energy edge states (LES) can contribute to photocurrent in a solar cell (Figure 2.9b&2.9¢). This
distinct behavior has been observed in both thin-films and their exfoliated crystal counterparts.
Also, the presence of the edge states extends the perovskite absorption to the visible and even

to near infrared regions (Figure 2.9b). Kepenekian et al. suggested LES might originate from the

surface
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Figure 2.10 (a) Variation of in-plane and out-of-plane tilting of surface octahedra due to the (101) surface
relaxation, (b) calculated partial charge densities at the VBM and CBM in bulk and relaxed surface for
(BA)2(MA)sPbslio, and (c) illustrations of the surface-induced exciton dissociation. Reprinted from ref. 159 with
permission from the American Chemical Society.

states in 2D perovskites as a result of lattice mismatch.™® In this model, authors treated 2D
perovskites as a composite system/heterostructure with coherent interface. ' Figure 2.9d shows
layered perovskites as a heterostructure with alternating stacking of 3D perovskite layers L1 (of
thickness n—1) and of 2D perovskite monolayers L2 (single octahedron, n = 1). Classic theory of
elasticity predicts that, for a heterostructure L1/L2 with a large lattice mismatch between L1 and
L2, the structure may undergo a reorganization for a critical layer thickness Figure 2.9e)."%°
Consequently, the internal elastic energy may accumulate inside the material. The surface
octahedra in n= 1,2 have no rotational degrees of freedom, while those for n> 2 exhibit significantly
larger in-plane and out-of-plane tilting (Figure 2.10a). Thus, the mechanical energy is more
efficiently relaxed in n>2 compounds due to additional rotational degrees of freedom through

surface relaxation (i.e., through in-plane and out-of-plane tilting of surface octahedra).
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Figure 2.11 (a) Lattice mismatch between various 2D perovskites (n = 1) and MAPbIs and, (b) calculated elastic
energy density for 2D different perovskite heterostructures. Reprinted from ref. 159 with permission from the
American Chemical Society. (c) Mobility of 2D perovskites: (BA):Pbls (n = 1), (BA)2(MA)Pb2l; (n = 2),
(BA)2(MA)2Pbslio (n = 3), (BA)2(MA)3Pbaliz (n = 4) and (BA)2(MA)sPbslie (n = 5) at different temperatures.
Reprinted from ref. 138 with permission from the American Chemical Society. (d) Scheme for the in-plane
temperature-dependent conductivity of a quasi-2D (BA)2(MA)zPbslio perovskite; (e, f) results of temperature-
dependent conductivity measurement of 3D and quasi-2D perovskite single crystals, respectively. The inset in
(e) is a photo of a MAPbI3 single crystal. Reprinted from ref. 165 with permission from the American Chemical
Society.

As a consequence, the band gap blueshifts by 70 and 150 meV for n = 1 and 2, respectively, and
redshifts by 120 and 70 meV for n = 3 and 4, respectively (Figure 2.10b) compared to the
calculated band gaps of these materials without taking account surface relaxation. The small
octahedral tilting leads to lattice expansion at the (101) surface, which results in the blue shift of
band gap, whereas a significant octahedral distortion in subsurface yields lattice compression that
induces a band gap redshift. Importantly, the LES originating from surface relaxation can strongly
localize the electron at the surface and enable the dissociation of the strongly bound excitons to
long-lived free carriers. Schematic of the LES mechanism is shown in Figure 2.10c. For a broader
picture, lattice mismatch in the layered perovskites employing different, a wide variety of spacer
cations is shown Figure 2.11a. Clearly, spacer cations can largely impact lattice mismatch and
influence the internal elastic energy density accumulated in the bulk of layered perovskites (Figure
2.11b). For instance, (4CI-CsHsNH3)-Pbls (4CI-PhA) displays a larger lattice mismatch, therefore

a greater elastic density than other materials in Figure 2.11b. This would favor surface relaxation
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and sequentially the formation of LES in (4Cl-CsHsNHz3)2Pbls. On the other hand, layered
perovskites employing CoH1gNH3 (NoA) cation have an appreciably smaller lattice mismatch,
resulting in a lower elastic energy density that effectively prevents the formation of LES. In
summary, LES stems from the release of the strain-induced elastic energy at the heterostructured
L1/L2 interface and fine-tuning the layered perovskite structure and composition can promote

efficient exciton disassociation in 2D perovskites.

Understanding of defects and scattering processes in 2D perovskites is vital to realize their
optoelectronic applications. The transient photoconductivity experiments using terahertz (THz)
have asserted that photoconductivity is significantly higher along the inorganic or perovskite
layers than across the layers in a 2D perovskite film."®" Temperature-dependence of carrier
mobility (Figure 2.11c) reveals the occurrence of electron-phonon scattering in 2D systems. 38 It
also discloses the increase of the mobility and lifetime of charge carriers with the thickness of the
perovskite layer. The charge transport properties in 2D perovskites are also related to the
orientation of the inorganic layers within the perovskite film. The perovskite layers are called
preferentially oriented if they are aligned perpendicular to the surface of the substrate, enabling
smooth charge transport.'®? First principle studies have shown that defects in 2D perovskites are
different from those in 3D perovskites. The point defects with surplus cations/deficient anions can
easily n-dope the 3D perovskite. In comparison, the formation energy for point defects in 2D
perovskites is higher.%® The grain boundaries in halide perovskite films are very vulnerable as the
form of edge and line defects due to misorientation crystal grains.'%®'%* The defects such as anion
and cation vacancies at grain boundaries create pathways for ion migration in halide perovskites.
Huang and co-authors showed that the long-chain organic spacer cations could form a barrier
suppressing ion migration along the out-of-plane and in-plane direction in single crystal layered
perovskites compared to their 3D counterparts.’®>% The ion migration is detrimental to the
perovskite-based electronic devices by means of monomolecular recombination, photocurrent
hysteresis and accelerated degradation etc.’®-'%° Authors calculated the ion activation energy
from fitting temperature-dependent electrical conductivity (Figure 2.11d-2.11f) using the
Nernst-Einstein relation (from the slope of In(aT) —1/kT, where o is the electric conductivity, k is
Boltzmann’s constant and T is the temperature in Kelvin).'®17% The 2D perovskite exhibited only
electronic conductivity at both low and high-temperature region without any transition from
electronic conduction to ionic (Figure 2.11f), which implies ion migration is negligible in layered
perovskites. Nonetheless, 3D MAPDbI; showed ionic conductivity in the high-temperature region
(T > 280 K) (Figure 2.11e). DFT calculations also estimated considerably higher formation

energies of vacancy defects in 2D perovskites compared to their 3D analogs.
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Figure 2.12 (a) XPS Sn 3d spectra of 3D (without PEAI) and 2D perovskite (with PEAI) films, (b) normalized PCE
of the unencapsulated 3D and 2D perovskite device, and GIWAXS of (c) 3D perovskite and (d) 2D perovskite
films. Reprinted from ref. 180 with permission from the American Chemical Society.

2.4  Solar cell application

In this section, we review the most recent and relevant reports on 2D/quasi-2D and 2D/3D PSCs.
For 2D/quasi-2D RP perovskites, mainly those employing PEA and BA organic spacer cations
are used in solar cell application. The diversification of spacer cations in RP phases for
optoelectronic applications as well as employing hybrid DJ phase in solar cells have been main
research focus in recent years. So, we divide this section into four subsections, with the first three
subsections focusing on different organic spacer molecules in RP phase while the last subsection

primarily discussing the emergence of hybrid DJ phase-based PSCs.

241 PEA cations as organic spacer in RP phase

In the first report on 2D PSCs, (PEA)2(MA)2Pbslio was employed as a solar absorber in a n-i-p
planar device configuration.® These first generation devices displayed a high open-circuit voltage
(Voc) of 1.18 V with a PCE of 4.73%. The (PEA)2(MA)2Pbsl+o films also exhibited remarkable

stability under humid air.
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Figure 2.13 (a) XRD and (b) GIWAXS patterns of the perovskite films with additives, (c) scheme of a typical 2D
perovskite device structure, and (d) J-V curves of devices employing 2D perovskite films with additives.
Reprinted from ref. 184 with permission from the American Chemical Society.

Recently, we showed that optimization of film thickness and thin-film deposition can lead to a
better PCE in (PEA)2(MA).-1Pbnlsn+1 devices with significant less current density-voltage (J-V)
hysteresis.'! Depositing the 2D perovskite film at elevated temperature (known as hot-cast
method) is a good practice to obtain highly crystalline, oriented 2D perovskite film. One of the
major concerns with the Pb-based PSCs is the toxicity of water-soluble Pb component in the
material.”2-'74 So far, Tin (Sn) is the best replacement for Pb although the performance falls far
short for Sn-based solar cells.'”*'"® Moreover, the stability of Sn-based solar cells represents
another concern for their practical use. The promise may lie in 2D engineering. Sn-based quasi-
2D perovskite (PEA)2(FA)sSnolzs (n=9) devices were found to exhibit significantly improved
stability compared to 3D FASnI; devices.'® Importantly, (PEA)2(FA)sSngl2s also showed an
impressive PCE of 5.94% with fill factor (FF) of 0.69 and V. of 0.59V. Notably, Sn-based quasi-
2D perovskites showed a significant improvement in Vo compared to 3D FASnI3, which routinely
exhibited a lower V. of less than 0.50 V."8-83 The improvement in Vo in the quasi-2D perovskites

was ascribed to lower defect density as a result of lower chance of Sn?* oxidation.
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Figure 2.14 (a) J-V characteristics of room-temperature-cast and hot-cast methods (with simulated J-V curves),
and (b) GIWAXS for (b) room-temperature-cast and (c) hot-cast films. Reprinted from ref. 56 with permission
from John Wiley & Sons, Inc.

The Sn?* in 3D perovskites can easily be oxidized into Sn** even if Sn-thin films are prepared
under inert atmosphere, which greatly hampers the performance of Sn-perovskite devices. A
comparison of X-ray photoelectron spectroscopy (XPS) measurements (Figure 2.12a) revealed
that PEA molecule could retard the oxidation of Sn?*. It also helped to improve the moisture
stability of Sn-PSCs (Figure 2.12b). Additionally, crystal grains of quasi-2D perovskites were
found to be highly oriented on the substrate, as revealed by sharp and discrete Bragg spots in
Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS), whereas perovskite grains are
randomly oriented in 3D perovskite films (Figure 2.12 ¢&2.12d). Highly oriented crystal grains in
the perovskite film play a critical role in yielding well-balanced carrier charge transport in solar cell
devices. A detailed discussion on the crystal orientation and GIWAXS characterization can be
found in Section 5 of this review. Recently, Fu et al. reported a PCE of 14.1% for n<5 quasi-2D
perovskites processed with ammonium salts additives.'® In that work, they used NH4SCN and
NH.Cl as additives in perovskite precursor solution with molar ratios of
PEAI/MAI/PbI2/NHsSCN/NH4CI at 2:4:5:1:1. It has been observed that NH4sSCN additive can
regulate the orientation of crystal grains in the perovskite layer as well as enhance its crystallinity
(Figure 2.13a-2.13c)."8418 \While, NH4Cl can passivate the electron traps at PEDOT:
PSS/perovskite interface. The effects of ammonium salts were unmistakably observed in solar

cell performance.

The devices with NHsSCN as an additive showed a high short-circuit current density (Jsc) as a
result of highly oriented crystal grains and enhanced crystallinity. The better passivation of

electron traps by CI- with the use of NH4Cl additive improved the Voc of the device. The
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simultaneous incorporation of NHsSCN and NH4Cl as binary additives into 2D perovskite films led
to both high Ve (1.21 V) and Jsc (15.2 mA/cm?) with an average efficiency of 12.9% (Figure 2.13d).
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Figure 2.15 (a) XRD of BA2(MA)4Pbsl16 2D perovskite films from different precursor solutions, (b) full width at
half-maximum (FWHM) of the (111) reflection of 2D perovskite films from different precursor solutions, GIWAXS
of BA2(MA)4Pbsl16 2D perovskite films formed from (¢) DMF precursor and (d) 3:1 DMF: DMSO mixed precursor,
(e) J-V curves, and (f) External quantum efficiency (EQE)% of the devices employing the BA2(MA)4Pbsl1s films
from different precursor solutions. %

Incredibly, these (PEA)2(MA)4Pbslis devices with ammonium salt additives displayed a record low
nonradiative Voc loss of only 0.14-0.16 V in 2D PSCs.3%%186187  Ag we have discussed in
structural properties section, fluorine substitution on aromatic spacer molecule like PEA can
induce structural ordering of spacer molecules in layered perovskites.®® Zhang et. al.
demonstrated that by fluorine substitution on the para position in PEA, the average phenyl ring
centroid distances in the organic layer become shorter with better aligned packing of perovskite
sheets.’®® The (F-PEA);MA4Pbsls solar cells demonstrated an improved PCE of 13.64%

compared to (PEA)2MA4Pbslis (9.66%) due to increased carrier lifetime and reduced trap density
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in the solar absorber layer. The out-of-plane (or interlayer) microwave mobility of (F-PEA)2Pbl4

(n=1) was found to be ~7 times higher than that of PEA analogue.
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Figure 2.16 SEM images of perovskite films formed (a) with and (b) without MACI treatment, GIWAXS for 2D
perovskite films formed with MACI/MAI weight ratios of (c) 0, (d) 0.3, (e) 0.5, (f), XRD patterns of (f) 2D perovskite
and (g) 3D perovskite film after storage in air for 0 day and 40 days, and (h) degradation of 2D
(ThMA)2(MA)2Pbslio and 3D MAPDIs devices. Reprinted from ref. 212 with permission from the American
Chemical Society.

The increase in microwave mobility was probably due to better energetic alignment of the organic
cations with the perovskite band structure rather than difference in perovskite interlayer distance
since the F-PEA film happens to be slightly longer than the PEA film (smaller interlayer distance
is supposed to be better for out-of-plane charge transport). On the other hand, the real-world
devices employing (F-PEA)2MA4Pbslie (n=5) or (F-PEA)2MAsPbalis (n=4), where films contain
mixed dimensional phases (n=2, 3, 4, 5 and ) can benefit from ordered phase distribution

depending on position of fluorine at on PEA,%18
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24.2 BA cations as organic spacer in RP phase

In their seminal paper, Tsai et al. reported the achievement of a high efficiency of 12.52% by
employing hot-cast (BA)2(MA)sPbalss film in the p-i-n device configuration (Figure 2.14a).% In the
hot-cast process, PEDOT: PSS coated substrate is pre-heated at 150°C for 10 min and
immediately a perovskite precursor solution is spin coated. GIWAXS of hot cast films (shown in
Figure 2.14b & 2.14c) exhibited sharp, discrete Bragg spots indicative of highly oriented crystal
grains in contrast to randomly oriented crystal grains in room-temperature-cast 2D perovskite
films. The nearly perfect oriented perovskite layers or [(MA), - 1Pbnlsn + 1]2”in hot cast films enabled
charge transport across the device electrodes without any hindrance by the organic spacer layers,
which resulted in a high Jsc of 16.76 mA cm™ and FF of 0.74. In a separate study, the use of iso-
BA as a spacer cation alone was found to produce highly oriented and crystalline 2D
perovskites.'® But the devices employing (iso-BA)2(MA)sPbal1; showed a large J-V hysteresis in
FTO/C60/perovskite/Spiro-OMeTAD/Au configuration. Interestingly, the devices employing hot-
cast (BA)2(MA)sPbslis (n=5) films has shown relatively less PCE of 8.71% compared to its lower
member, n=4 because of lower crystallinity of the film.”” It was previously proved that in the 3D
perovskite DMSO (Lewis base) has a high affinity for Pbl. (or metal halides in general), and forms
an intermediate phase retards the crystallization rate.''-'%* Soe et al. controlled the degree of
crystallinity and crystal grain orientation by tuning the DMSO concentration in the DMF solution,
producing highly oriented (BA)2(MA)sPbslss thin films.'®® XRD analysis of (BA)2(MA)4Pbslie films
fabricated from precursor solution with 3:1 DMF: DMSO concentration exhibited better crystallinity
(Figure 2.15a).'® To that account, the full width at half-maximum (FWHM) of the (111) XRD
reflection peak was found to be lowest for the film grown from 3:1 DMF: DMSO precursor
concentration, indicating the optimum DMSO concentration for obtaining high crystallinity (Figure
2.15b). Most of the perovskite layers were perpendicular to the substrate in the film fabricated
from a precursor containing optimum DMSO concentration, as evidenced by the Bragg spots in
the GIWAXS map (Figure 2.15¢c & 2.15d). The devices employing hot-cast films fabricated using
3:1 DMF: DMSO precursor solution displayed a PCE of 10% (Figure 2.15e). External Quantum
Efficiency (EQE) measurements (Figure 2.15f) revealed an enhanced photoresponse for the
devices with film fabricated using 3:1 DMF: DMSO precursor solution. The photocurrent
enhancement correlates well with enhanced crystallinity and preferentially oriented
microstructures in the perovskite film. Introduction of inorganic cations such as Cs and Rb into
the halide perovskites is also beneficial for improving the stability.*44519%-1% |t was found that the
introduction of 5% Cs* in (BA)2(MA)sPbslsz film improved the stability.?®® The Cs-doped

(BA)2(MA)sPbasli3 devices also exhibited a superior PCE of 13.7% compared to reference solar
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cells. Moreover, Cs-doped 2D perovskite devices retained 89% of the initial performance after
1400h storage in 30% RH environment vs. 79% for the devices made of pristine 2D perovskites.
The addition of NHsSCN was found beneficial in (BA)2(MA)n.1Pbnlsn+1 (n=3,4) 2D perovskite

system likewise in PEA-based 2D systems. 84185201

Yan et al. synthesized a low band gap 2D perovskite system by using FA as the A-site cation.??
In 3D perovskite systems, FA-based perovskites exhibit relatively lower band gaps compared to
MA-based perovskites.'94203204 A FA-based 2D perovskite, (BA)2(FA)2Pbslio film, exhibited a
suitable band gap of 1.51 eV for single junction solar cell application, while (BA)2(MA)2Pbal1o
displayed a larger band gap of 1.87 eV. Nevertheless, (BA)2(FA).Pbslio devices showed a low
PCE of 1.19% mainly because of the random orientation of perovskite grains. Later, it was found
that addition of 0.5 molar thiourea in the precursor was able to help with preferential orientation
of grains in the (BA)2(FA)2Pbal1o perovskite film. Basically thiourea, a Lewis-base, can coordinate
with Pbl, to produce large perovskite crystal grains with better orientation.?°52% Consequently,
the devices showed an enhanced average PCE of 5.27%. The unencapsulated devices stored in
the air with 25% RH maintained 80% of their initial performance after 25 days. Further, the
orientation can be controlled by mixing FA with MA in the 2D perovskite composition.?°” The
perovskite crystals were aligned perfectly to the substrate when 20% MA cations were replaced
with FA cations. The (BA)2(MAo.sFA02)3Pbal1z devices displayed a superior PCE of 12.81% vs.
10.7% for (BA)2(MA)3Pbal1s.

The 2D Sn-perovskites, such as (BA)2(MA)2Snslig and (BA)2(MA)sSnslis, have nearly ideal band
gaps of 1.50 and 1.42 eV, respectively for single junction solar cells. However, the derived devices
displayed very low PCE due to the instability of Sn, as mentioned in the previous section. Cao et
al. observed the formation of perovskite aggregates in (BA)2(MA).Snslio and (BA)2(MA)sSnalqs
films when 0.2 mol SnF; was added to the precursor solution, which is a common additive used
in 3D Sn-perovskites to suppress the oxidation of Sn?* to Sn*.2%® The introduction of
triethylphosphine (TEP), a weakly coordinating ligand for Sn?* species, into 2D Sn-perovskite
precursor solution avoids the perovskite aggregate formation. The devices employing TEP
coordinated (BA)2(MA)2Snslso displayed an average PCE of 1.75% with Jsc of 8.64 mA/cm?, V. of
0.37 V and FF of 53.7%, and the (BA)2(MA)3Snsl13 devices obtained an average PCE of 2.43%
with high Jsc of 23.7 mA/cm?, Vo of 0.23 V and FF of 44.6%. Unencapsulated 3D Sn-perovskite
(MASNI3) devices displayed poor air stability, completely degrading within 3 min under ambient
atmosphere. On the other hand, 2D BA2MA3Snsli3 devices retained more than 20% of initial

performance after 20 min. Encapsulated BA>2MA3Snsli3 devices maintained more than 50% of
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their initial performance after 4 months. Ramirez et al. developed a quasi-2D Pb-Sn mixed
perovskites using t-butylammonium (t-BA) as spacer cations with a low band gap of ~1.24 eV.2%®
The resultant (t-BA)2(FAo.85Cso.15)4(Pbo.sSno.4)slie devices exhibited an average PCE of 9.3%.
Recently, a record-high PCE of 18.20% was reported for solar cells by using 3-
bromobenzylammonium iodide (3BBAI) based quasi-2D perovskites.?'® The precursor solution
with a weight concentration of 20% was prepared by mixing 3BBAI, MACI and Pbl, at the molar
ratio of 1.8:2.5:3 in DMF. These devices exhibited impressive, robust stability, retaining 82% of
their initial performance after 2400 h storage in a chamber at room temperature with an RH of
40%.

243 Other spacer cations in RP phase

Recent progress in 2D perovskite research strongly suggests that organic spacer cations other
than BA and PEA can also be interesting choices for solar cell applications because by tuning the
nature of the spacer molecules the optoelectronic properties and orientation of the perovskite
crystal grains can be tailored. Quasi-2D perovskites (n=5) using n-propylammonium (PA) spacer
cations showed PCE up to 10.42%.2"" These PA:MA4Pbsl+s devices showed an excellent Js of
18.89 mA/cm? and Vo of 1.11 V, with a FF of 49.53%. Also, they demonstrated commendable
stability: retaining ~98% of initial performance after 500h under 60% RH. Lai et al. successfully
synthesized 2D perovskites using 2-thiophenemethylammonium (ThMA) cations as a spacer. The
resulting (ThMA)2(MA).Pbslio devices displayed an impressive efficiency of 15.42%.2'2
Incorporation of MACI in 2D perovskite precursor solution produced a nanorod-like morphology
(Figure 2.16a & 2.16b) where perovskite layers were highly oriented on the substrate. Figure 2.16
c- 2.16e shows GIWAXS images, which depict crystal grain orientation as a function of the amount
of MACI. In contrast, the GIWAXS map of pristine (ThMA)2(MA)2Pbsl1o film showed smooth
diffraction rings, suggesting random orientation of perovskite layers in the film. Consequently,
pristine (ThMA)2(MA)2Pbslio devices displayed a very low efficiency of 1.74%. Notably, the
addition of MACI enhanced Jsc from 3.27 mA/cm? to 18.89 mA/cm?, Vo from 0.99 V to 1.07 V and
FF from 53.9% to 76.3%. Such improvements were attributed to balanced hole and electron
mobilities as well as considerably reduced defect density as supported by longer PL lifetime. Even
better, MACI-treated (ThMA)2(MA)2Pbslio devices could keep more than 80% of the initial
efficiency after being stored in the air with humidity of 30+10% RH for 250h. Polyethylenimine
(PEI), a polymeric ammonium cation, was also successfully used as a spacer cation in producing
2D/quasi-2D perovskites, which were highly resistant against moisture even allowing the

fabrication of efficient solar cells under the ambient humidity.?'* Polymeric ammonium cation
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enables electronic interaction between inorganic layers unlike other organic cations mentioned
above, which helps charge transport in 2D perovskites.2'32' (PEI),(MA)sPb-l2. devices displayed
an average efficiency of 9.39% in small area (0.04 cm?) and still demonstrated a decent efficiency
of 8.06% in larger area (2.32 cm?). The devices fabricated with lower n-members of (PEI)2(MA)n.

1Pbnlan+1 (n= 3, 5) also exhibited good photovoltaic response.

244 Emergence of DJ phase and other new type of layered perovskites

To date, most of reports on 2D PSCs are based on RP phase 2D perovskites. Very recently,
Kanatzidis et al. explored the use of DJ perovskites as light absorbers in solar cells.”® They
demonstrated photovoltaic response from two different DJ perovskites synthesized using organic
cations stemming from a piperidinium organic backbone and the efficiency of resultant devices
varied depending on the 3- and 4-positions of the ~CH2NH3s" group with respect to the piperidine
nitrogen. Specifically, devices fabricated using 3AMP-based homologous series of perovskites
showed a higher performance (a PCE of 7.32% for n=4) relative to 4AMP homologous series (a
PCE of 4.24 % for n=4) due to the lower band gap of the former compound. The Pb-I-Pb angles
for 3AMP-based perovskites are larger than those for the 4AMP. As explained in the
optoelectronics section, larger the Pb—1-Pb bond angles (closer to 180°), narrower the bandgap
due to more overlap between the Pb s and | p orbitals overlap. (3AMP) (MA)sPbal1z exhibited the
lowest band gap of 1.87 eV among 3AMP and 4AMP based homologous series (n=1-4) of DJ
perovskites and led to a broader EQE response in the derived devices. The J-V curves and EQE
spectra of DJ perovskite-based devices are presented in Figure 2.17a & 2.17b. By employing the
mixture of MA and FA cations in the cuboctahedral/perovskite cages, (3AMP)(MAo.7sF Ao.25)Pbl13
devices displayed a better performance with a champion PCE of 12.04%.2"
(BAMP)(MA, 75F Ao 25)3Pbal1s perovskite has a narrower band gap (1.48 eV) possibly due to less
distorted inorganic framework than the (3AMP)(MA)sPbal1s. Also, the first Sn-based hybrid DJ
perovskite used 4AMP as spacer cations, where the (4AMP)(FA)sSn4liz devices showed a
promising PCE of 4.22%.%'® Ma et al. used small PDA cations as spacer layer to synthesize DJ
phase perovskites and (PDA) (MA)sPbalss -based solar cells showed PCE over 13%.%8:2'" The
unencapsulated solar cells employing (PDA)(MA)sPbal1s demonstrated outstanding stability under
various harsh stresses. They retained 95% of their initial efficiency under ambient air with 40%—
70% RH for 4000 h, humid heat of 85°C and 85% RH for 168 h, and constant 1-sun illumination
for 3000 h.”" It has been proposed that DJ phase 2D perovskites are more stable than RP phase

perovskites under harsh humidity, heat and light conditions.

47



a —SAMPPBE

V —— AMPFDA
—AMPPBI
AMPPDY

— JAMPPB
—AMPPBY
—— AAMPPB]
AAMPPD4

=
(=]
r

e 9
o @
r 1

PL (a.u.)
Absorbance (a.u.)

=

Y

0.24
2 = 0.0+ b :
700 750 800 850 400 600 800
Wavelength (nm) Wavelength (nm)
C d

AVE = 0.05 oV \CB D.14eV

3
i i il

-20 =15 - 10-05 {ID 05 10 15 20 25 30
Energy (eV)

Figure 2.17 a) J-V curves and b) EQE spectra of DJ perovskite-based solar cell devices. Reprinted from ref. 70
with permission from the American Chemical Society. (c) DOS of the 3D/2D interface and (d) 2D phase/TiO2
interface. Reprinted from ref. 222 with permission from Springer Nature Publishing AG.

It is because that the RP phase has a Van der Waals gap between adjacent monoammonium
spacer cations, leading to a weak interaction between the perovskite layers, that affects the
structural stability of the 2D perovskite framework upon exposure to external harsh stresses. On
the other hand, diamine molecules with two amino groups in the DJ phase perovskites can
produce hydrogen bonds with the inorganic slabs without any Van der Waal gaps, resulting in
their enhanced stability. The incorporation of 1,4-benzenedimethanamonium iodide (BzDAI) as
spacer cation in the perovskite framework was also found to produce DJ phase perovskites.?
The Hall mobility measurements suggest that (BzDA) (Cso.0sMAo.15FAo.8)aPb1o(lo.93Bro.o7)31 (n = 10)
has similar carrier mobility as 3D perovskites. The (BzDA) (Cso.0sMAo.15FAo.8)aPb1o(lo.93Bro.07)31
devices showed a champion PCE 15.6%. DJ phase, (PDMA)(FA)2Pbslio based solar cells (where
PDMA is 1,4-phenylenedimethanammonium) also showed a good PCE of 7.11%. Interestingly,
electron mobilities for PDMA-based 2D perovskite films deposited without using hot casing or
antisolvent engineering are comparable to those reported for the most recent record performing
2D perovskites. The preliminary studies revealed that PDMA spacer molecule in combination with

FA cations can greatly influence the orientation and crystallization of perovskite layers, which
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resulted in better charge carrier mobilities in these systems. Unencapsulated (PDMA) (FA)2Pbsl1o
devices maintained >85% of the initial performance after 60 days upon storage at ambient air
with RH of 30-50%.

The newly discovered ACI 2D perovskite structures also exhibited excellent photovoltaic response
and stability. (GA)(MA)3Pbslio, @ member of 2D ACI perovskite family, was applied as a light
absorber in FTO/c-TiO2/perovskite/PCBM/Ag solar cells and produced an average efficiency of
14.1 %.2"® The devices retained 88% of initial performance after kept under ambient environment
for 240 days. The DJ phase and ACI phase perovskites exhibit better optoelectronic properties
for solar cell applications as compared to RP phase perovskites. For instance, |- interlayer
distance of the 3AMP-based DJ perovskite is ~4.0 A, much shorter than that of BA-based
perovskites (I---I =8). The smaller 3AMP-organic barrier is advantageous for better out-of-plane

charge carrier transport, which results in better performance in solar cells.

The most relevant works on 2D/quasi-2D PSCs are listed in Table 2.2. Some major points can
be briefly summarized as follows. Basically, the 2D/quasi-2D PSCs are mainly based on the RP
phase perovskites containing either BA or PEA cations. A record PCE of 18.2% was reported for
2D perovskites employing a BA-derivative as spacer cations. But the most recent reports suggest
a shift towards diversifying; different types of organic cations are being explored to improve the
performance (efficiency and /or stability) of the solar cells. For instance, DJ phase
(PDA)(MA)sPbslis-based devices with 13% PCE showed impressive stability maintaining 95% of
initial efficiency for 4000h under ambient air. Also, designing new types of 2D halide perovskites
like ACI phase and reduction of Van der Waals gap in the layered perovskites are promising new
research directions. A systemic study on the relationship between adjacent perovskite layer
interaction and stability may lead to development of ultra-stable 2D PSCs. Also, the post-
treatment of 2D perovskite film and the use of additives in the perovskite precursor solution were
found to be beneficial to improve the crystallinity and orientation of perovskites, thereby
contributing to the improvement of device efficiency. We strongly believe that an over 20%
efficiency can be achieved in ultra-stable 2D perovskite-based solar cells by combining material

design and post-treatment/additives approaches.

245 2D/3D perovskite solar cells

Due to the different optoelectronic properties of phase-pure 2D perovskites, such as wider optical
band gaps and limited charge transport, the related devices do not deliver as high photovoltaic

performance as their 3D perovskites.
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Table 2.2

Photovoltaic performance and stability of 2D/quasi-2D PSCs.

Compound Device configuration Average Notes Stability
PCE (%)
(PEA)2(MA)3Pbal13 ITO/PEDOT: 5.50 Unencapsulated devices
PSS/perovskite/PCBM/Ag'"" Acti ; stored in the dark at 72%
C()'V;earrii " | RH retained 50% of initial
o d performance after 90 h.
(PEA)2(MA)sPbsl1o FTO/c-TiO2/perovskite/spiro- 9.22 Active area of N/A
OMeTAD/Au'8® 0.049 cm?
(PEA)2(MA)4Pbsl1s ITO/PEDOT: 12.90 Active area of N/A
PSS/perovskite/PCBM/BCP/ (14.1) 0.12
Ag'8 cm?NH4SCN
and NH4CI
additives
(F-PEA)2MA4Pbslis | FTO/c-TiO2/perovskite/spiro- | (13.64) | Active area of | Devices maintained 65% of
188 2
OMeTAD/Au 012 cmn0 | 4 i initial PCE after 576 h
additives and )
under an ambient
room i t at 70°C
temperature environmen
spin coating
(BA)2(MA)3Pbal13s ITO/PEDOT: 12.51 Active area of Unencapsulated devices
PSS/perovskite/PCBM/AI%® 0.05 cm?hot- | retained 20% of their original
cast method PCE after 60h stored in 65%
RH.
Active area of Encapsulated devices
- o
(BA)2 (MA)3 Snal1s FTO/meso- 2.43 0.14 cm? mft'ﬂt?'”.eﬁ.'ﬁ“’rer;ha” 50%
TiOz/perovskite/PTAA/AUZ8 o' shelr initia’ performance
(2.53) after 4 months stored in the
ambient atmosphere.
(tBA)2(FAo.85Cs0.15)4( ITO/PEDOT: 9.3 Active area of Devices retained 30% of
Pbo.6Sno.4)sl16 PSS/perovskite/ initial efficiency after
) P (106) 0.09 cm? exposed to 1ySun
PCBM/BCP/Ag?%® Lo N
illumination and 65 °C
temperature under an
ambient atmosphere.
(PA)2(MA)4Pbsl1e FTO/TiO2/perovskite/Spiro- 10.05 Active area of
OMeTAD/Au?" 10.42 0.09
(10.42) cm?/Solvent Devices reported only 2%
engineering loss of efficiency after 500 h
with DMF: exposure to Air with 60% RH
DMSO 1:1
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Table 2.2 Photovoltaic performance and stability of 2D/quasi-2D PSCs. (Continued)

Compound Device configuration Averag | Notes Stability
e PCE
(%) *
(ThMA)2(MA)2Pbsl1o | ITO/PEDOT: 14.88 Active area of Devices retained more
PSS/perovskite/ PCBM/BCP/Ag*'2 | (15.42) 0.1 than 80% of initial
cm?/MACI- efficiency after 250h
assisted film stored in the air with a
formation humidity of 30+10% RH
(PEIl)2(MA)4Pbsl1e ITO/PEDOT: 6.29 Large area of | Devices maintained~ 95%
PSS/perovskite/PCBM/LiF/Ag?'3 (6.99) 2.32 cm? of their initial value after

500 h under AM 1.5 light.

(PEl)2(MA)ePb7l22 ITO/PEDOT: 8.06 Large area Devices maintained ~90%
PSS/perovskite/PCBM/LiF/Ag?'? (8.77) (2.32 cm?) of their initial value after
500 h under AM 1.5 light.

On the contrary, 3D/2D perovskites, a mixture of 3D and 2D perovskite phases, have recently
surfaced as a promising photovoltaic material that can better balance long-term stability and high
efficiency. Typically, 2D/3D perovskites are designed by replacing small amounts of organic
cations with bulkier organic spacer cations in the precursor solution. To our best of our knowledge,

only RP phase is used to design 2D/3D perovskites.

Though layered perovskites with n>10 were reported in the literature, most likely they were indeed
composed of both 2D and 3D perovskite phases. Sargent and co-authors conducted the
theoretical and experimental investigations of multilayered-perovskites.'® Based on their
theoretical calculations, as the perovskites transitioned from the 2D to 3D phase, the formation
energy decreased. The lack of long-term stability of 3D perovskites attributed to the lower
formation energy of the material.??° (PEA)2 (MA)sesPbsol1s1 (n = 60) solar cells exhibited a PCE of
15.3% and could retain ~75% of initial performance after the storage in humid air (RH 55%) for
14 days. 2D/3D perovskites employing Br-containing organic cation spacers had higher optical
band gaps, resulting in higher Vo in corresponding solar cells than I-containing cells.??' As an

example, (BA)2 (MA)s Pbso Bris1 solar cells displayed an average efficiency of 8.8 % with a high

51



Figure 2.18 (a-e) SEM images and GIWAXS of 2D/3D perovskite films with different BA concentrations, and (f-
h) enlarged SEM images of 2D/3D perovskite films with different BA concentrations. Reprinted from ref. 223
with permission from Springer Nature Publishing AG.

Voc 0f 1.35 V. An even higher Vo of 1.45 V was observed for (PEA)2(MA)4 Pbso Bris1 devices,
representing one of the highest values among all the PSCs. These devices were also capable of
delivering good efficiency without a hole transporting layer (HTL), with only 17% reduction in
performance compared to the HTL-containing devices. Nazeeruddin and co-authors reported
impressive one-year stability for HTL-free, 2D/3D engineered (AVA)o.3(MA)o.7Pbls perovskite solar
modules, without any obvious loss in efficiency under ambient air with 1 Sun illumination at
55°C.?2?2 The (AVA)o3(MA)o7Pbls solar module produced 10.1% efficiency in FTO/c-TiO2/meso-
TiO2/perovskite/meso-ZrO,/Carbon device configuration. Small-sized (AVA)o.3(MA)o.7Pbls PSCs
with SpiroOMeTAD/Au as HTL delivered a champion efficiency of 14.6% vs. 15.95% for 3D
perovskites. First principle calculations suggested the widening of band gap at the 2D/3D interface
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Figure 2.19 SEM top view of (a) MFPI, (b) MFPI/6% A43, (c) contact angle image of the pristine MFPI, MFPI
containing 6%A43 and the CFMPIB/A43 perovskite films, and SEM top view of (d) CFMPIB, (e) CFMPIB /6% A43,
(f) cross-sectional SEM images of devices, J-V characteristics of devices employing (g) MFPl and MFPI
containing 6% A43 and (h) CFMPIB and CFMPIB/A43, and (i) stability of (A43).Pbls, 3D MFPI, and MFPI
containing 6%A43 devices. Reprinted from ref. 224 with permission from the American Chemical Society.

region of the (AVA)o.3(MA)o.7Pbls perovskite (Figure 2.17¢c & 2.17d). In this case, widening of band
gap at the interface does not prevent electron injection to TiO2 (an electron selective layer).rather
it acts as a barrier to the electron recombination as a result of lower-lying CB of 2D perovskite
versus that of 3D phase (Figure 2.17d). Consequently, efficiency of 2D/3D perovskite devices
was largely unaffected, while retaining the stability features of the 2D phase. Snaith et al. designed
“low” and “wide” band gap 2D/3D perovskites involving mixed A-site cations and halides.??* They
tuned BA-to-FA/Cs ratio in FAo.83Cso.17 Pb(lo.s Bro4)s (wide band gap perovskite) and FAo.s3 Cso.17
Pb(lo.sBro2)s (low band gap perovskite) by replacing a small percentage of FA/Cs with BA spacer
cations. BAo.os(FA0.83CS0.17)0.95Pb(lo.sBro.2)s, a low band gap (Eq = 1.61 eV) 2D/3D perovskite,
yielded an average PCE as high as 18.1% with a stabilized power output (SPO) of 17.5%. Devices
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Figure 2.20 (a) Average CPD values as a function of bias voltage for the reference and passivated samples
measured in the dark, and (b-c) corresponding KPFM surface images, d) cross-sectional SEM image of a solar
cell employing perovskite film containing passivated layer, and (e) stability of the solar cells employing
reference and passivated samples. Reprinted from ref. 226 with permission from John Wiley & Sons, Inc.

employing a wide band gap 2D/3D perovskite active layer (BAo.os(FA0.83CS0.17)0.91Pb(l0.6Bro.4)s)
displayed an average efficiency of 15.5% with a SPO of 15.8%. When a lower percentage of BA
was incorporated into the 3D perovskite structure, crystallinity was found to increase, as
evidenced by GIWAXS analysis (Figure 2.18a-2.18f). Also, powder diffraction rings disappeared
in GIWAXS of 2D/3D perovskite films indicative of orientation of crystals on the substrate. The 2D
(BA)2(FA083Cs0.17) n-1Pbn(losBros)sn+1 phase emerged as plate-like structures at the grain
boundaries of 2D/3D perovskite films as shown Figure 2.18g-2.18i. In general, devices using
2D/3D perovskites as a photoactive layer show less J-V hysteresis in comparison to devices using
their 3D analogues. It was proposed that the formation of 2D-3D heterostructure at the grain
boundaries contributed to the elimination of the hysteresis in PSC devices. The encapsulated
BAo.0a(FA0.83Cs0.17)0.91Pb(lo.6Bro4)s devices exhibited superior stability with a lifetime of 1650h,
maintaining 80% of original SPO whereas the SPO of devices employing 3D perovskites dropped
to the similar level in a much shorter time of 970h. By employing 2D/3D Sn-perovskites,
PEA2FA49Snsol1s51 solar cells achieved a record high efficiency of 9% for Sn-based perovskite
devices, much high than 6% in their 3D version, FASnI; devices.'®? Recently, we observed that

defects associated with Sn vacancies can be reduced in Sn-Pb alloyed perovskites by designing
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2D/3D perovskite composites. DFT calculations suggested higher formation energy for Sn
vacancies in 2D Sn-perovskites ((PEA)2Snls), which discloses the reason for the reduction of
number of defects in the 2D/3D Sn-Pb perovskites. Nazeeruddin and co-authors observed the
formation of a separate water-repellent 2D perovskite layer on the top surface of 3D perovskite
film when fluorous spacer cation, (CF3)sCO(CH2)sNHs* (coded as A43), was incorporated into
perovskite film (Figure 2.19).2%* In their work, authors explored two different methods to
incorporate 2D perovskites, (A43)2Pbls (n = 1) and (A43):MAPDb.l7 (n =2), into the perovskite film.
In the first approach, they added A43 in MAo.9FAo.1Pbls (coded as (MFPI) precursor solution, so a
2D/3D composite formed in the entire film including on the film surface (Figure 2.19 a & 2.19b).
In the second approach, a solution of A43 spin-coated on the top of the Cso.1 FAo.74 MA.13 Pbl2.4s
Bro3e (coded as CFMPIB) perovskite film, which led to the formation of a 2D phase at the top
surface (Figure 2.19 d & 2.19¢). In both cases, the presence of A43 spacer cation made the film
surface waterproof as evidenced by the increase of contact angle from 55° to 80°-100° (Figure
2.19c¢). (A43).Pbls (n = 1) and (A43)MAPDb.l7 (n =2), 2D perovskites at the film surface improved
the moisture stability of the devices by blocking water infiltration and slowing down the interface
degradation (Figure 2.19i). Also, the photovoltaic performance (Figure 2.19 g & 2.19h) has
enhanced in both cases with respect to reference devices delivering efficiencies more than 20%.
The deposition of (p-FPEA).Pbls on the top of 3D perovskite film also found to be able to improve
the performance and stability of the solar cells.?*® The devices with stabilized PCE of 20.26%
maintained 99% of their initial performance after 864 h upon exposure to dry air with RH 10-30%.
Cho et al. passivated the interfacial trap sites in the device by depositing a 2D/3D perovskite layer
at the perovskite/hole transport layer interface.??® They spin coated a solution containing mixture
of bulky organic ammonium iodide, iso-butylammonium iodide (iBAl) and formamidinium iodide
(FAI) on the top of 3D perovskite ((FAPDbI3)o.ss(MAPbBrs3)o.15) film, which led to the formation of a
2D/3D perovskite phase at top of the film. The passivation of non-radiative recombination
pathways resulted in improvement in both V.. and FF, producing stabilized PCE of 21.7%. Kelvin
probe force microscopy (KPFM), a powerful tool to study charge-carrier concentration, ionic
defects, impurities on the perovskite films by analyzing spatial surface potential or contact

potential difference (CPD) revealed the properties of passivated perovskite surface. 82227

Under applied voltage bias, passivated sample showed a smaller change in CPD due to reduced
number of ionic defects at the surface, within and underneath the 2D/3D passivation layer (Figure
2.20a-2.20c). Consequently, devices with passivation layer have displayed reduced J-V
hysteresis with respect to solar cells using non-passivated perovskite layer since surface defects

play a huge role in device hysteresis. The 2D/3D passivation layer also helped to resist moisture
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infiltration to the 3D perovskite layer (passivation layer shown in Figure 2.20d). The devices with
passivation layer showed superior stability compared to non-passivated devices stored in RH 75
+ 20% humidity conditions (Figure 2.20e). Cao et al. found post-treatment of the MAPBI3 film with
tetra-ammonium zinc phthalocyanine (ZnPc) produces 2D (ZnPc)osMAn-1Pbnlsn+1 perovskites at
the grain boundaries of perovskite which passivated the defects in the perovskite film (Figure
2.21a- 2.21¢).??® Elongated PL decay time from 44 to 57 ns have shown the reduction of trap-
assisted recombination with modification of MAPDbI3z grain boundaries. The devices employing
passivated perovskite film showed an increase in the average PCE from 18.1% to 19.4%. More
importantly, moisture and heat stability of these devices improved, as shown in Figure 2.21d-
2.219g. Devices using modified perovskite retained over 90% of their original performance after
1000 h test at 85°C with a humidity of 45% RH. All-inorganic halide perovskites are alternative to
organic-inorganic halide perovskites, which largely avoid the stability issues associated with the
moisture-sensitive organic component. a-CsPbls is the most suitable inorganic perovskite with a
band gap of ~1.73 eV.2%422° But the a-phase of CsPbl; is structurally unstable and easily converts
into photo-inactive § -phase under ambient conditions. The a -phase could be structurally
stabilized by incorporating a small amount of bulkier organic cations, thus producing 2D/3D
inorganic perovskites.?®>23! |nclusion of a small amount of 2D perovskite EDAPDI, into CsPbl;
produced highly robust a -CsPbl; films, stable at room temperature for several months.?°
Interestingly, authors found that if a monofunctional ethylamine (EA) or a longer chain alkylamine,
such as BA, was used instead of a bication ethylenediamine (EDA), the stability of formed 2D/3D
CsPblswas on par with that of the pure a-CsPbls. The solar cells based on the CsPbl; photoactive
layer containing the optimum amount of EDAPDbI4 showed an average PCE of 10.42% vs. 5.56%

in pure CsPblzdevices. The most relevant works on 2D/3D PSCs are listed in Table 2.3.
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Table 2.3 Photovoltaic performance and stability of 2D/3D PSCs.

Compound Device configuration Average PCE Notes Stability
(%) *
(BA)2 (MA)as Pbso Brist FTO/TiO2/perovskite/Spiro- 8.8 Active Devices maintained ~60%
OMeTAD/Au??! (9.5) area of of
0.04 initial performance under 1
cm? sun illumination, 90 °C and
RH 50% humidity
conditions
(PEA)2(MA)s9Pbsol1s1 FTO/c-TiO2/perovskite/spiro- 18.40 Active Devices retained more
OMeTAD/Au'® area of than 74% initial
0.049 cm? | performance stored in RH
55% for 14 days.
(PEA)2 (MA)as Pbso Briss FTO/TiO2/perovskite/Spiro- 7.5 Active Devices maintained ~78%
OMeTAD/Au??! (8.6) area of of initial performance
0.04 under 1 sun illumination,
cm? 90 °C and 50% RH
conditions
(AVA)o.3(MA)o.7Pbls FTO/c-TiO2/meso- 10.1 10%x10 Encapsulated devices
TiO2/perovskite/meso-ZrO2/Carbon cm? solar displayed no loss of initial
modules performance under
with 46.7 ambient air with 1 Sun
cm? active illumination kept at 55°C
area
BAo.o5(FA0.83Cs0.17)0.91Pb(losBro2)s | FTO/SnO2/PCs1BM/perovskite/spiro- 18.1 Active N/A
OMeTAD/Au.?? area of
0.09 cm?
BAo.0s(FA0.83CS0.17)0.91Pb(losBros)s | FTO/SnO2/PCes1BM/perovskite/spiro- 15.5 Active Encapsulated devices
OMeTAD/Au.?% area of retained 80% of initial
0.09 cm? efficiency after 1680h
under AM1.5 irradiance
with temperature in
between 50-60°C and
humidity in between RH
40-50%.
CsPbl;-0.025EDAPDI4 FTO/c-TiO2/perovskite/spiro- 14.05 Active Devices retained more
OMeTAD/Ag®? (14.53) area of than 80% of initial
0.12 cm? efficiency stored in a dark
dry box for 1 month.
Cso.1 FA0.74a MAo.13 Pbl2.as FTO/c-TiO2/meso- 20.0 Active Encapsulated devices
Bro.30/(A43)2Pbls and TiOz/perovskite/spiro- area of retained more than 65% of
(A43)2MAPDb:I; OMeTAD/Au?* 0.16 cm? | initial efficiency after 250h
under ambient
atmosphere.
(FAPDbI3)0.85(MAPbBr3)0.15/ 50% FTO/c-TiO2/meso- 21.7 Active Devices retained more
nBAI/50% FAI mixture TiO2/perovskite/spiro- area of than 85% of initial
OMeTAD/Au?* 0.16 cm? | efficiency after 38 days of
storage in RH 75+20%.
MAPBI3/(ZnPc)o.sMAn-1Pbnlan+1 FTO/c-TiO2/meso- 19.4 Active Devices maintained 95%
TiO2/perovskite/co-porphyrin/Au??® (19.8) area of of their original efficiency
0.10 cm? after 2000 h under
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Table 2.3 Photovoltaic performance and stability of 2D/3D PSCs. (Continued)

Compound Device configuration Average Notes | Stability
PCE (%) *
Cso0.1(FA0.83MAo.17)0.9Pb(lo.s3Bro.17)s/ FTO/c-TiOz2/meso- 20.26 (20.54) Active Devices maintained 99%
(p-FPEA)2Pbl4 TiO2/perovskite/spiro- area of of their initial performance
OMeTAD/Au?% 0.06 cm? | after 864 h upon exposure

to dry air with 10-30 RH %.
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Figure 2.21 (a) SEM images of perovskite film with modified grain boundaries, and elemental map of (b)
perovskite film surface, (c) grain boundary, (d) moisture (e) heat, and (f) moisture+heat stability of solar cells
employing modified perovskite films, and (g) photographs of degraded perovskite films. Reprinted from ref.

229 with permission from the American Chemical Society.
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2.5 Design principles of 2D/quasi-2D and 2D/3D PSCs

2.51 Perovskite film thickness

The film thickness of layered perovskites, especially 2D/quasi-2D perovskites in planar solar cells,
is critical in determining the photovoltaic performance of the devices. In contrast to 3D
perovskites, 2D/quasi-2D PSCs operate in the Langevin-Type charge carrier recombination
regime, where the excitonic nature of charge carriers imposes the limit on the thickness of the
solar absorber layer.2®2-234 Although, an increase in 2D/quasi-2D perovskites film thickness will
improve the optical absorption, it reduces the carrier transport, which in turn decreases the PCE
of solar cells. As an example, the PCE, Jscand Vo values of (BA)2(MA)sPbslio perovskite devices
are plotted in Figure 2.22a- 2.22¢ as a function of film thickness. The PCE of solar cells is thus
defined by the competition between photogeneration (absorption) and carrier transport through
the film (Figure 2.22d).%° Different from 2D/quasi-2D PSCs, mixed 2D/3D PSCs are similar to 3D
perovskite devices in the sense that their photovoltaic performance is less sensitive to film
thickness in the 300-500 nm range as the optical excitation generates free charge carriers, instead
of excitons, at room temperature. In a solar cell, a nearly vertical steep slope at the open circuit
(OC) condition in a J-V curve indicates that current collection is efficient at low internal electric
field and deviation from the ideal slope implies the loss of photocurrent. on the contrary, at the
short circuit condition (SC) when the field attains the maximum, a flat slope is anticipated for the
efficient charge transport and collection, whereas a steep slope at SC alludes that charge
collection is field dependent. As illustrated in Figure 2.22d & 2.22e, when a 2D perovskite film
thickness is >375 nm, a sharp fall in the slope value at OC was observed, suggesting that the
charge collection efficiency of 2D PSCs is more sensitive at OC than 3D PSCs. The slope of 2D
PSCs at SC largely deviated from the ideal value when the film thickness was more than 400 nm.
These results explicitly state that charge collection strongly depends on the internal electric field
in the absorber layer.?**235 Simulations on the band diagram provided further details about the
internal electric field in 2D PSCs (Figure 2.23a & 2.23b).

A uniformly strong internal field throughout the film is present for a thin absorber layer device,
while the field becomes non-uniform for a thicker film, in particular with the considerably reduced
field at the center. The recombination profiles obtained through device simulation (Figure 2.23c &
2.23d) disclose that the major recombination takes place at the proximity of the interface for a thin

film since it is fully depleted.
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Figure 2.22 (a-c) Average PCE, Jsc and Voc as a function of film thickness, (d) J-V curves for devices with
various film thickness, and (e) J-V slope obtained for devices with various film thickness. Reprinted from ref.
234 with permission from Springer Nature Publishing AG.

In the thicker absorber layer, recombination occurs both at the bulk and near the interface due to
the faded internal field near the center. A schematic of recombination processes in thin and thick
films is displayed in Figure 2.23e & 2.23f. It was proposed that a slight mismatch and imperfect
crystal packing in thin films (Figure 2.23g) compared to single crystals, can act as potential
barriers, which are generated in part by organic spacers between conducting inorganic or
perovskite slabs.?** Consequently, two types of charge carriers can be envisioned in layered
perovskite devices, the quasi-bound charge carriers localized in inorganic or perovskite layer

regions and free delocalized carriers outside the potential barriers.

The electrons and holes are recurrently trapped into and released from the quasi-bound states
as they move toward their respective selective contacts (Figure 2.23h). The devices with a thick
absorber layer suffer from increased recombination process prompted by organic potential
barriers compared to thin films, which regulates the performance of 2D PSCs. Most recent reports
on 2D PSCs adopt the strategy to control the orientation and packing of perovskite layers with

additives such as NH4SCN and MACI to enhance the performance of solar cells.
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Figure 2.23 (a and b) calculated band energy as a function of 2D perovskite film thickness, (c and d) normalized
recombination profile as a function of 2D perovskite film thickness, lllustration of the carrier recombination
processes in (e) thin and (f) thick layered perovskite film, and (g) schematic of vertically packed perovskite
layers with misalignment in molecular structures. Reprinted from ref. 234 with permission from Springer
Nature Publishing AG.

Well oriented-perovskite quantum wells with perfect crystal packing reduce the number of
potential barriers, enabling efficient charge carrier transport to selective contacts. Alternatively,
use of organic spacers with high conductivity or doped organic spacer cations in 2D perovskites

can lower the potential barriers for efficient charge transport.

2.5.2 Crystal growth orientation

A proper crystal growth orientation is vital in the layered perovskite system to ensure efficient
charge transport to selective contacts. Orientation is a unique, yet important requirement for high
performance 2D perovskite-based PSCs. For illustrating this concept, a schematic of orientations
of (BA)2(MA)..1Pbnlsn+1 2D perovskite on the substrate is shown in Figure 2.24a.2%¢ The perovskite
layers oriented along the (0kO0) direction (horizontal growth) are undesired whereas those oriented
along the (202) direction, known as vertically oriented with respect to the plane of the substrate,
are highly desired for solar cell application. The crystal orientation can be characterized using
powder XRD (PXRD) and Grazing-Incidence X-Ray Scattering (GIXS) method.

61



2.5.21 PXRD pattern method

The March—Dollase can calculate the degree of preferential orientation for the layered 2D
perovskites or the alignment of the perovskite slabs relative to the substrate.?¥"2*® Kanatzidis et
al. simulated PXRD patterns of the (BA)2(MA)4Pbslis (n = 5) material (Figure 2.24b) as a function
of the degree of orientation along (101)."% In an ideal case of (BA)2(MA)n-1Pbnlsn++ film with perfect
alignment along (202), the March—Dollase parameter is zero, and only the (202) peak is observed
in the film PXRD. As the vertical growth starts to weaken, the (111) peak appears. The ratio of
(111) to (202) peaks can be used to determine the orientation of perovskite slabs on the substrate.
Also, the correlation between layer thickness and crystal growth orientation can be elucidated
from film PXRD. Figure 2.24c shows the difference in the ratio of (111) and (202) peaks when n

goes from n=3 to n=5; it demonstrates an increase in the (111)-to (202) ratios with increasing n.

2.5.2.2 GIXS Methods

Grazing-Incidence Scattering (GIXS) is a powerful tool in investigating crystal growth,
morphology, and degradation of perovskites. In general, the GIXS method can probe a large
sample volume on scales relevant for typical solar cell devices while being nondestructive. There
are two types of GIXS, Grazing-Incidence Small-Angle X-Ray Scattering (GISXAS) and Wide-
Angle X-Ray Scattering (GIWXAS).

In a GIXS measurement, the sample reference frame is typically positioned onto the sample
surface where z is normal to the surface and x pointing into the direction of the X-ray beam as
depicted in Figure 2.24d. The x-ray beam with the momentum E impinges at a shallow angle «;.
The emergent scattering waves with the momentum k_f are expressed by the in-plane exit angle

ay and out-of-plane angle .

The scattering vector, g is given by 23°

G =ks -l (2.5)

In GISAXS, the detector-sample distance is > 2m. Crystal morphology and domain/grain sizes
with length scale in the range of several nanometers up to micrometers can be probed using
GISAXS.
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Figure 2.24 (a) Schematic of an orthorhombic (101) vertically oriented 2D perovskite structure, with (202) planes
parallel to the substrate. Reprinted from ref. 236 with permission from Springer Nature Publishing AG. (b)
Simulation of XRD pattern of BA2(MA)z2Pbsl1c as the degree of preferential orientation changes along the (202)
direction, (c) PXRD patterns of a series of BA2MAn.1Pbnlsn+1 (n = 3, 4, 5). Reprinted from ref. 195 with permission
from John Wiley & Sons, Inc. (d) lllustration of the scattering geometry of GIXS methods. Reprinted from ref.
239 with permission from John Wiley & Sons, Inc. (e) Charge transport and (f) GIWAXS with preferential layer
orientation, and (g) charge transport and (h) GIWAXS with random layer orientation. Reprinted from ref. 236
with permission from Springer Nature Publishing AG.

Conversely, GIWAXS investigates length scales down to the atomic range and therefore bears
crystallographic information about the crystalline component of the material. The scattering
pattern produced in GIWAXS measurements originates from crystal planes in the reciprocal space
and provides information about crystalline phase as well as crystal orientation with respect to

normal to the surface of the substrate.

The azimuthal angle x describes the crystal orientation in the sample to the normal component q;

of the scattering vector. The random orientation in the sample produces Debye—Scherrer rings
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with homogeneous intensity distribution. The scattered waves, ks, depict an Ewald sphere (a
sphere in the reciprocal space). According to the Laue condition, only the points of reciprocal
lattice, which overlap with the surface of the Ewald’s sphere, are detectable in the GIWAXS map.
Thus, intense Bragg spots are observed for the samples containing highly oriented crystalline
phase (Figure 2.24e-2.24h). In short, GIWAXS is complementary to specular XRD, which
examines a small part of reciprocal space along the normal of the surface of the substrate (q- =
0). In 2D/quasi-2D PSCs, the orientation of perovskite slabs with respect to substrate is a key
factor to achieving high performance.?®” The orientation of perovskite slabs parallel to the
substrate impedes charge transport to the respective electrodes due to the encountering of
charge carriers with insulating organic spacer cations in their transport paths (Figure 2.24g).2%6:240
Therefore, the knowledge of perovskite crystal orientation obtained through GIWAXS is essential
to understand, design and optimize 2D perovskite absorber films. As seen in the previous section,
most recent reports on 2D/quasi-2D PSCs tried to alter the perovskite layer orientation by using
additives and modifying film deposition parameters and the GIWAXS technique has been almost

exclusively utilized in these efforts.%6:185212

2.6 Conclusion and Future Perspectives

2D perovskites are an attractive alternative to 3D perovskites for solar cell application as they
directly address a critical issue of stability of 3D PSCs, while achieving a similarly high PCE (now
close to 20%). The impressive accomplishment sprouted from the developments in scientific
understanding of the materials and the advancements in the fabrication and synthetic chemistry
skills of 2D perovskites and solar cells as well as the exploration of relevant, top-notch
characterization tools. Their unique layered structural design enables structural flexibility and
grants functional material design. Physical and chemical nature of spacer cations, choice of metal
cations and halides, variation of perovskite slab thickness even external stress can be used to
tune optoelectronic properties of 2D perovskites. To date, RP phase 2D perovskites are intensely
studied and utilized in solar cell investigations, but layered perovskites are not only limited to the
RP phase. For example, DJ phase and newly discovered ACI phase perovskites were tested as
solar absorbers to produce a PCE more than 15%. We anticipate that a more fundamental
understanding of structure-property relationships of different 2D perovskite phases can lead to
the further development of impressively stable, high-performing photovoltaic materials. On the
synthetic chemistry front, 2D perovskites containing bifunctional organoammonium cations such
as Y(CHz)2NHs* (Y = F, CI, Br, I, CN), will open the door for a new class of band gap tunable

photovoltaic materials, although they have not been widely employed for solar cell applications
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yet. Recent reports on fluorination of aromatic organic spacer cations to improve charge transport
in 2D perovskites are very encouraging. A detailed investigation on changes in structural and
intermolecular electronic coupling between neighboring organic cations in organic gallery upon
fluorination could lead to employing a wide variety of bifunctional organic molecules in layered
perovskites to improve photovoltaic performance of the solar cells. A phase-pure, high member
(n=5) of layered perovskites is still challenging to synthesize and advancement in synthetic
chemistry is expected to provide a leap forward in 2D perovskite semiconductors research. So
far, we have limited understanding about the nature of excitonic properties of charge carriers and
conversion of excitons to free charge carries in the RP phase 2D perovskites. Current
experimental results are not convincing enough to categorize excitons into one of the regimes of
excitons, namely Wannier and Frenkel. Another plausible scenario is that the excitons in 2D
perovskites may belong to an intermediate state between the Wannier and Frenkel regimes.
Recently, mixed 2D/3D PSCs have also generated great interest due to their long-term stability
without much compromising the photovoltaic properties. Thus far, a strong theoretical framework
is not developed for the enhanced long-term stability of 2D/3D perovskites, but the preliminary
experimental and theoretical findings suggest that the incorporation of 2D phases modifies the

defect chemistry.

We foresee a breakthrough in 2D perovskite research in the coming years, which could potentially
replace 3D perovskites and become a ‘next big thing’ in semiconductor materials for solar cell

applications.
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From chapter 2, it is clear that stability of halide perovskites is a pressing issue in the process of
commercializing this photovoltaic technology and employing 2D perovskites is one of the best
solutions to achieve stable PSCs. Here, aromatic organic spacer cation, PEA, was chosen to
design 2D perovskites. The reasoning behind opting aromatic organic cation is their better

hydrophobicity and larger ionic size compared to aliphatic organic cations, which can lead to
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better moisture and thermal stability. The major issue with the 2D perovskite is subpar
photovoltaic efficiency compared to 3D perovskites due to their distinct optoelectronic properties
and perovskite layer orientation on the substrate. This article explores modifying the crystal
orientation by modifying perovskite thin layer deposition and their application in solar cells.
Furthermore, moisture and thermal stability of the 2D perovskites are investigated using various

characterization techniques.
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3.1 Introduction

Recent photovoltaic research has mainly been dominated by the hybrid organic-inorganic
perovskites because of their remarkable photophysical and optoelectronic properties as well as
their broad tunability in material properties, highly relying on the nature and content of inorganic
and organic components.'?1417:45241-245 \\jjthin a few years of development, an impressive
certified power conversion efficiency (PCE) of 22.7% has been achieved by perovskite solar cells,
challenging the matured inorganic semiconductor technologies. Unfortunately, the poor chemical
stability of perovskite hinders the commercialization prospect of this exciting new technology. For
instance, moisture and heat exposure can cause rapid decomposition of three-dimensional (3D)

perovskite films,246-250

Hybrid perovskite materials follow a general formula ABXs and adopt a 3D structural framework,
where organic cations occupy the 'A' sites, group IV cations occupy the 'B' sites, and the group
VIl anions occupy the X' sites.®®*®' In a prototypical 3D hybrid perovskite such as
methylammonium lead triiodide (MAPDIs), ‘A’ sites are occupied by methylammonium (MA)
cations, ‘B’ sites are occupied by lead cations (Pb?*) and ‘X’ sites are occupied by iodide anions
(I. The 3D perovskite framework involves a corner-shared network of [BXe] - octahedra with ‘A’
cations occupying 12-fold coordinated cavities counterbalancing the charge of BXa.
Goldschmidt’s tolerance factor (t) dictates whether a particular set of ‘A, ‘B’ or ‘X’ ions may adopt

the perovskite framework, which is formulated based on space-filling constraints of ions, viz., t =

(Ra+RB)

2Ry tRy)’ where Ra, Rs and Ry, are ionic radii of corresponding ions. The Goldschmidt’s tolerance
B X

factor must satisfy t ~ 1 to form the 3D perovskite framework.*'

One of the immediate concerns of 3D perovskite is its poor moisture stability. Water molecules
can complex with perovskite and form a hydrate similar to (CH3NH3)sPbls-2H20.%*® More rapid
decomposition of hybrid perovskite has been observed under ambient conditions in the presence
of light, where photogenerated electrons in the perovskite conduction band react with adsorbed
oxygen, forming superoxide anions that deprotonate the MA cations. 22 Another concern is
thermal robustness of the perovskite. Substantial degradation of perovskite has been observed
even at temperature <100 °C.?%® The exact mechanism behind the thermal degradation of hybrid
perovskite is not entirely understood, but several mechanisms have been proposed such as
phase transition at relatively modest temperature, the breakage of weak lead-iodide bonds and
its reaction with charge carrier selective layers, etc.?2%6 Hygroscopic MA cations have been

identified as a primary source of instability in hybrid perovskites, so replacing the MA cations with
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more suitable (i.e., less hygroscopic) cations is one of the promising ways to address this issue.
Regardless of several successful attempts to replace MA cations with small organic cations (such
as formamidinium), inorganic cations (such as cesium) and a mixture of cations (formamidinium,
cesium, and MA), the stability of the hybrid perovskite solar cells is still well below the industry
standards for commercial applications.*52032%7 |n another approach, considerably larger
hydrophobic organic cations are introduced into the perovskite framework resulting in layered or
two-dimensional (2D) hybrid perovskite structures with good moisture stability.37-58:59.186.258.259 Thg
2D perovskites have a generic formula of (RNH3)2(A)s-1BXsn+1 (N is an integer which represents
the number of perovskite layers), where RNH3 is a primary aromatic or aliphatic alkylammonium
cation functioning as a spacer between the perovskite layer, the A and B cations and X anions
form the perovskite framework.5"?%° There have been a few successful attempts to synthesize
multilayered hybrid perovskites for the solar cell applications.®%3726° Recently, Tsai et al. reported
the highest PCE (12.52%) for lower dimensional perovskite (n=4) solar cells by modifying thin film
deposition method, where BA was used as a spacer cation.?®® Even though PCE was significantly
improved in those devices, moisture stability was still not satisfactory retaining only 20% of original
PCE for over 24 hours stored in 65% relative humidity (RH). We believe that it is mainly because
of hygroscopic nature of relatively smaller sized BA molecules. Zhang et al. further improved the
PCE of BA-based 2D perovskite solar cells by cesium doping reporting a record PCE of 13.7%
for the lower dimensional perovskite devices.?” In another example, Kanatzidis et al. designed a
new type of 2D perovskites with alternating cations (MA and guanidinium) in the interlayer space
(named as ACI perovskites). & The devices fabricated using ACI perovskites yielded a PCE of
7.23%, but the device stability data are not available at present. There have been several attempts
to synthesize 2D perovskites using different ammonium spacer cations such as histammonium,
benzylammonium, and hexylammonium ions, etc.”®261262 Unfortunately, solar cells fabricated

using these materials showed deficient photovoltaic performance.

The first report on 2D perovskite solar cells using (CsHs(CH2)2NH3)2(CH3sNH3)2Pbslqo
((PEA)2(MA)2Pbslio) as light absorber showed a low efficiency (4.73%) with large hysteresis.*
Here, we prepared high quality (PEA)2(MA)q-1Pby, Isn+1 perovskite films (n= 3, 4) by modifying the
deposition method and device architecture. We chose conductive organic materials as charge
carrier selective layers in a planar solar cell configuration that can be easily scaled up for roll-to-
roll fabrication of solar cells.?¢3-2¢6 The excitonic nature of charge carriers in 2D perovskite limits
the thickness of (PEA)2(MA)n-1Pbnlsn+1 film for the solar cell application. The optimization of solar
absorber layer thickness was found to be critical in obtaining highly efficient 2D perovskite devices

with very low hysteresis. We also investigated the superior stability of PEA-based 2D perovskite
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through a series of characterizations, such as X-ray diffraction (XRD) analysis, absorption

measurements, charge-carrier lifetime measurements and thermogravimetric analysis (TGA).

3.2 Results and Discussion

3.21 Film Fabrication and Characterization

High-quality perovskite films were obtained by hot cast method (Figure 3.S1).250257 Scanning
electron micrograph (SEM) of hot cast 2D perovskite films (n = 3, 4) show that pin-hole free films
with large crystalline grains are formed (Figure 3.1a and 3.1b). The quality of perovskite films
starts to deteriorate as the number of perovskite layers increases to n=5. Figure 3.1¢ shows a
poor coverage of (PEA)2(MA)4Pbslis (n=5) on the substrate, which would potentially deteriorate
device performance. The previous studies show that a simple one-step spin coating of DMF-
based 3D perovskite precursors did not yield a homogenous perovskite film. 192268269 The
crystallization direction largely depends on the type of organic cations present in the precursor as
well as the solvent used to prepare the precursor solution. For example, the presence of MAI in
the perovskite precursor prepared in dimethylformamide (DMF) encourages a rapid crystal growth
along the c-crystallographic axis, leading to formation of inhomogeneous perovskite film. On the
other hand, the 2D perovskites (n=1, 2, 3, 4) crystalize as plates on the top of the glass substrate
with good surface coverage because the crystallization along a-b crystallographic axes occurs
more rapidly than the c axis, unlike 3D perovskites.®® In short, the organic species in
(PEA)2(MA)4Pbslis (n=5) mostly composed of MAI (MAI: 66% and PEAI: 34%) led to the formation
of less homogeneous perovskite film, which is evident from SEM and AFM images (Figure 3.1c
and Figure 3.S1f). With conventional room temperature spin coating, smaller crystalline grains
are formed because of quick evaporation of DMF before the crystallization of the perovskites,
which also leads to the incomplete coverage of perovskite on the substrate. It has been
hypothesized that, when a substrate is maintained above the crystallization temperature of
perovskite during spin coating, a prolonged crystal growth is promoted due to the presence of an
excess solvent during the crystallization.?®” In conventional spin coating, not fully crystallized
intermediate perovskite phase is deposited, and complete perovskite crystallization only occurs
during the post-annealing step. The perovskite crystal growth is thus limited in the conventional
post-annealing step of perovskite film due to nearly total evaporation of the solvent before
complete perovskite crystallization. On the other hand, the presence of excess solvent during the
crystallization offers more time for larger crystal growth in the hot cast method. Here, we kept the

substrate at a temperature (140 °C) well below the boiling temperature of DMF (152-154°C) to
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avoid any significant evaporation of solvent, which is yet high enough to favor the perovskite
crystal growth. Schematic representation of the crystal structure of 2D perovskites (n = 3, 4, 5) is
shown in the inset of Figure 3.1a-3.1c. The crystal structure of 2D perovskite film is investigated
by grazing incidence X-ray diffraction (GIXRD) technique. The major diffraction peaks were
observed at 14.10° and 28.76°, corresponding to diffraction planes (111) and (202), respectively
(Figure 3.1d, 3.1e and 3.1f). More diffraction peaks emerge at 24.45°, 31.78°, 40.48° and 42.92°
in the XRD pattern (Figure 3.1f) of the (PEA)2(MA)4Pbslie film, similar to the diffraction pattern of
the 3D perovskite.?”° The hot cast 2D perovskite films (PEA)2(MA)sPbalqs and (PEA)2(MA)4Pbsl1e)
exhibit more intense (111) diffraction peaks than the conventional, spin-coated films, indicative of
the formation of a preferential oriented crystalline grains in (PEA)2(MA)sPbslis and
(PEA)2(MA)4Pbsl1e) films on the glass substrate.?®” Highly oriented perovskite layers are beneficial
for 2D perovskite solar cells because 2D perovskite films with random crystal structure orientation
would reduce the charge carrier mobility in the film due to the presence of non-conductive spacer
layers. The full-width at half-maximum (FWHM) of the (111) crystalline plane is considerably
reduced from 0.58° to 0.34° and 0.61° to 0.41° for the (PEA)2(MA)3Pbasliz and (PEA)2(MA)4Pbslie

films, respectively, when the hot cast method was employed. It suggests that the crystals in hot

cast (n=4, 5) films are larger than those in conventional spin coated films.
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Figure 3.1 SEM micrographs of hot cast a) (PEA)2(MA)zPbsl1o, b) (PEA)2(MA)3Pba4l1s and c) (PEA)2(MA)4sPbsl1e
films (schematic representation of the crystal structures of 2D perovskites are shown in the inset) and GIXRD
analysis of d) (PEA)2(MA)zPbsl1o, €) (PEA)2(MA)3Pbal1z and f) (PEA)2(MA)sPbsl1e films.
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Interestingly, we did not observe any changes in the intensity or FWHM of the (111) crystalline
plane for the hot cast (PEA)2(MA).Pbslio (n=3) film compared to conventional spin coated film
(Figure 3.1d). These results indicate that stoichiometric ratio of organic species present in the
perovskite precursor influences the crystal growth direction.®” The crystal structure of 2D
perovskite film is investigated by grazing incidence X-ray diffraction (GIXRD) technique. The
major diffraction peaks were observed at 14.10° and 28.76°, corresponding to diffraction planes
(111) and (202), respectively (Figure 3.1d, 3.1e and 3.1f). More diffraction peaks emerge at
24 .45°, 31.78°, 40.48° and 42.92° in the XRD pattern (Figure 3.1f) of the (PEA)2(MA)4Pbsl+s film,
similar to the diffraction pattern of the 3D perovskite.?’® The hot cast 2D perovskite films
(PEA)2(MA)sPbal1z and (PEA)2(MA)4Pbslis) exhibit more intense (111) diffraction peaks than the
conventional, spin-coated films, indicative of the formation of a preferential oriented crystalline
grains in (PEA)2(MA)sPbalis and (PEA)2(MA)sPbslqs) films on the glass substrate.?6” Highly
oriented perovskite layers are beneficial for 2D perovskite solar cells because 2D perovskite films
with random crystal structure orientation would reduce the charge carrier mobility in the film due
to the presence of non-conductive spacer layers. The full-width at half-maximum (FWHM) of the
(111) crystalline plane is considerably reduced from 0.58° to 0.34° and 0.61° to 0.41° for the
(PEA)2(MA)3Pbslis and (PEA)2(MA)4sPbslie films, respectively, when the hot cast method was
employed. It suggests that the crystals in hot cast (n=4, 5) films are larger than those in
conventional spin coated films. Interestingly, we did not observe any changes in the intensity or
FWHM of the (111) crystalline plane for the hot cast (PEA)2(MA)2Pbslio (n=3) film compared to
conventional spin coated film (Figure 3.1d). These results indicate that stoichiometric ratio of
organic species present in the perovskite precursor influences the crystal growth direction.®” An
in-depth crystallography measurement using 2D grazing incidence wide-angle X-ray scattering
(2D-GIWAXS) imaging provides more understanding about the crystalline orientation as well as
crystallization process of 2D perovskites (Figure 3.2).?°° For example, the hot cast
(PEA)2(MA):Pbslie (n=3) film displays sharp and discrete Bragg spots compared to
Debye—-Scherrer rings with an isotropic intensity distribution observed in conventional spin coated
film (Figure 3.2a and 3.2b). Sharp and discrete Bragg spots at q. = 10 nm indicate that (111)
crystalline planes are parallel to the substrate. With further increasing n (>3), preferential
orientation of the crystalline plane becomes weaker (Figure 3.2d and 3.2f). Interestingly, 2D-
GIWAXS images show that crystallization is not complete in the conventional spin coated 2D
perovskite films. In general, a simple thermal annealing at 100 °C for 20 min results in the high
purity halide perovskite crystalline phase. The bright streaks located at g, = 9 nm™ and 11 nm™’

in Figure 3.2a, 3.2c and 3.2e represent diffraction from the Pbl, and crystalline precursor
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(crystallized mixture of PEA(I), MAI and Pbl,) respectively.2#?"' In contrast, a complete
crystallization of 2D perovskite has occurred in hot cast films evident from the absence of any
diffraction spots at g, =9 nm~" and 11 nm™'. The GIWAXS crystallography measurement suggests

that crystallization kinetics are very different, depending on the film deposition process.

n=3 Conventional spin coat n=4 Conventional spin coat n=5 Conventional spin coat

precursor

0 5 10 15
qu»’nm'1 qumm" quinm"

Figure 3.2 GIXWAS images of a) conventional spin coated (PEA)2(MA)2Pbsl1o film, b) hot cast (PEA)2(MA)2Pbsl10
c) conventional spin coated (PEA)2(MA)sPbasliz d) hot cast (PEA)2(MA)sPbslis e) conventional spin coated
(PEA)2(MA)4Pbsli6 and f) hot cast (PEA)2(MA)4Pbsl1s.

The absorption onset and steady-state photoluminescence (PL) peaks of hot cast
(PEA)2(MA)2Pbslio (n=3), (PEA)2(MA)3Pbaslis (n=4) and (PEA)2(MA)4Pbslis (n=5) films coincide at
1.65 eV, 1.64 eV and 1.63 eV, respectively, representing the optical band gaps of these
semiconductors (Figure 3.3 a-3.3b). In addition to the primary absorption peak, we also observed
two additional peaks at 2.05 eV and 2.18 eV, which gradually subside as the number of perovskite
layers increases.®” These secondary absorption peaks are ascribed to small-n phases present in
2D perovskites.?’? We also noticed that the absorbance had been considerably enhanced when
precursor solution was allowed to crystallize at a higher temperature (Figure 3.S2), highly likely
due to the formation of high purity crystaline phase as revealed by 2D-GIWXAS

measurements.?”3

Time-resolved PL spectroscopy is used to monitor the decay of photo-excited charge carriers to
understand charge carrier recombination processes (interband relaxation, radiative bimolecular

recombination, and trap-assisted recombination) in the 2D perovskite films (Figure 3.3c).%%” The
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PL lifetime is significantly extended for all the hot cast 2D perovskite films compared to
conventional spin coated films, which may be correlated to the reduction of recombination
processes (Figure 3.S3)."%" More specifically, the PL average lifetime is increased from 24 ns to
43 ns for (PEA)2(MA)2Pbslio film, 11 ns to 21 ns for (PEA)2(MA)sPbalqz film and 5 ns to 14 ns for
(PEA)2(MA)4Pbsle film with the use of the hot cast method. The elongation in the PL lifetime can
be attributed to the reduction of defects and disorders at grain boundaries. We also noticed that
reduction in PL lifetime as the number of perovskite layers is increased (from 43 ns to 14 ns). The
less homogeneous perovskite film coverage on glass substrates results in an increased charge

carrier recombination rate that causes a reduction in PL lifetime.
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Figure 3.3 a) Absorbance and b) PL of 2D perovskite films, c) time-resolved PL of hot cast 2D perovskite films.

3.2.2 Device Performance

PCE of lower dimensional perovskite devices is significantly improved when the hot cast method
was employed. The optimization of perovskite absorber layer thickness is crucial in accomplishing
high efficiency in planar 2D perovskite devices (Figure 3.S4), and optimum thickness was found
to be around 240-260 nm. Table 2.1 compares the photovoltaic parameters of 2D perovskite
devices fabricated by both hot cast method and conventional spin coating method. Short-circuit
current density (Jsc) has greatly enhanced for all the hot cast 2D perovskite devices as a result of
enhanced absorption of photons and the orientation of perovskite crystals (n=4, 5). The large
crystals along with good surface coverage in hot cast film led to reduced interfacial charge
trapping and fewer bulk defects, resulting in an improvement in fill factor (FF) and open-circuit
voltage (Vo) for the solar cells. For example, atomic force microscopy (AFM) image (Figure
3.S1e) shows small grains with poor film coverage for the conventional spin coated
(PEA)2(MA)4Pbslis (n=5) film. The corresponding device showed low FF (47.88%) whereas it is
improved by 14.22% to 55.82% when the hot cast method is used. In the case of
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(PEA)2(MA)sPbalys devices, FF is improved from 54.40% to 56.50% (by 3.7%) and V. from 0.91
Vo 1.02 V (by 10.78%).

Among all the lower dimensional perovskites, (PEA)2(MA)sPbasliz devices showed the best
photovoltaic performance. All the photovoltaic parameters are better in the hot cast
(PEA)2(MA)sPbsl1z devices, which exhibit an improved average PCE of 5.50% vs. 3.92% for the
conventional spin coated (PEA)2(MA)s:Pbalis devices. We performed J-V measurements at
different scan directions (Figure 3.4a), and scan rates (Figure 3.4b) and low J-V hysteresis was
observed for (PEA)2(MA)sPbalis devices, suggesting photovoltaic operation reliability of these
devices. We also calculated Jsc from external quantum efficiency (EQE) measurements of
(PEA)2(MA)3sPbsl13 device (Figure 3.4c), which is correlated with Jsc obtained from the J-V curve.
Perovskite film quality, such as trap density, surface coverage, and roughness, plays a very
important role in determining PCE of planar perovskite devices. Hot cast (PEA)2(MA)zPbal1s films
result in improved Js¢, Voc, and FF for the corresponding devices. Although the (PEA)2(MA)sPbsl1e
film has a slightly lower optical band gap, its short-circuit behavior due to the poor surface
coverage caused the lower efficiency than that of (PEA)2(MA)sPb.lisdevices. A shorter PL lifetime
was observed for the (PEA)2(MA)4Pbslqs film as compared to other 2D perovskite films signifying
an its relatively higher charge carrier recombination rate due to its less homogeneous surface
coverage. Conversely, the higher optical band gap along with higher excitonic nature of charge
carriers in the (PEA)2(MA)2Pbslqo film as compared to (PEA)2(MA)sPbalis result in its lower PCE
(4.58% vs. 5.5%).
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Figure 3.4 J-V measurements of (PEA)2(MA)sPba4l13 device at different a) scan directions and b) scan rates, and
c) EQE measurement of (PEA)2(MA)3Pbal1s device.

3.23 Stability of 2D perovskites

From hereafter, the (PEA)2(MA)s:Pbalis perovskite is designated as 2D perovskite unless

otherwise specified. To investigate moisture stability, we stored un-encapsulated 2D perovskite
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devices in the dark at 72+2% RH. The half-life of these devices was found to be ~90 hours
(Figure 3.5a).

Table 3.1 Average photovoltaic parameters of 2D perovskite solar cells

Number of | Deposition technique | Jsc Voc [VolIt] | FF [%] Average
perovskite [mA/cm?] Efficiency
layers [n]
[%]
Conventional method 6.73 1.04 49.24 3.44
3 Hot cast method 8.71 1.02 51.47 4.58
Conventional method 7.96 0.91 54 .40 3.92
4 Hot cast method 9.64 1.02 56.50 5.50
Conventional method 8.14 0.87 47.88 3.40
5 Hot cast method 8.45 1.00 55.82 4.80

In contrast, the half-life of 3D perovskite devices was found to be much shorter, ~ 10 hours.
Interestingly, the PCE of 2D perovskite devices is initially increased by 10% after moisture
exposure. Figure 3.5b shows thermal stability of 3D and 2D perovskite devices kept at 100°C in
the inert atmosphere (N>). In the case of 3D perovskite devices, PCE drops to less than 20% of
the initial performance after 24 hours. 2D perovskite solar cells show excellent thermal stability,
retaining 65% of the initial PCE after 70 hours.
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Figure 3.5 a) Moisture stability testing at 72+2% RH, b) thermal stability testing at 100°C and c) photostability
testing under constant AM 1.5G illumination of unencapsulated (PEA)2(MA)s Pbs 13 and 3D perovskite solar

cells.

Figure 3.5¢c demonstrates the photostability of perovskite devices tested for 65 hours in the inert

atmosphere and PCE remains almost constant for 2D perovskite while 3D perovskite retains only
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60% of the initial PCE. Figure 3.S5 shows changes in photovoltaic parameters with respect to
time under different harsh environmental conditions. To understand the moisture stability of 2D
perovskite, we analyzed changes in the XRD pattern of perovskite films stored in 72+2% RH
(Figure 3.6a). A peak corresponding to Pbl, at 12.7° starts to emerge in the 2D perovskite film
after ten days of intense moisture exposure. In contrast, 3D perovskite starts to show the sign of
degradation after three days (Figure 3.S6). Moreover, we did not observe any obvious declination
in the absorbance of the 2D perovskite film even after 23 days in 72+2% RH (Figure 3.6b). On
the other hand, consistently absorbance of the 3D perovskite film is significantly reduced
especially in the visible region of the solar spectrum after four days in 72+2% RH, indicating major
degradation of the material (Figure 3.S6). We have also observed relatively unchanged
absorption in the wavelength range of 400-425 nm, where Pbl, absorbs, for the 3D perovskite

film.

To understand the distinctive feature of the PCE enhancement after few hours of humidity
exposure shown by 2D perovskite devices, we monitored changes in the PL lifetime of 2D
perovskite films deposited on the glass substrate. It was observed that PL lifetime of the 2D
perovskite film is significantly increased with moisture exposure (Figure 3.6c). The PL lifetime is
improved from 21 ns to 49 ns after 24h hours of moisture exposure. Further, the perovskite film
stored in the moisture shows a monoexponential decay curve after 24 hours indicating that only
trap-assisted recombination is dictating the recombination process in the perovskite film. It is
hypothesized that with the help of humidity defects and disorders at the grain boundaries in the
perovskite films are passivated resulting in an improvement in efficiency. This study of moisture
effects on recombination processes points out that moisture may be used in the fabrication of 2D
perovskite solar cells smartly to enhance their photovoltaic performance. It has been reported that
hydrogen bonding between water molecules and the MA cations leads to transformation of 3D
perovskite structure into 2D sheets separated by water molecules and, finally, into isolated Pble
4 octahedra.?*8274275 \We propose that in the current investigation PEA cations intercalated in
between perovskite layers can prevent direct exposure of the MA cations to water molecules; so,
perovskite layers are nanoencapsulated that accounts for stability enhancement. Nonetheless,
even though the PEA cations are less hygroscopic than MA cations, they are still susceptible to
water molecules which eventually lead to the slow degradation of 2D perovskites. This is evident
from the emergence of a peak, corresponding to Pbl,, in the XRD pattern after exposure to the
moisture. But absorbance measurements show that material degradation is very minimal and
doesn’t primarily affect photovoltaic performance as in the case of 3D perovskites. The

degradation of perovskites in the device is much more complicated. For example, interfacial layers
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can accelerate the degradation of the perovskite in the device, and metal electrodes can corrode

upon aging causing device failure.?’6:2"7
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Figure 3.6 a) XRD pattern, b) absorption spectra and c) PL decay of (PEA)2 (MA)3 Pbal13 film stored in 72+2%
RH.

The exceptional thermal stability of the 2D perovskite was uncovered by investigating the thermal
behavior of precursors and perovskites using TGA. We initially anticipated superior thermal
behavior for PEAI compared to MAI, resulting in an excellent thermal stability for
(PEA)2(MA)sPbalq3. But TGA plots reveal that the thermal behavior of PEAI is similar to that of
MAI (Figure 3.7a, 3.7b, and inset of Figure 3.7c). We determined the enthalpy of sublimation
(AHsuw) and sublimation temperature (Tsu) from a linear least-squares fitting of the TGA isotherm
data (Equation S1). The calculated AHsu, and Tsu values from log (m T"2) vs. 1/T plot are listed
in Table 3.2, where m is the slope of the mass loss obtained from each isotherm at constant
temperature (T) (Figure 3.S7). Figure 3.7c shows the TGA curves for the 3D and 2D perovskite
powder. The two mass loss steps observed in the first derivative of the TGA curves for perovskite
(Figure 3.7d) correspond to the liberation of organic and inorganic species, respectively.?#%278 The
inset of Figure 3.7c shows a comparison of TGA heating curves of organic species (MAI and
PEAI) and perovskite powders, where mass loss step of MAI occurs more quickly when it is inside
the 3D perovskite matrix. But in the presence of PEAI in the perovskite matrix, a noticeable delay
has been observed in the sublimation of organic species. TGA curves of the perovskites confirm
that different decomposition pathways occur when the PEA cation is incorporated into the

perovskite structure that essentially points to the superior thermal behavior of the 2D perovskite.
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species and perovskite powders is shown in the inset) and d) corresponding first derivatives for the perovskite

powders.

Table 3.2 AHgy, and Tsu, of MAI and PEAI estimated from a linear least-squares fitting of the TGA isotherms

Precursor AHsyp [kJ mol™] Tsub [°C]
MAI 106+4 22048
PEAI 10543 21745
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3.3 Conclusions

In this work, we demonstrate that large aromatic alkylammonium halide based 2D perovskite solar
cells with an average PCE of 5.5% show high tolerance against heat and moisture. The
incorporation of larger organic PEA cations into the perovskite framework can largely influence
not only the photovoltaic properties but also the stability of the perovskites. Highly crystalline 2D
perovskite films without any detectable, un-reacted precursors are achieved by employing hot
cast method as compared to conventional spin coating technique, resulting in an enhanced
efficiency. 2D-GIWAXS measurements show a complete conversion of precursors into 2D
perovskites when the hot cast method is employed. The number of perovskite layers of 2D
perovskites was optimized to achieve the highest PCE solar cells. Moreover, the
(PEA)2(MA)sPbsl13 device demonstrates excellent stability under harsh environmental conditions.
For instance, these devices show excellent tolerance against moisture, maintaining more than
50% of their initial performance for over 90 hours in 72+2% relative humidity. In contrast, the
efficiency of 3D perovskite devices drops to less than 10% of the initial performance after 24
hours. Time-resolved PL measurements indicate that oxygen or water molecules can help
passivating defects at grain boundaries of the PEA-based 2D perovskite when the device is
operated under moisture environment. The device is also capable of retaining 65% of their initial
performance for over 70 hours at 100°C, while 3D perovskites wholly degrade after 40 hours under
heat stress. Also, these 2D perovskites show no noticeable degradation for over 70 hours under
constant AM 1.5G illumination in an inert atmosphere. The work provides physical insights into

the further development of highly stable 2D perovskite solar cells.

3.4 Experimental section

Materials: Methylammonium iodide (CHsNHsl) and phenylethylammonium iodide (CgHs
(CH2)2NH3l) were purchased from Dyesol. Dimethylformamide (DMF), y-butyrolactone (GBL),
dimethyl sulfoxide (DMSO) and toluene were purchased from Sigma Aldrich. Lead iodide (Pbl>)
was bought from Acros Organics. Phenyl-C61-butyric acid methyl ester (PCs1BM) and poly(3, 4-
ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS; Clevios™ P VP Al 4083) were

obtained from 1-Materials and Heraeus respectively. All chemicals were used as received.

Perovskite Precursor Solution Preparation: 2D perovskite (n= 3, 4, 5) precursor solutions were
prepared by mixing stoichiometric ratios of methylammonium iodide (MAI), phenylethylammonium
iodide (PEAI) and Pbl. in DMF. For n=3 precursor solution, MAI, PEAI, and Pbl, were mixed in a

molar ratio of 2:2:3 in DMF. For n=4 and n=5 precursor solutions, MAI, PEAI, and Pbl,; were mixed
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with molar ratios of 3:2:4 and 4:2:5, respectively, in DMF. The 3D perovskite (n=c0) precursor
solution was prepared by mixing Pbl, with MAI in a molar ratio of 1:1 in GBL: DMSO (7:3) mixture
with a Pbl, concentration of 1.26 M. All precursor solutions were stirred overnight at 70°C before
spin coating on a glass substrate. 2D perovskite solutions were prepared at different Pbl,

concentrations varying from 0.15 M to 0.40 M to optimize the solar absorber film thickness.

Device Fabrication: Patterned ITO-coated glasses were cleaned by sonication in detergent
followed by sequential washing with deionized water, acetone, and isopropanol. After drying
under air flow, the substrate surface was cleaned by oxygen plasma for 10 min under rough
vacuum. The PEDOT: PSS solution was spin-coated on top of an ITO-coated glass substrate at
5000 rpm for 60 s; PEDOT: PSS performs as the hole transporting layer. The PEDOT: PSS film
was then dried in air on a hot plate (set at 150 °C) for 15 min. After drying, the substrate is
transferred to a nitrogen-filled glovebox for further use. The perovskite absorber layer was spin
coated on the top of PEDOT: PSS film. In the conventional spin coating method, the 2D perovskite
precursor solution was spin-coated at 4000 rpm for 45s on the substrate at room temperature. In
the hot cast method, the substrate was preheated at 140°C for 10 min; subsequently, the hot
substrate was immediately transferred to the spin coater chuck, and the 2D perovskite precursor
solution was spin-coated at 5000 rpm for 20s on it 2°°. To deposit 3D perovskite films, previously
reported solvent engineering method was employed '%2. Then the PCs1BM solution (20 mg/mL in
chlorobenzene) was spin-coated on top of the perovskite film at 1000 rpm for 45 s to form a 20
nm thick electron transporting layer. Finally, the whole device was transferred to a thermal
evaporation chamber inside the nitrogen filled glove box. The chamber was pumped down to 1 x
107" Torr for silver deposition. The 100 nm thick silver top electrode was deposited through a

shadow mask that defines the active device area as 0.06 cm? for the solar cells.

Perovskite Film Characterization: Topography of perovskite film surface was obtained by using
Bruker MultiMode8 AFM. SEM micrographs were acquired using a Jeol JSM-6300FSEM. The
absorption spectra were collected by using a Lambda 750, UV-Visible-NIR spectrometer (Perkin
Elmer). Steady-state PL spectra were obtained from a Fluorolog®-3 system (Horiba Jobin Yvon).
The PL lifetime was measured using the Time-correlated single-photon counting (TCSPC) mode
with a 444 nm laser as an excitation source. GIXRD measurements were carried out using a
Panalytical X-Pert PRO MRD X-Ray diffractometer. The grazing incidence wide angle X-ray
scattering (GIWAXS) measurements were carried out at the BL14B1 beamline of Shanghai
Synchrotron Radiation Facility (SSRF). The 2D-GIWAXS patterns were collected by a MarCCD

detector which is mounted vertically at a distance of around 194 mm from the sample, the
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exposure time is less than 50 sec and a grazing incidence angle with respect to the surface plane
is 1°. The 2D-GIWAXS patterns were analyzed afterward using the Fit 2D software and displayed
in scattering vector q coordinates with q = 411sin@ /A, where 8 is half of the diffraction angle, and

A is the incident X-ray (0.124 nm) wavelengths.

Solar cell characterization: Solar cell performance was measured using a class ABA LED solar
simulator which was calibrated to deliver simulated AM 1.5 sunlight at an irradiance of 100
mW/cm? (The irradiance was calibrated using an NREL-calibrated KG5 filtered silicon reference
cell). Current—voltage curves were recorded using a source meter (Keithley 2400, USA). External
quantum efficiency (EQE) measurement was conducted by using an IQE200B system (Newport

Corporation).

Device stability tests: The stability of 2D and 3D perovskites devices was tested in the same
device configuration without any encapsulation. For moisture stability tests, the 2D and 3D
perovskite devices were placed inside a desiccator and humidity was controlled by saturated NaCl
solution. The relative humidity was measured with a digital humidity sensor. For photo stability
tests, the 2D and 3D perovskite devices were placed under constant AM1.5G illumination inside
the N> filled glovebox. Thermal stability of devices was tested by placing samples on a hot plate
set at 100°C inside the N filled glovebox.

Thermal Analysis: The thermal behavior of the organic materials and perovskite powder was
recorded using a TGA (Q500) (TA Instruments). To prepare the perovskite powder, the precursor
solution was spin coated onto glass substrates. The perovskite powder was scratched off the
substrate and used directly for the thermal analysis. In order to determine decomposition pathway
of perovskite and precursors, TGA was performed at a heating rate of 5°C min™' under a constant
20 mL min~' He gas flow. The investigated temperature interval was between 30 °C, and 800 °C.

Approximately 10-25 mg of sample was employed for each TGA measurement.
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Figure 3.S1 Topography of a) room temperature cast and b) hot cast (PEA)2(MA)zPbsl1o (n=3) films, c) room
temperature cast and d) hot cast (PEA)2(MA)sPbal13 (n=4) films, and e) room temperature cast and f) hot cast

(PEA)2(MA)4Pbslie (n=5) films. The large crystalline grains are marked in the figures.
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Figure 3.S3 Comparison of time-resolved PL of the hot cast and conventional spin coated a) (PEA)2(MA)4Pbsl1s,
b) (PEA)2(MA)sPbal13 and c) (PEA)2(MA)4Pbslis films.
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Figure 3.S5 Stability of unencapsulated (PEA)2(MA)sPbal1z devices: a) current density b) open-circuit voltage
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Figure 3.S6 a) XRD pattern and b) absorption spectra of 3D perovskite film stored in 72+2% RH.
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Figure 3.S7 Multiple isotherms for 10 min of a) PEAI and b) MAI.

Thermal analysis of precursors: Figure 3.S7 shows the mass loss as a function of time at different
isotherm regions for PEAI and MAI. For each isotherm, the slope of the mass loss (m) is

determined.

The enthalpy of sublimation (AHsub) and sublimation temperature (Tsu) are calculated from log (m

T"2) vs. 1/T plot. The linear slope of

log (m T'?) = — —0.0522T(AHsub) + [0.0522 (AHsub) 1 1306)]

Tsub ( Mw

(Equation S1)

log (mT "2) vs. 1/T plot yields Hsyp. In addition, the y-intercept of such a plot provides a value for
Tsub-
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toxic Pb in the device. The incorporation of PEA in Sn-Pb perovskites contributed to the increase
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in crystallinity and reduction of non-radiative recombination by lowering the number of defects

associated with Sn vacancies.
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4.1 Introduction

Halide perovskites adopt the ABX3 general stoichiometric relation, where A = methylammonium
(MA=CH3NHj3"), formamidinium (FA=*HC(NH2).), caesium (Cs) and/or rubidium (Rb); B= lead
(Pb) and/or tin (Sn); X= chlorine (Cl), bromine (Br) and/or iodine (1).?’° In recent years, halide
perovskites (hereafter simply perovskites), mainly the hybrid organic-inorganic peorvskites [2] but
also the all-inorganic perovskites,have attracted the major research interest in the photovoltaic
community mainly because of their simple solution deposition fabrication process, rapidly
increasing and high power conversion efficiencies (PCEs) and fascinating optical and electronic
properties, including tunable bandgap from 1.15 to 3.06 eV by swapping different cations and

halides in the perovskite structure.'94197.280.281

The state-of-the-art perovskite solar cells (PSCs) involve water-soluble Pb species, which hamper
the commerecialization of this technology.?' Once in contact with water or moisture, Pb perovskites
easily form water-soluble by-products of Pb, which can accumulate within the food chain and so
human body.? It is thus highly necessary to restrict the use of Pb by replacing it partially or
completely with less toxic or, even better, non-toxic metals. Most likely, appropriate candidates
for Pb replacement without compromising too much photovoltaic properties are elements in the
same group (group 4) as Pb. The immediate candidates then appear as Sn and Ge, both of which,
however, can be more easily oxidized from the 2* to 4* oxidation states than Pb. Computational
studies have shown that the electronic configuration of Pb?* in the ABXs perovskite structure is
crucial for its remarkable photovoltaic behavior.?425282283 Therefore, although Sn-based
perovskites are highest-performing lead-free solar cells in terms of PCE,?%?7 the fact that Sn is
more stable in the 4" oxidation state causes critical stability issues.?®* Meanwhile, they still show
much lower photovoltaic performances than Pb perovskites because of the formation of Sn
vacancies associated with the oxidation of Sn?* to Sn**. These vacancies act as nonradiative
recombination centers in Sn-based perovskites.?428% Sn-based PSCs thus demonstrate subpar
open-circuit voltage (Vo) mainly due to severe trap-assisted recombination triggered by Sn
vacancy-mediated unintentional doping/defects.?® Different approaches including morphological
control of the Sn perovskites, minimization of oxygen exposure during the device preparation, and
the addition of Sn salts, have been explored and found to be useful in improving the performance
of Sn-based PSCs. Recently, Wang et al. reported one of the Sn PSCs with an efficiency of 9.41%
by employing quasi-two-dimensional (2D) Sn perovskites, which however is still falling far short
of Pb PSCs.?® On the other hand, alloying Pb with Sn perovskites seems to be a promising,

balanced strategy towards achieving stable, less toxic solar cells without much compromising the
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photovoltaic performance.?®” Moreover, alloyed Sn-Pb perovskites bring an added advantage,
extended absorption of photons to the near-infrared (NIR) spectral range (up to 1050 nm with an
optical bandgap of 1.18 eV). In contrast, typical hybrid organic-inorganic halide perovskites such
as MAPDIs, FAPDbI; and FASnhIs lack absorption in the NIR range because of their relatively higher
optical bandgaps of 1.55 eV (up to 800 nm), 1.48 eV (up to 838 nm) and 1.30 eV (up to 950 nm),
respectively.?®* Unfortunately, the performance of Sn-Pb perovskites is limited by the mentioned
Sn?* — Sn** oxidation. The most successful strategy for inhibiting such detrimental process has
been the incorporation of SnF; into Sn-based perovskites. However, even with an optimum
amount of SnF, the trap-assisted recombination coefficient, which is defined as a specific rate at
which oppositely charged ions combine at traps, is ~ 70 times higher than those in Pb-based
ones.?8 |t suggests a prospect of improving the performance of Sn-Pb alloyed PSCs by reducing

the defects associated with oxidation of Sn?* to Sn** and/or Sn vacancy formation.

More recently, several groups including ours have shown that 2D perovskites employing bulky
cations are resistant against moisture and oxygen, but at the expense of PCE of the solar
cell.3739.171.200 Herein, we explore the suppression of defects formation through substituting small
organic cations in alloyed perovskites with bulky organic cations for the first time with the purpose
of increasing both PCE and stability simultaneously. To be more specific, different compositions
of Sn-Pb alloyed perovskites are realized by stoichiometrically mixing FASnl; and MAPbI;
(labelled as FA/MA alloyed perovskites).?®” By substituting FA/MA with bulkier PEA cations in
alloyed perovskites (labelled as PEA-FA/MA alloyed perovskites), we suppressed the oxidation
of Sn?* during the thin film preparation. By employing them as a solar absorber, a significant
reduction of trap-assisted recombination was achieved in the device, therefore, a dramatic
improvement of 40% in photovoltaic performance for Sn-rich PSCs. Notably, theoretical
calculations suggest that the formation energy of Sn vacancies (under Sn-rich conditions, same
as our experimental conditions) in Sn-based PEA containing perovskites (PEA2Snls) is
quantitatively larger than the formation energy for Sn vacancies in FA containing Sn-based
perovskites (FASnl3). More intriguing is the fact that hypothetical mixed (PEA1xFAx)2Snl4
perovskites we assembled and optimized have shown an even lower tendency of Sn vacancy
formation. Thus, assuming a reduced impact of the metal ion nature on the B-site vacancy
formation energy for PEA- and FA-based perovskites and PEA/FA mixed ones, our results
support the fact that less defects are likely to form in those Sn-Pb perovskite films characterized
by the co-presence of both short (FA) hydrophilic and long (PEA) hydrophobic organic cations.
The reduction in the number of defects and also increase of the crystallinity in PEA-FA/MA

perovskites were supported by X-ray diffraction (XRD) and synchrotron radiation techniques,
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photoluminescence measurements and elemental composition analysis by X-ray photoelectron
spectroscopy (XPS) of the perovskite materials. It is worth noting that, we did not detect any 2D
perovskite formation in the material after incorporating bulky PEA in the alloyed perovskites, as
evidenced by XRD and synchrotron-based structural characterization, either due to the very low
concentration of PEA we added herein or PEA might just act as an additive in the perovskite at
lower concentration without forming any 2D perovskite phases in the material. During the
preparation of this manuscript, we found few reports using different bulkier organic cations to
improve performance and stability of alloyed perovskites. But these reports rely on altering the
crystal orientation of perovskite layers through in-situ growth of 2D perovskite phases to improve
the solar cell performance. On the other hand, our work provides new physical insight about the
reduction of Sn defect formation upon incorporation of PEA molecules in Sn-Pb perovskites which
is strongly supported by experimental results and theoretical calculations. We tested photovoltaic
properties of a series of (PEA)y (FAx MA1.)1y Snx Pb1x I3 (y= 0, 0.05 and 0.1, x=0.3, 0.5, and 0.7)
compositions and found that the highest average PCE of 13.60 +0.69% was obtained for
PEA0.0sFA03sMA07SnosPbo 7l devices. Our strategy simultaneously addresses another major
drawback of Sn-based perovskites, i.e., the inferior stability under ambient environment. The
PEA-FA/MA alloyed PSCs showed better stability (half-life, t12=200 h) under 28+2% RH humidity
compared to that of control FA/MA alloyed PSCs (t12= 80h). The defects formed in the course of
perovskite film preparation can be detrimental to the stability of the PSCs. So, minimizing the
defects in Sn-Pb perovskites improves the stability. The defects also play a detrimental role in
current density-voltage (J-V) curve hysteresis in PSCs through defect migration at grain
boundaries (GBs) and perovskite film interfaces. By reducing the number of defects in PEA-
FA/MA perovskite films as verified by surface potential measurements, we eliminated the J-V

hysteresis in the derived PSCs whereas FA/MA PSCs exhibited significant J-V hysteresis.

4.2 Results and discussion

The optical absorption onsets of (FASnIs)x (MAPDI3)1.x and (PEA), (FAx MA1x)1y Snx Pbix I3 (X=
0, 0.3, 0.5, 0.7 and 1) were determined from ultraviolet-visible (UV-Vis) absorption measurements
(Figure 4.1a and 4.S1).
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Figure 4.1. a) UV-vis absorption spectra of FA/MA perovskite films and comparison of b) absorption spectra
and c) steady-state photoluminescence (PL) spectra of FA/IMA perovskite vs. PEA-FA/MA perovskite films,
(PEA)y (FAo0.3 MAo.7)1.y Sno.s Pbo.7 I3. Dotted lines in a) denote absorption onsets of perovskites.

Mixed Sn-Pb perovskites show the shift of the absorption onset to the NIR region compared to
pure Pb (x=0) or Sn (x=1) perovskites. The lowest was 1.18 eV for (FASnls)o7 (MAPbI3)o3,
followed by 1.22 eV for (FASnIs)os (MAPDbI3)os and 1.26 eV for (FASnIs)o3 (MAPDIs)o7, as marked
by dotted lines in Figure 4.1a. Substituting FA/MA with small amount of PEA does not change
optical absorption onset considerably (Figures 4.1b and 4.S1). But we noticed a change in the
shape of the optical absorption spectra as well as optical absorption intensity. Interestingly, the
peak located at ~1.85 eV (marked with an arrow in the absorption spectrum) of FA/MA alloyed
perovskites disappeared for PEA-FA/MA alloyed perovskites.?® In general, the peak close to the
optical absorption edge is ascribed to the bound excitonic state due to the Columbic attraction of
electrons and holes (the hydrogenic absorption peak). In our case the peak is located (at 1.85
eV) significantly distant from the absorption onsets (at 1.18 eV, 1.22 eV, 1.26 €V), which basically
excludes the hydrogenic absorption origin of the peak. The change in the shape of absorption
spectra could be associated with excitonic properties of PEA-FA/MA alloyed perovskites and
more detailed studies focusing on photogenerated species in low bandgap, alloyed perovskites

are needed to understand this peculiar feature.?*

The optical bandgaps obtained from PL measurements match well with the absorption onsets
observed in the absorption spectra, indicative of the direct bandgap nature in (PEA), (FA« MA1)1-
y Snx Pb1x I3 materials (Figure 4.S2a). Further, we compared the PL intensity of FA/MA alloyed
perovskites with PEA-FA/MA alloyed perovskites in Figure 4.1c and Figure 4.S2 (b-c). A
noticeable enhancement in PL intensity was observed after stoichiometrically replacing FA/MA
partially with PEA in alloyed perovskites. Essentially, the more PEA is introduced, the higher the
PL intensity. Such an observation indicates the decrease of defects in the PEA-FA/MA alloyed

perovskites, which otherwise serve as charge recombination sites. This finding is also consistent
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with previously theoretical results that clearly show the integration of bulky cations in perovskite

structure caused the increase of PL of perovskites.

The topography of alloyed perovskite films obtained by atomic force microscopy (AFM) is shown
in Figure 4.2. Essentially pin-hole free, dense alloyed perovskite films were formed in all the
samples. However, a gradual increase in crystal grain size was noticed as the Sn content in
alloyed perovskites increased. With the incorporation of PEA, the alloyed perovskite film surface
showed a plate-like feature, being more evident at a higher PEA concentration (10%).
Consistently, a noticeable reduction in the root mean square (RMS) roughness was observed with
respect to control samples. Our observation is in line with previous reports, which showed that
incorporation of PEA would encourage perovskites to crystallize as plates because the

crystallization along a-b crystallographic axes occurs more rapidly than that along the c-axis.""
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Figure 4.2. AFM height topographical images of (a-c) (PEA)y (FAo.3 MAo.7)1-y Sno.s Pbo.7 I3 (y=0% (a), 5% (b) and
10% (c)), (d-f) (PEA)y (FAo.s MAo.5)1.y Sno.s Pbos I3 (y=0% (a), 5% (b) and 10% (c)), (g-f) (PEA)y (FAoc.7 MAo.3)1.y Sno.7
Pbo.3 I3 (y=0% (a), 5% (b) and 10% (c)).
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Energy-dispersive X-ray spectroscopy (EDS) studies reveal that Sn and Pb are homogenously
distributed throughout the alloyed perovskite films and there is no observable phase separation
in these films (Figures 4.S3 and 4.54).
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Figure 4.3. 0-20 XRD spectra of different compositions of FA/IMA and PEA-FA/MA perovskites: a) (PEA)y (FAo.3
MAo.7)1y Snos Pbo7 Is, b) (PEA)y (FAos MAo.s)1y Snos Pbos Is and c) (PEA)y (FAo7 MAo.3)1y Sno.z Pbos I3, and
GIWAXS patterns of d) (FASnIs)o.s (MAPbIs)o.7 and e) (PEA)o.0s (FAo.3 MAo.7)0.95 Sno.3 Pbo.7 I3 films.

We characterized the crystalline structure of alloyed perovskites by 6-26 XRD. As shown in Figure
4.S5, FASnl3 has only one peak, within the 20 range of 22°-25° , indexed to the (113) plane in the
orthorhombic Amm?2 space group whereas MAPDbI3 exhibits two peaks in the same range indexed
to the (211) and (202) planes in the tetragonal (/4 cm) space group.?®' The 8-26 XRD spectra of
alloyed perovskites (Figure 4.3a-4.3c) display only one peak within the 26 range of 22°-25°, which
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strongly suggests that alloyed perovskites adopt the orthorhombic crystal structure.?®? Moreover,
it seems that Sn and Pb atoms randomly occupy the metal sites of corner-sharing ([Sn1—«Pbxls]™)
octahedra.?®® The crystal structure is unchanged after replacing a small quantity of FA/MA cations
by PEA cations in PEA-FA/MA alloyed perovskites. The bulky organic cations like PEA are
typically used to synthesis 2D perovskites, but we did not observe any low angle peaks (26 <10°)
corresponding to low dimensional perovskites as well as absorption onsets, so we can reasonably
conclude that there is no experimentally observable 2D perovskite phase formation when a low
amount of PEA incorporated in the material. The intensity of the XRD peaks, in particular the
(110) peak at 14.1°, notably increased for all the alloyed perovskites with the introduction of PEA,
which could be due to a higher crystallinity of the alloyed perovskite and/or better film coverage

on the substrate.

We further probed the change in the crystal size by tracking the variation in the full width at full
width at half maximum (FWHM) of the 8-20 XRD peak located at 14°corresponding to the (110)
crystalline plane (Figure 4.S6). The FWHM dropped from 0.239° to 0.214° and from 0.246° to
0.230° in (FASNI3)o3 (MAPDI3)o7 and (FASNI3)os (MAPDI3)os when FA/MA were substituted with
5% of PEA, respectively. The change in FWHM correlates to local strain and crystallinity. The
decrease of FWHM implies increase in the crystallinity as well as reduced lattice strain. Especially,
reduction of FWHM of XRD peak located at (110) signifies lowering lattice strain along the
inorganic bonding direction of I-Pb-I, I1-Sn-I. But further integration of PEA to 10% caused an
increase of the FWHM, which however was still below that of PEA-free sample. It is clear that 5%
PEA integration can produce highly crystalline alloyed perovskites among (PEA)y (FAo3 MAo.7)1-y
Snos Pbo7 13, (PEA)y (FAos MAos)1.y Snos Pbos I3 (y=0%, 5%, and 10%) compositions. On the
contrary, the Sn-rich composition showed a different trend. The FWHM gradually increased with
the amount of PEA (5 and 10%) in (FASnI3)o.7 (MAPDI3)o.3, suggesting in this case PEA introduction

led to decrease in the crystallinity.

Grazing-incidence wide-angle X-ray scattering (GIWAXS) measurements were also conducted.
GIWAXS further confirms that the 5% PEA incorporation improves the crystallinity. The GIWAXS
pattern of (FASNI3)o3 (MAPDI3)o7 and (PEA)o.0s (FAo.3 MAo7)0.95 Snos Pbo |5 films are illustrated in
Figure 4.3d and 4.3e, respectively. The latter exhibits more intense Bragg reflection at g = 10.0
nm~"and 20 nm™ with respect to the former, implying enhanced crystallinity for PEA-FA/MA
alloyed perovskites and consistent with XRD results (Figure 4.3a-4.3c). An additional Bragg
reflection at 21.5 nm™ observed only for PEA-FA/MA alloyed perovskites, corresponds to the

crystalline phase of SnF,.2% We assume that overall enhancement of the crystallinity in PEA-
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FA/MA alloyed perovskites also accentuated the Bragg reflection related to the SnF» crystalline

phase.

To investigate the role of PEA cations in preventing the oxidation of Sn?* in alloyed perovskites,
XPS measurements were carried out (Figure 4.S7, Figure 4.4a and 4.4b). For the (FASnI3)os
(MAPDI3)o7, the Sn 3ds» peak (located at 486.08 eV) could be well deconvoluted into two peaks
located at 485.75 eV and 486.3 eV, corresponding to Sn?* and Sn** oxidation states (Figure 4.4a).
Likewise, the Sn 3ds, peak (located at 495.41 eV) comprised of two peaks located at 494.27 eV
and 494.71 eV, associated with Sn?* and Sn** oxidation states.?® In contrast, the (PEA)o.0s (FA03
MAo.7)0.95 Sho s Pbo 7 I3 only shows two sharp, non-deconvolutable peaks, with no Sn** peaks. The
XPS spectra of (PEA)o.0s (FA0.7 MAo.3)o.95 Snoz Pbos I3 perovskites also showed similar behavior
compared to their control samples (Figure 4.S7). The oxidation of Sn?* to Sn*" is a strong
indication of the formation of Sn vacancies in Sn-based perovskites, which are the dominant
defects in Sn-based perovskites due to their low defect formation energy among all the point

defects.295-2%7
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Figure 4.4. High resolution XPS spectra of Sn 3d in a) (FASnls)o3 (MAPbIs)o.7 and b) (PEA)o.o5 (FA0.3 MAo.7)0.95
Sno.s Pboz I3, (yellow line: measured XPS spectrum; red and black lines: deconvoluted peaks; violet line:
background).

The resultant defects can stimulate nonradiative (or trap-assisted) recombination processes,
which is detrimental to photovoltaic performance. The PEA-FA/MA alloyed perovskites do not
show any detectable signals of Sn*", enhanced photovoltaic performance and stability are
expected. We also note that there is no detectable interaction between PEA molecules and Sn?*

cations in the perovskite as evidenced by no shift in XPS peaks corresponding to Sn?*.
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First principle calculations have shown that the size of organic cations could play a vital role in
governing the formation energy of Sn vacancies in Sn-based perovskites.?8® The larger ionic size
could reduce the Sn 5s—I 5p antibonding coupling, leading to higher Sn vacancy formation
energies. To establish the effect of organic cations on the formation energy of Sn vacancies in
our specific case, we performed DFT calculations taking into account the van der Waals (vdW)
interactions (see the Computational Details in the “Experimental and Theoretical Procedures”
section) by means of the electron exchange-correlation functional of Perdew-Burke-Ernzerhof
(PBE).2% In particular, we have initially optimized the PEA,Snl4 structure along with that of FASnI3
and compared the Sn vacancy formation energy of these two systems (Figure 4.5).
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Figure 4.5. Optimized neutral Vs, defective structure of a) PEA2Snls, b) FASnI3, and c) mixed (PEA1xFAx)2Snl4
(x=0.056) perovskite. An in-plane replica of the initially optimized supercells is reported for the three cases.
The red arrow shows the Vsn positions. For the sake of clarity, in c) only FA cations are reported, while PEA

ones are removed [Large mauve: Sn; purple: I; cyan: N; brown: C; white: H atoms]. The corresponding
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formation energy plots in the Sn-rich conditions for the three cases are reported in (d-f) where the electron
chemical potential is referred to the top of the valence band.

For the former we considered a 1x3x3 supercell, while for the latter structure a 3x2x2 one (Figure
4.5a and 4.5b). The formation energy of the Sn vacancy (Vsn) was calculated via the following

equation:

Eform=Etot (Van) - Etot + psn + Q(EVBM"'EF"'AV), (41)

where Ewt (Vsn?) is the energy of the defective system in its charged state (g=0, 1, 2), Eit is the
energy of the neutral non-defective structure, usn is the chemical potential of Sn, evsu represents
the Kohn-Sham eigenvalue (top of the valence band, TVB), Er is the electron chemical potential
(referenced to the TVB of the pristine, non-defective, crystal), while AV is the correction due to
the potential alignment. The chemical potentials of PEA2Snls constituents were estimated by
imposing thermodynamic equilibrium of PEA2Snls with the Snl, phase. The equilibrium with Snls
and its formation is excluded because of the reduced tendency of Sn oxidation in these

systems. '8 We thus apply the two constraints:

4 + psn +2upea = AH(PEA2SNLL), 4.2)
241 + usn = AH(Snly), (4.3)

where i and upea are chemical potentials of iodine and PEA respectively and AH(PEA2Snl.) and
AH(Snl,) are formation enthalpies of PEA2Snlsand Snl, respectively. Here the chemical potentials
of Sn and | have been referenced to the value of the | molecule and Sn bulk metal (8-tin,
14(1)/amd, Z=4), respectively.?*® We applied an additional constraint of Sn-rich condition (i.e. psn
= 0) for realistic representation of our alloyed perovskite systems, which contain surplus of Sn
through the addition of 10 mol% of SnF2. Thus, the formation energy of Vs, in Sn-rich condition
was calculated (Figure 4.5d). The bandgap employed here was obtained by means of PBE
calculations with the inclusion of the van der Waals (vdW) interactions. We are aware of the
intrinsic underestimation of the bandgap of semiconductors at the PBE level due to the presence
of the so-called self-interaction error; at the same time the huge number of atoms in our systems
(~700) prevents us to use more accurate post-DFT approaches. We are anyway confident of the

reliability of our results for what regards the trend in the vacancy formation energy at the band
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edges (see Figure 4.5d) mainly because we are consistently treating similar systems at the same
level of theory. Although the formation of the Sn vacancy defect is energetically favored at the
bottom of the conduction band minimum (CBM), interestingly the calculated formation energy in
PEA.Snl4 is always higher than the same vacancy formation energy in FASnls. As previously
reported in the text such latter crystal has an orthorhombic Amm2 space polar group,?®'3% g
feature relevant to determine the vacancy formation energy. The neutral optimized defective
structures for both PEA2Snl; and FASnNIs are reported in Figures 4.5a-4.5b, respectively. The
bandgap energy for the polar FAShI; supercell is 0.64 eV. According to the Eq.(4.1) and also
considering, as in the PEA,Snl4 case, only the equilibrium with Snl. (as said the co-presence of
PEA in the final compounds is expected to reduce the presence of oxidized Sn** species) we
obtain that the Vs, formation energy in FAShI3; is a process always thermodynamically more
favored (than in PEA2Snls) in each range of the electron chemical potential. In particular, it is three
times easier to be formed at p-type conditions (low values of the electron chemical potential) and
twice at n-type ones (opposite conditions, bottom of the Conduction Band, CBM) as observed by

comparing Figures 4.5d-4.5e, respectively.

This result is consistent with the data reported by Shi et al.,?®® where no vdW interactions are
included in the calculations with thus an expected larger bandgap as consequence of a reduced
contraction of the FASnNI; crystal. It is worth mentioning that calculations (not reported here) in the
less stable, non-polar (a metastable structure obtained by rotating FA cations “by hand” in order
to have zero dipole along the [001] direction), FASnl; show a massively more exothermic
formation energy of Vs, further confirming that the occurrence of such defect is definitely more
favored in FASnIs. To provide an even stronger evidence of the reduced tendency of Vs, formation
in mixed PEA-FA/MA perovskites, we have replaced in the initial PEA2Snls supercell two PEA
cations with two FAs, thus obtaining a mixed (PEA1xFAx)2Snls perovskite (x=0.056) where, after
the optimization, we calculated still by means of Eq. (4.1) the Vs, formation energy. The defective
(PEA1xFAX)2Snls structure is reported in Figure 4.5c. Strikingly, results clearly show an even
reduced tendency of Vs, formation for the mixed case (shown in Figure 4.5f) which corresponds
to our experimental findings, i.e. the Vs,formation becomes an endothermic process in the whole
electron chemical potential range (only at n-type conditions it turns to be slightly favored, Eom=-
0.035 eV). It is worth stressing that anyway this latter structure is only a hypothetical structure
(whose thermodynamic stability is anyway manifestly confirmed by calculations) and that a
modeling closer to the complex experimental situation should involve an interface of a very thick
FASnI3 slab with a very small 2D-PEA slab or a FASnIs surface where only one (or few, up to the

experimental concentrations) PEA cation replaces a FA one. In this way we could probably better
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test the effect of PEA2Snl4 small domains and PEA positioning at the interface/grain boundaries.
It is highly likely indeed that bulkier (than FA) cations, not fitting the 3D semiconductor cage, tend
to locate at the grain boundaries. As matter of fact, calculating the formation energy of Sn-
vacancies in such kind of more realistic models would be computationally very expensive even if
not feasible at all. The mixed PEA/FA system may provide an indication about the impact of the
presence of FA and PEA near a Sn vacancy and the way it can influence its formation energy

with respect to the other two extreme cases, i.e. FASnl; and PEA,Snl..

We thus reasonably conclude that the introduction of bulkier organic cations (PEA) increases the
formation energy of Sn vacancies in PEA-containing alloyed perovskites under our Sn rich
conditions. Less Sn-vacancies in PEA-FA/MA Sn-Pb perovskites are highly encouraging for the
photovoltaic applications. We anticipate that the optimum PEA-containing alloyed perovskites

would exhibit superior PCE and stability compared to control samples.
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Figure 4.6. J-V curves of a) (PEA)y (FAo.3 MAo.7)1-y Sno.3 Pbo7 I3, and b) corresponding EQE spectra of the devices
(y = 0 (gray), 5% (red) and 10% (blue)).

To test the photovoltaic properties of alloyed FA/MA and PEA-FA/MA perovskites, we employed
a solar cell architecture of indium doped tin oxide (ITO)/ poly (3, 4-ethylene dioxythiophene)-poly
(styrene sulfonate) (PEDOT:PSS)/perovskite/phenyl-Ce1-butyric acid methyl ester (PCBM)/silver
(Ag). Among the FA/MA alloyed perovskites, (FASnl3)o3 (MAPDbI3)o7 showed the highest PCE
followed by (FASNI3)os (MAPDI3)os and then (FASnNI3)o.7 (MAsSPbIs)o3. Both Vo and fill factor (FF)
reduced as the Sn content increased (Table 4.1), with Sn-rich ((FASnIs)o7 (MAPDbI3)o3) showing
the lowest V.. and FF amongst all the compositions. As V.. and FF are strongly dependent on
charge carrier recombination in the solar cell, Sn-rich perovskites are highly likely to contain a

higher number of defects limiting the V.. and FF of their devices. Specifically, the defects in the
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bandgap would attract electrons/holes and act as nonradiative recombination centers, which

largely impacts the Vo of corresponding solar cells.*""

Table 4.1. Photovoltaic parameters of the PSCs based on FA/MA and PEA-FA/MA alloyed

perovskites.

Compositions Voc (V) Jsc FF (%) PCE (%)
(mA/cm?)

(FASnIs)o3 (MAPDIs)o.7 0.722+0.015 | 23.54+1.42 | 67.60+2.97 | 11.49+0.73
(PEA)o.05(FA0.3MA0.7)0.95(Sno.sPbo7)ls | 0.768+0.015 | 25.79+1.14 | 68.61+1.32 | 13.60+0.69
(PEA)0.1(FA0.3MA0.7)0.90(SNo.3Pbo.7)l3 0.800+0.01 22.36+1.98 | 64.07+2.72 | 11.43+0.75
(FASNIz)os (MAPDIs)os 0.626+0.03 23.2842.08 | 59.58+1.75 | 8.63+1.17
(PEA)0.05(FA0.sMA0.5)0.95(Sno.sPbos)ls | 0.725+0.03 23.71+2.38 | 64.37+3.24 | 11.05+1.20
(PEA)o0.1(FA0.5MA0.5)0.90(SNo.sPbo.s)l3 0.77410.01 23.83+0.51 | 64.19+0.70 | 11.84+0.26
(FASnIs)o7 (MAPDIs)o3 0.395+0.05 25.76+2.40 | 45.55+1.73 | 4.684+0.93
(PEA)0.05(FA0.7MA0.3)0.95(Sno.7Pbos)ls | 0.581+0.03 22.85+2.48 | 57.784+4.06 | 7.66+0.93
(PEA)0.1(FA0.7MA0.3)0.90(Sno.7Pbo.3)l3 0.624+0.09 13.014+3.01 | 58.69+2.89 | 4.784+0.53

By partially substituting FA/MA with PEA in alloyed perovskites, V.. was significantly improved. In
particular, with 10% PEA, the V. of (FASnI3)o3 (MAPbI3)o.7 PSCs was boosted from 0.72 V to 0.80
V. The highest Vo enhancement (of 0.23V) was observed for (PEA)o.1 (FA07MAo3)0.90 Sno7 Pbos
I3, followed by (PEA)o.1 (FAos MAos)o.g0 Snos Pbos s (with an improvement of 0.15 V). It can be
easily understood in a such a way that “Sn-rich” alloyed perovskites contain more defects, so the
effect of defect reduction with PEA on V.. is more evident. On the other hand, FF reached its
maximum for the samples with 5% PEA. With the further increase to 10%, FF remained almost
unchanged or slightly declined. As we have seen in the XRD discussion, the increase in PEA

content in the perovskites change the orientation of semiconducting perovskite layers on the
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substrate or lattice strain along inorganic bonding direction I-Pb-I, I-Sn-I, which could negatively
affect charge carrier diffusion length and reduce the FF.'' Overall, elimination of Sn?* oxidation
(see XPS analysis discussion) thereby reduction of defects (see PL and DFT calculation
discussion) in the (PEA)o.0s (FAx MA1x)o.95s Shx Pbiy I3 reduced the trap-assisted recombination,

which resulted in improved Vo and FF in the PEA-FA/MA alloyed perovskite devices.

As for Jsc, there is no clear trend of variation with incorporating PEA among various alloyed
perovskite compositions. But in a particular alloyed perovskite compositional group, the Jsc in the
devices follows a similar trend as observed in XRD data, especially in Sn-rich perovskites, where
reduction of crystallinity with higher amount of PEA lowered the Js.. By and large, the PSCs
employing Sn-Pb alloyed perovskites with 5% bulkier PEA cations produced the highest PCE. We
hypothesis this is due to a trade-off between local lattice strain or/and crystallinity and number of
defects in the alloyed perovskites. Figures 4.S8-4.510 shows the statistical distribution of

efficiency of 20-30 devices in each compositional group.

J-V curves and corresponding external quantum efficiency (EQE) spectra of solar cells are shown
in Figures 4.6 and 4.S11. It can be seen from the EQE measurements that the photoresponse of
all the solar cells reach up to the near infrared (NIR) region. The calculated Js. values from EQE
basically matched with those obtained from the J-V curves, except for (FASnIs)o7 (MAPDI3)o.

Since EQE was measured after J-V curve measurements and the larger mismatch

0.80 68

a a=1 b C L
0.754 — 6] -l " o
P L e shiEERY PO
a =095 1.1 k,Tiq e =
. oro{ . L L
£ 10.00 = - = .-
3 3 o0ss i =
E 2 ] & 62-
_F > 0.60 1.2k, Tiq L . a®
- 604 oo
0.554 Lt
= (FASnl,), (MAPbL,), ; = (FASnl,), ; (MAPbBL,), ; .- = (FASnl,),, (MAPbI,), ;
*  With 5% PEA *  With 5% PEA 58 ® With 5% PEA
1.00 . : 0.50 . . . i
10.00 100.00 i - Lo 1000 ) . 100.00
Light intensity (mW/cm?2) Light intensity (mW/cm?) Light intensity (mW/cm?)

Figure 4.7. Dependence of a) Jsc, b) Voc and c) FF against the incident light intensity of the FA/IMA PSCs and
PEA-FA/MA PSCs.
was observed only in the Sn-rich FA/MA perovskites, we speculate it is due to the serious

degradation of Sn-rich samples, which led to lower calculated photocurrents.

Figure 4.7a shows the dependence of Js. on incident light intensity by fitting to a power law (I «
Jsc 9).3%2 The fitting parameter (a = 0.95) deviated from the linear dependence in FA/MA alloyed
perovskite devices compared to that (a = 1) of PEA-FA/MA perovskite devices, which implies that

photogenerated charge carriers in FA/MA alloyed perovskite devices are not as efficiently
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transported to the electrodes as in PEA-FA/MA perovskite devices.3®

To investigate the
recombination of photogenerated carriers during solar cell operation near Vo, we plotted Vo

versus logarithmically scaled light intensity (Figure 4.7b).

By linearly fitting the plot using

Voo & (nksT/q) In (1), (4.4)

where q is the elementary charge, n is the ideality factor, ks is the Boltzmann’s constant and T is
the absolute temperature, we obtained a slope of 1.1 ko T/q (n is close to unity) for PEA-FA/MA
perovskite devices, which strongly suggests that bimolecular recombination process dominates
close to the V. of the solar cells. The larger deviation of the slope (1.2 k, T/q) of FA/MA perovskite
devices from kyT/q means trap-assisted recombination plays a larger role in the FA/MA system
with respect to the PEA-FA/MA system.?** FF is a more significant parameter as the solar cell is
operated near a maximum power point. The dependence of FF on incident light intensity unravels
the nature of the recombination process in the solar cell during the device operation. In the pure
bimolecular recombination process, recombination rate is proportional to the product of charge
carrier densities.®** Therefore, at a low light intensity (i.e., low charge carrier densities), the
recombination rate reduces and a better FF is obtained. This is basically the trend that was
observed for the PEA-FA/MA alloyed PSCs (Figure 4.7c), which is in line with the dominance of
the bimolecular recombination in these devices. On the other hand, FF clearly decreased with
decreasing light intensity in FA/MA alloyed perovskite devices, which unambiguously supports
the dominance of the trap-assisted recombination in these devices.*** Since the number of traps
does not change with lowering light intensity, it can be easily understood that the rate of
recombination of photo-generated charge carriers with trapped charges increases with
decreasing light intensity, and therefore results in a lower FF. The study clearly shows that the
introduction of PEA effectively changed the dominant charge carrier recombination process in our
PSCs.

The photovoltaic performance degradation of unencapsulated, best-performing (in term of PCE)
5% PEA-containing alloyed perovskite devices was monitored under different environmental
conditions to evaluate their stability and compare with that of their control samples. Here, we
define t12 as a time for the PCE of the device to drop to 50% of its initial value for standardizing

the comparison between different devices.
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Figure 4.8. Comparison of the stability of PEA-FA/IMA perovskite devices vs. FA/IMA perovskite devices: a)
under 28+2% RH humidity in the dark, b) under N2 at 1.5G AM solar illumination and c¢) under 28+2% RH
humidity at 1.5G AM sun illumination.

Figure 4.8a shows degradation of devices under modest moisture environment (28+2% RH
humidity) in the dark. The degradation was significantly slowed down by substituting FA/MA with
5% of PEA in (FASNI3)o.3 (MAPDI3)o7. The tiz2 for (PEA)o.0s (FAo0.3 MAo.7)0.95 Sno.s Pbo 7 I3 was found
to be 200h appreciably better than that (t12 = 87 h) of corresponding FA/MA perovskite devices.

Figure 4.8b displays the degradation of devices under AM1.5G illumination in an inert
atmosphere. The (PEA)o.os (FAos MAo7)o.9s Snos Pbo7 I3 devices exhibited better photostability
compared to FA/MA perovskite devices (t12= 30h vs. ti2 = 15h). Light seems to be more harmful
to alloyed perovskite devices than moisture. Figure 4.8c shows that the degradation of alloyed
perovskite devices became faster in the co-presence of light and modest moisture. However,
PEA-FA/MA perovskite devices were still more resistant to the degradation, retaining 20% of initial
performance after 24h whereas FA/MA perovskite devices wholly degraded during the same
period. The defects in Sn-Pb perovskites induced by Sn vacancies not only play key role in
determining photovoltaic performance (PCE and J-V hysteresis) but also the stability of the
devices. The defects in perovskites are vulnerable to oxygen or moisture filtration and accelerate
the degradation of devices under ambient conditions.??®> Reduced defects (see DFT calculations
and PL discussion) and enhanced crystallinity (see XRD and GIWAXS discussion) with the
incorporation of 5% PEA in Sn-Pb perovskites contribute to enhanced stability of the PEA-FA/MA
Sn-Pb PSCs.

Based on all the above described characterizations on materials (PL, AFM, SEM, XPS, XRD,
GIWAXS) and devices (J-V and EQE measurements, light intensity dependent analyses of the
solar cell performance parameters) , a reasonable conclusion can be made: i) more defects are
present in the FA/MA alloyed PSCs, and the trap-assisted recombination indeed dominates their

performance and ii) by replacing FA/MA cations with a small quantity of PEA cations, the number

105



of defects can be considerably reduced and thereby there is a significant drop in the trap-assisted
recombination in the alloyed perovskites. This conclusion is further supported by a large decrease
in J-V hysteresis observed in PEA-FA/MA alloyed perovskite devices compared to that of FA/MA
alloyed perovskite devices (Figure 4.512). Among the several suggested possible reasons for the
detrimental phenomenon of the hysteresis of the J-V curve, the defect migration in PSCs is
considered the main responsible.3%%% |t has been previously shown that charged defects such
as MA/FA and Pb/Sn vacancies close to the charge selective layers obstruct the charge extraction
at selective contacts, causing the solar cell hysteresis.?” By reducing the number of charged
defects, we believe the defect migration has been substantially reduced in PEA-containing Sn-Pb
perovskites and therefore lowering the J-V hysteresis in the devices. As noted, defects close to
the interfacial region between perovskite and charge selective layers predominately influence the

J-V hysteresis.3®
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Figure 4.9. a) Height topography and b-c) surface potential profile of (FASnI3)o.3 (MAPbIs)o.7, d) topography and
e-f) surface potential profile of (PEA)o.os (FAo.3 MAo7 )oes (Sho.s Pbo7) Is. The average CPD calculated using
Gwyddion software also provided at the bottom of each Figure.

To understand defects at perovskite/selective layer interface, contact potential difference (CPD)
of the samples was measured in the dark and under illumination by Kelvin probe force microscopy
(KPFM), as shown in Figure 4.9. By substituting FA/MA with 5% of PEA in alloyed perovskites,
the CPD was reduced at GBs as well as in the grain interior (GI) (Figures 4.9b, 4.9¢, 4.9e and
4.9f). The surface photovoltage (SPV) estimated by subtracting the average CPD in the dark from
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that measured under illumination, provides the information about photocharge carrier separation
at the perovskite/PEDOT:PSS interface.®°*'% Under illumination, the charge-separation process
in the complete device is mimicked using the AFM probe in the KPFM measurement and SPV
represents the Vo or internal electric field in the solar cell.??” The SPV increased from 0.059 V to
0.077 V with 5% PEA in alloyed perovskite film, indicating an increase in the internal electric field
in PEA-FA/MA perovskite devices, therefore we can reasonably conclude that photogenerated
carriers are more efficiently separated in the PEA-FA/MA perovskite film than FA/MA perovskite
film.311312 The KPFM measurements essentially suggest reduced recombination events for the
devices employing PEA-FA/MA perovskite film compared to their control samples. This clearly
demonstrate that the number of defects is lowered in Sn-Pb perovskites with inclusion of 5% PEA,
which also reduces the defect migration, leading to eradication of J-V hysteresis in resultant
PSCs.333'% Not secondarily, partly replacing MA/FA with more bulky PEA cations has the
advantage of massively reducing the polarizability of the final device,?33'531" the other factor
which is strongly believed to affect the J-V hysteresis in the FA/MA PSCs, further stressing the

great advantages of using PEA-containing alloyed perovskites in PSCs.

4.3 Conclusions

In this work, we have used bulky aromatic cations to improve both the efficiency and stability of
Sn-Pb perovskite solar cells. By incorporating PEA cations to Sn-Pb perovskites, we observed
key advancements in perovskite semiconductor material quality. The overall crystallinity of the
alloyed perovskites was significantly improved as evidenced by XRD and GIWAXS, suggestive
of a reduced number of defects that is further confirmed by PL spectroscopy. Consistently, DFT
calculations suggested the formation energy for Sn vacancies is twice to three times higher in
long-chain organic cation PEA containing Sn-based perovskites (PEA2Snl4) than in short-chain
FA containing Sn-based perovskites (FASnIs3), while calculations in Sn perovskite models with
mixed FA/PEA organic moieties show a further reduction of the Sn vacancy formation energy.
The advantages of reduction of defects associated with Sn vacancies in Sn-Pb perovskites are
threefold: 1) the PCE enhanced by up to ~40% in Sn-rich 5% PEA-containing alloyed PSCs and
15% in Pb-rich alloyed PSCs compared to their control samples due to reduced nonradiative
recombination in the alloyed perovskites; 2) eliminated J-V hysteresis in PEA-FA/MA Sn-Pb PSCs
attributable to lowered Sn vacancy defect migration and 3) improved device stability due to the
reduced number of active defect sites in alloyed perovskites where accelerated material
degradation can take place. In short, by modifying defect chemistry in Sn-Pb perovskites realized

through incorporating optimum amount of PEA, we improved the photovoltaic performance and

107



stability of alloyed PSCs. Our work on passivating defects with bulky organic cations in Sn-Pb
perovskites opens new opportunities in designing highly efficient, stable Pb-less alloyed

perovskite solar cells.

44 Materials and Methods

Materials: Methylammonium iodide (CHsNHzsl), Formamidinium iodide (CH(NH2).l) and
phenylethylammonium iodide (CeHs (CH2)2NHzsl) were purchased from Dyesol. Tin iodide (Snl»),
tin fluoride (SnF2), dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) were purchased
from Sigma Aldrich. Lead iodide (Pbl.) was bought from Acros Organics. Phenyl-C61-butyric acid
methyl ester (PCs1BM) and poly (3, 4-ethylene dioxythiophene)-poly (styrene sulfonate) (PEDOT:
PSS; Clevios™ P VP Al 4083) were obtained from 1-Materials and Heraeus, respectively. All

chemicals were used as received.

Alloyed perovskite precursor solution: FASnl; precursor solution (1.1 M) was prepared by
adding equimolar FAI and Snl, powders and 20 mol% of SnF» into a mixture of DMF: DMSO (4:1
v/v). MAPDbIs precursor solution (1.1 M) was prepared by adding MAI and Pblz in a mixture of
DMF: DMSO (4:1 v/v). (FASnl3)x (MAPDI3)1x (x = 0.3, 0.5, 0.7) solutions were prepared by
stoichiometrically mixing FASnlz and MAPDIs; solutions. The PEA-FA/MA alloyed perovskite
precursor solutions were prepared by stoichiometrically substituting FAI/MAI with 5% and 10%
PEAI in (FASnl3)x (MAPDI3)1.x precursor solution.

Solar cell fabrication: Patterned ITO-coated glasses were cleaned by sonication in detergent
followed by sequential washing with deionized water, acetone, and isopropanol. After drying
under air flow, the substrate surface was cleaned by oxygen plasma for 10 min under rough
vacuum. PEDOT: PSS solution was spin-coated on top of the ITO-coated glass substrate at 4500
rom for 45 s; PEDOT: PSS performs as the hole transporting layer. The PEDOT: PSS film was
then dried in air on a hot plate (set at 170 °C) for 10 min. After drying, the substrate was transferred
to a nitrogen-filled glovebox for further use. The FA/IMA and PEA-FA/MA alloyed perovskite
absorber layer were spin-coated on the PEDOT: PSS film at 5000 rpm for 60 s. Diethyl ether was
dropped onto the spinning substrate. The spin coated films were annealed at 60°C for 5 minutes.
Then the PCg1BM solution (20 mg/mL in chlorobenzene) was spin-coated on top of the perovskite
film at 2000 rpm for 60 s to form a 20 nm thick electron transporting layer. Finally, the film was
transferred to a thermal evaporation chamber inside the nitrogen filled glove box. The chamber

was pumped down to 1 x 107 Torr for silver deposition. The 100 nm thick silver top electrode was
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deposited through a shadow mask that defines the active device area as 0.06 cm? for the solar

cells.

Perovskite Film Characterization: Topography of perovskite film surface was obtained by using
a Bruker MultiMode8 AFM. Absorption spectra were collected by using a UV-Visible-NIR
spectrometer Lambda 750 (Perkin Elmer). Steady-state PL spectra were obtained from a
Fluorolog®-3 system (Horiba Jobin Yvon) using a 444 nm laser. XRD measurements were carried
out using a Panalytical X-Pert PRO MRD X-Ray diffractometer. The oxidation of tin element was
probed by an XPS spectrometer (ESCALAB 2201-XL) equipped with an Al Ka (1486.6 eV)
monochromatic source. The grazing incidence wide angle X-ray scattering (GIWAXS)
measurements were done at the BL14B1 beamline of Shanghai Synchrotron Radiation Facility
(SSRF). The GIWAXS patterns were collected by a MarCCD detector which is mounted vertically
ataround 194 mm from the sample. The exposure time was less than 50 s and a grazing incidence
angle with respect to the surface plane is 1°. The GIWAXS patterns were examined afterward
using the Fit 2D software and displayed in scattering vector q coordinates with g=41rsin6/A, where
0 is half of the diffraction angle, and A is the incident X-ray wavelength (0.124 nm). KPFM
measurements were done using the tapping mode in a Cypher AFM (Model: Cypher S) under
ambient conditions. KPFM measurements were performed using a Platinum-coated Silicon tip. A

white LED lamp was used to carry out KPFM measurements under illumination.

Solar cell characterization: Solar cell performance was measured using a class ABA LED solar
simulator, which was calibrated to deliver simulated AM 1.5 sunlight at an irradiance of 100
mW/cm?. The irradiance was calibrated using an NREL-calibrated KG5 filtered silicon reference
cell. Current density-voltage (J-V) curves were recorded using a source meter (Keithley 2400,
USA). External quantum efficiency (EQE) measurements were conducted by using an IQE200B

system (Newport Corporation).

Device stability tests: The stability of devices was tested without any device encapsulation. For
moisture stability tests, the PEA-FA/MA and FA/MA perovskite devices were placed inside a
desiccator under ambient environment. The relative humidity (28 +2% RH humidity) was
continuously monitored with a digital humidity sensor. For photostability tests, the perovskite
devices were placed under constant AM1.5G illumination inside a N filled glovebox. Devices

were also tested under constant AM1.5G illumination at 28+2% RH humidity.

Computational details: We performed DFT calculations by means of the electron exchange-
correlation functional of Perdew—Burke—Ernzerhof (PBE)?®® as implemented in the VASP code.3'®

The projector augmented wave (PAW) method *'°%2° has been similarly adopted. Van der Waals
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corrections to the potential energy were included by means of the DFT-D3 method of Becke and
Johnson (BJ).32'322 The cutoff energy for the plane-wave basis set was set to 600 eV, while

residual forces were all lower than 0.02 eV/A.

A 2x4x4 I'-centered k-point sampling of the Brillouin Zone (BZ) was used for the structural
optimizations of PEA2Snls and of (PEA1xFAx)2Snls (x=0.056). The PEA2Snls structure we
optimized has the following lattice parameters: a=32.38 A; b=18.05 A; c=18.55 A, in very close

agreement with previously reported experimental data.323

Following previous literature, we used the 7—point for sampling the BZ in the structural
optimization of the FASnIs supercell (a= 18.57 A; b=18.30 A; c=17.32 A) and derived defective

structures.
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Figure 4.S2. a) Steady-state PL spectra of 3D perovskite films and comparison of steady-state PL spectra of
3D perovskites vs. 2D/3D perovskites: b) (PEA)y (FAo.s MAo.5)1-y Sno.s Pbo.s I3 and c) (PEA)y (FAo.7 MAo.3)1-y Sno.7
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111



(FASNI,), 5 (MAPbL,), ,

(FASN;);s (MAPbI,)os

(FASNly)o; (MAPbI,),

Figure 4.S3. SEM images and elemental mapping of Pb, Sn and | of a) (FASnI3)o.3 (MAPDbI3)o.7, b) (FASNI3)o5
(MAPDblI3)o.5, c) (FASNI3)o.7 (MAPDI3)o.3.

Pbos Sy Iy ||(PEA)ygs (FAgs MAggyss Pbys Snys ly| (PEA)ss (FAgs MAg3)oss Pby;s Shgs s

(PEA)oos (FAg; MA,;),

112



Figure 4.S4. SEM images and elemental mapping of Pb, Sn and | of a) (PEA)o.05 (FAo.3 MAo.7)0.95 Pbo.7 Snos I3, b)
(PEA)o.05 (FAo.5s MAo.5)0.95 Pbo.s Sno.s I3, and c) (PEA)o.os (FAo.7 MAo.3)0.95 Pbo.z Sno.7 la.
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The previous chapter has shown that a small quantity of PEA cations in iodide-based alloyed
perovskites can improve PCE of the solar cell. This chapter explores the effects of substituting a
small number of A-site organic cations in mixed halide Sn-Pb alloyed perovskites with PEA
cations. The amount of PEA added was optimized to increase both PCE and stability
simultaneously. Here, mixed halide alloyed Sn-Pb perovskites were used by mixing FASnl; and
MAPDbBr3; perovskite precursors. The incorporation of PEA in mixed halide Sn-Pb perovskites led
to homogenization of metals and halides in the perovskite film, thereby achieved a favorable band

alignment at perovskite/electron selective layer interface.
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With the recently certified power conversion efficiency (PCE) of 25.3%, halide perovskite solar
cells (PSCs) are ready to match the performance of silicon (Si) and gallium arsenide (GaAs) thin-
film photovoltaic technologies.'® Nevertheless, the use of toxic lead (Pb) in state-of-the-art ABXs
perovskites (where A = methylammonium (MA), formamidinium (FA), caesium (Cs) and/or
rubidium (Rb); B=Pb and/or tin (Sn); X= chlorine (Cl), bromine (Br) and/or iodine (l)) is
challenging in kickstarting large scale production and commercialization of this new technology.
Recent reports have shown the bioavailability of Pb from perovskites and their detrimental effects
on plants.32* On the other hand, Sn/Germanium (Ge)-based perovskites, double perovskites such
as Cs>AgBiBrs, Cs>AgBiCls, AgBizl;, and Bismuth (Bi)/Antimony (Sb)-based perovskite-like

structures are some viable alternatives to the Pb-based perovskites.2%':325-333

Among the Pb-free alternatives, Sn-based perovskites are the most attractive candidates due to
their similar optoelectronic properties of the Pb-based counterparts.’”3174.177.334-336 \Wjjth bandgaps
ranging from 1.15 to 3.55 eV, long-lived charge carriers, and high optical density, Sn-based
perovskites should, in principle, be able to exhibit similar efficiencies to those of Pb-based
perovskites. However, their performance is mainly limited by low open-circuit voltage (Vo) due to
high defect concentration in the material.**"% One of the main reasons for the poor Vg is
unwanted oxidation of Sn?* to Sn**, which acts as a p-type dopant in the material.>*® To circumvent
full oxidation of the perovskites, alloying of Sn with Pb has been used as a promising strategy
towards achieving less toxic PSCs with device performances that approach those of the Pb-based
counterparts. So far, halide Sn-Pb perovskites with <60% Sn of total B-site metal content deliver
the highest efficiencies.?*°342 The performance of halide Sn-Pb perovskites with >60% Sn is
partly limited by oxidization of Sn?* to Sn**, which generally reduces the V.. of PSCs.3433% |n
addition to being less toxic, the bandgaps of Sn-based perovskites make them ideal for building

perovskite-perovskite tandem solar cells.3*

The band gap of the perovskite can be tuned by using fractional mixtures of | and Br in the
composition, known as mixed halide perovskites.?%32% However, these mixtures are known to
induce segregation of halides,*%-34 which is in turn responsible for low photovoltaic performance
and stability of the devices.?**3% The halide segregation involves many different processes,
including light-induced halide ion migration, which leads to the formation of I-rich and Br-rich
domains.®*” Recently, we found Br-rich aggregates in the mixed halide perovskite films even at
dark affect the performance of PSCs, but halide distribution becomes homogenized upon partial
substitution of A-site cations with inorganic cations.®®** In another report, we explored partial

substitution of A-site cations with large organic cations, which are typically used to synthesize
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lower-dimensional perovskites and have been shown as advantageous in lowering the defects in
the alloyed perovskites. Recent record efficiency reports suggest that addition of bulky organic
cations (such as phenylethyl ammonium (PEA), butylammonium (BA), and guanidinium
thiocyanate (GuSCN)) in the perovskites lead to surface passivation, improved charge carrier

lifetimes, and reduced ionic transport. 196:340.355-358

In this work, we employ a mixed halide Sn-rich alloyed perovskite (with 70% Sn and 30% Pb of
total B-site metal content) with a band gap of 1.4 eV rather than the widely used narrow band gap
iodide-based alloyed perovskites. The mixed halide Sn-Pb alloyed perovskite thin films,
(FASNIl3)o7 (MAPDbBr3)os (FA/MA/SnPb/I/Br) are prepared by mixing FASnl; and MAPbBr3
perovskite precursors. The 1.4 eV band gap of FA/IMA/SnPb/1/Br is very close to the optimal band
gap for achieving maximum theoretical efficiency in a single junction solar cell.3*® This material
showed poor solar cell performance mainly due to inferior photocurrent, despite its impressive
Vo.. The photoelectron spectroscopy revealed the metal halide inhomogeneity in
FA/MA/SnPb/I/Br perovskite and their unfavorable band alignment with the electron selective
layer, phenyl-C61-butyric acid methyl ester (PCBM). The recombination dynamics in alloyed
perovskites were investigated through transient absorption (TA) measurements. A prolonged
laser exposure on FA/MA/SnPb/I/Br perovskite during the TA measurement led to a redshift of
photobleach near the band gap, indicating photo-induced halide segregation in the samples.
Here, we investigate the effects of adding bulky PEA cations in a perovskite composition in
solution on the homogenization of metals and halides throughout the film, thereby achieving
favorable band alignment with PCBM and reducing the photo-induced halide segregation in mixed
halide Sn-Pb alloyed perovskites. The FA/MA(SnPb)I/Br precursor solution is prepared by mixing
FASnI3 and MAPDbBr3 solutions (in DMF and DMSO) at a 2.33:1 ratio. A 5% of PEA with respect
to FA/MA added to produce PEA/FA/MA(SnPb)I/Br precursor solution. A schematic of
PEA/FA/MA(SnPb)I/Br precursor solution preparation is presented in Figure 5.1a. We prepared
films of FA/MA(SnPb)I/Br and PEA/FA/MA(SnPb)I/Br using the commonly-used antisolvent
approach for Sn perovskites (Figure 5.1b).28:342 The thin films were prepared on a glass substrate
for optical characterization. The absorption spectra of these films were measured, and the band
gap was extracted for the FA/MA(SnPb)I/Br and PEA/FA/MA(SnPDb)I/Br perovskites as shown in

Figure1c and d. Generally, Sn-Pb alloyed perovskites are narrow band gap semiconductors (~1.2
eV).287'34°'359
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Figure 5.1 Perovskite thin film deposition and their optical properties: a) Schematic of preparation of
PEA/FA/MA(SnPb)I/Br perovskite precursor, b) schematic of perovskite thin film fabrication, Tauc plots
showing bandgaps of c) FA/IMA(SnPb)I/Br and d) PEA/FA/MA(SnPb)l/Br, SEM images of e) FA/IMA(SnPb)I/Br
and f) PEA/FA/MA(SnPb)l/Br.
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The presence of both Pb and Br in the mixed halide Sn-Pb perovskites resulted in a wider band
gap of 1.4 eV. Adding 5% of PEA to the FA/MA(SnPDb)I/Br perovskite solution did not change the
band gap of the perovskite thin film (Figure1d). We characterized the morphology by imaging the
top view of the perovskite films prepared on glass /poly (3, 4-ethylene dioxythiophene)-poly
(styrene sulfonate) (PEDOT: PSS) substrate by scanning electron microscopy (SEM; Figure 5.1
e and f). The images show pinhole-free perovskite films with crystal grain sizes between 100 nm
to 500 nm. Pinhole-free films with large grain sizes are highly desirable for efficient, hysteresis-
free, reproducible solar cells.?67-3%° No significant changes in grain sizes were observed upon the
addition of PEA. Both films showed a relatively broad distribution of grain sizes, which is not ideal
for optoelectronic applications and we anticipate a further optimization of solvent and antisolvent

engineering could result in larger grains with more uniform distribution. 361362
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Figure 5.2 Structural properties and elemental composition of perovskite thin film: a) Comparison of XRD
spectra of FA/IMA(SnPb)l/Br and PEA/FA/MA(SnPb)l/Br (Inset: shift in major XRD peak), high-resolution XPS
spectra of (b) C 1s, (c) N 1s of PEA/FA/IMA(SnPb)l/Br perovskite.

To understand structural changes to the perovskite films upon the addition of PEA, we performed
X-ray diffraction (XRD) measurements. XRD results are presented in Figure 5.2a. A significant
increase in XRD peak intensity was observed for PEA/FA/MA(SnPb)I/Br samples compared to
FA/MA(SnPb)I/Br showing that PEA/FA/MA(SnPb)I/Br perovskites exhibit increased preferential
orientation in the (110) plane than the counterparts without PEA. Interestingly, we observed a
shiftin XRD peaks in these alloyed perovskites when we incorporated PEA, indicating an increase
in lattice constants. The major peak located at 14.365° corresponding (110) crystal plane shifted
to 14.297° when PEAI was added (see inset of Figure 5.2a). Generally, incorporation of a cation
with a large ionic radius in the structure increases the lattice constants. However, due to its larger
size, we would not expect the PEA to be able to be integrated within the perovskite structure.363
In mixed halide perovskites, adding more iodine in the composition or homogenization of bromine

w.r.t iodine increases the lattice constant as iodine expands the lattice. Peak profile analysis has
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shown that the addition of PEAI led to a slight decrease in the full width at half maximum (FWHM)
(Figure 5.S1). The decrease in the FWHM implies less strained lattice upon addition of 5% PEA.
The reduction of FWHM of the (110), (200) peaks shows a lowering of lattice strain along the
inorganic bonding direction of [-Sn (or/and Pb)-1, Br-Pb (or/and Sn)-Br or I-Pb (or/and Sn)-Br.3%

The elemental composition of perovskite films was probed by using X-ray photoemission
spectroscopy (XPS). The high-resolution spectra of various elements in perovskites are shown in
Figure 5.2b, Figure 5.2¢, Figure 5.S2 and Figure 5.S3. Presence of PEA in PEA/FA/MA(SnPb)I/Br
confirmed by analyzing C 1s and N 1s peaks (Figure 5.2b and 5.2c). The m — = * satellite peak
observed at 291.2 eV around 6.4 eV from the main C 1s peak corresponds to the aromatic rings
of PEA molecule (Figure 5.2b). The N 1s peak of PEA/FA/MA(SnPb)I/Br perovskite (Figure 5.2¢)
can be deconvoluted into two peaks: (1) located at 402.2 eV correspond to N 1s peak from PEA,
and (2) located at 400.1 eV correspond to N 1s peak from FA/MA. Further, we analyzed chemical
compositional differences between samples by quantifying XPS signal intensity ratios between
different elements. The estimated intensity ratios from XPS compared to the ratios obtained from
chemical formula to investigate chemical compositions of thin films. Table 5.1 presents the Sn/Pb
and I/Br ratios estimated from high-resolution XPS for the perovskites. The estimated Sn/Pb ratio
from XPS for FA/IMA(SnPb)I/Br perovskite is 3.90, which deviates from the theoretical value of
2.33. Because XPS is a surface-sensitive technique (less than 3 nm), a large deviation in Sn/Pb
ratio suggests a Sn-rich perovskite surface in FA/MA(SnPb)I/Br perovskite thin film. The
estimated I/Br ratio, 2.06 for FA/MA(SnPb)I/Br perovskite also differs from the theoretical value
(3.00), obtained from chemical formula suggesting |-poor perovskite surface. In short, the
FA/MA(SnPDb)I/Br perovskite film has a Sn-rich and I-poor surface. This may be due to
inhomogeneous distribution of elements throughout the FA/MA(SnPb)I/Br perovskite thin film.
Addition of PEA changes the chemical composition of the perovskite film at the surface. The
Sn/Pb and I/Br ratios for PEA/FA/MA(SnPb)I/Br are close to the theoretical values, in agreement
with the chemical formula (Table 5.1). This suggests that a more homogenous elemental
distribution is present throughout the PEA/FA/MA(SnPb)I/Br perovskite film. The more
homogeneous nature of the PEA-containing samples is expected to influence its charge carrier
recombination in the perovskites since Br-rich/l-rich domains in the perovskite film act as
recombination centers, and its interfacial charge transfer. In order to understand the
recombination dynamics in mixed halide alloyed perovskites, we studied the photophysical

dynamics through transient absorption spectroscopy (TAS), as shown in Figure 5.3.
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Table 5.1 Intensity ratios between elements calculated from XPS spectra from perovskites.

Composition Sn/Pb (theoretical:2.33) I/Br (theoretical:3)
FA/MA(SnPb)I/Br 3.90 2.06
PEA/FA/MA(SnPb)I/Br 2.29 3.21

TAS measurements were performed on perovskite/glass substrate to study carrier dynamics and
effects of prolonged photo-irradiation in the neat mixed halide alloyed perovskite films. In this
scenario, we do not expect any quenching of the TA signal as the glass substrate does not act as
a quencher. Pump pulses of 2.70 eV, ~220 fs with fluences of ~500 nJ/cm? were used to
photoexcite into the conduction band of the perovskites. The two-dimensional transient absorption
maps for FA/MA(SnPb)I/Br and PEA/FA/MA(SnPb)I/Br (Figure 5.3a and 5.3b respectively)
present subtle differences. The dominant characteristic of the TAS spectra located around 1.5 eV
can be assigned to long-lived ground-state bleaching (GSB) and stimulated emission (SE).3064-368
Another weak GSB+SE region observed above 2.2 eV. The presence of two distinct GSB+SE
regions in halide perovskites has been attributed to electronic transitions stem from the
perovskite’'s dual valence band composition. There is an ultrafast photoinduced absorption
process that occurs at ~1.4 eV, this can be attributed to hot carrier cooling and bandgap
renormalization.3®® Finally a short-lived (~1 ps), weak photoinduced absorption spanning from
~1.9 - 2.2 eV can be attributed to photo-induced refractive index changes and/or to transitions of
free carriers from the conduction band (CB) edge to higher states within the CB and/or from lower
valence bands (VBs) to the VB edge.®%%° Figure 5.3c shows the TAS spectra at 0.1 ps
normalized to the 1.5 eV peak for both perovskites. Although the spectral shape look similar, the
GSB+SE near band gap is slightly red-shifted upon PEA addition and it is in line with the study of

Shao et al.'®

The time-dependent behavior of the normalized GSB+SE signal at 1.5 eV is shown in Figure 5.3d.
The GSB+SE recovery of the PEA/FA/MA(SnPDb)I/Br sample is slightly slower compared to
FA/MA(SnPb)I/Br sample suggesting a slower charge carrier depopulation in PEA-containing

samples. Slow GSB+SE signal recovery in TAS implies a long-lived charge carrier population and
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longer diffusion length in the perovskite semiconductor. Compositional inhomogeneity and lattice

strain can instigate non-radiative losses in these mixed halide perovskite films.3"!

Further measurements were performed in order to study the evolution under light exposure, where
both pump light and probe light were continuously impinging the sample for over 30 min in a new
spot. The FA/MA(SnPb)I/Br sample presents both a decrease and a redshift of bleach near the
bandgap (Figure 5.3e). Light-induced redshift often attributed to phase segregation in the mixed
halide perovskite.®5%372-374 The dynamics (Figure 5.3g) show a decrease in the GSB+SE intensity,
mainly due to phase segregation as well as degradation of the material, the dynamics are reduced
from hundreds of ps at the beginning of the measurement to only tens of ps after 30 min exposure
to light.

The incorporation of PEA into the perovskite presents a different scenario after 30 minutes of light
exposure (Figure 5.3f), there is no evident peak shift of the 1.5 eV feature, and there is only a
slight degradation of the GSB+SE peaks. Furthermore, the dynamics become slower but still in
the hundreds of ps range (Figure 5.3h). This is a piece of clear evidence that the addition of PEA
makes the perovskite structure more robust and less prone to degradation. The photovoltaic
properties of FA/IMA(SnPb)I/Br and PEA/FA/MA(SnPb)I/Br perovskites were evaluated in a planar
solar cell architecture consisting of indium doped tin oxide (ITO)/ poly (3, 4-ethylene
dioxythiophene)-poly (styrene sulfonate) (PEDOT:PSS)/perovskite/phenyl-C61-butyric acid
methyl ester (PCBM)/Bathocuproine (BCP)/silver (Ag) (Figure 5.4a). The current density-voltage
(J-V) curves and external quantum efficiencies (EQEs) of champion devices are shown in Figure
5.4 (b-c) and Figure 5.4d, respectively. FA/MA(SnPb)I/Br devices exhibited an average PCE of
7.031+0.70 % with open-circuit voltage (Voc) of 0.72+0.03 V, a short-circuit current density (Jsc) of
15.03+1.35 mAcm2and a fill factor (FF) of 64.73+1.36%. It should be mentioned that the Vo
reported here for FA/MA(SnPb)I/Br devices is among the highest for a Sn-rich alloyed perovskite
solar cell. Our previous report on alloyed perovskite solar cells employing (FASNI3)o7(MAPbI3)o.3
perovskite (an iodide-based alloyed perovskite) showed a lower Vo of 0.395+0.05 V. The high
Voc in mixed halide-based alloyed perovskite system (FA/MA(SnPb)I/Br) is as a result of wider
band gap (1.4 eV) and reduced recombination dynamics of this material. We are aware of only
one report with similar Vo (0.76 V) for Sn-rich perovskite composition (FA0sCs0.2Sne7Pbols),

where authors used Cs to tune the band gap of the material via octahedral tilting.2%*
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Figure 5.3 Charge carrier dynamics and optical properties of perovskite thin films a) Transient absorption 2D
maps of a) FAIMA(SnPb)l/Br perovskite and b) PEA/FA/MA(SnPb)I/Br perovskite, c) comparison of normalized
TAS of FA/IMA(SnPb)I/Br perovskite and PEA/FA/MA(SnPb)l/Br perovskite at 0.1 ps after excitation with a 2.7
eV laser pulse, and d) comparison of time-dependent behavior of the normalized GSB+SE signals at 1.5 eV. e)
Evolution of TAS at 0.1 ps after pump excitation and white light (WL) probe exposure for FA/MA(SnPb)Il/Br and
f) PEA/ FA/IMA(SnPb)I/Br perovskites g) Evolution of TAS dynamics at 1.5 eV after pump excitation and WL
probe exposure for FA/IMA(SnPb)l/Br and h) PEA/ FA/IMA(SnPb)I/Br perovskites.

The addition of PEA yields a significant enhancement in the overall device performance.
PEA/FA/MA(SnPb)I/Br devices exhibited an average PCE of 12.06+0.62% with Vo of 0.76+0.01
V, Jsc of 22.614+1.06 mAcm™? and FF of 69.424+0.78%. Figure 5.4 (d-g) shows a box plot of
summarizing the photovoltaic parameters obtained for FA/MA(SnPb)I/Br and

PEA/FA/MA(SnPb)I/Br devices from 21 devices per perovskite compound.

All the photovoltaic parameters were improved in PEA/FA/MA(SnPb)I/Br devices compared to
FA/MA(SnPDb)I/Br devices, with the Jsc showing the most substantial enhancement. The
enhancement in Jsc was also reflected in the EQE, which is the ratio of the number of photons to
the number of generated charge carriers in a solar cell. The increase in Vo in
PEA/FA/MA(SnPb)I/Br devices correlates to the less halide segregation in perovskite films, as
seen by TAS. Halide segregation under illumination causes the formation of Br-rich (I-poor) or I-
rich (Br-poor) domains in mixed halide perovskites which facilitates recombination and limits the
V. of the solar cells.®”® The FF depends in part on the band alignment at perovskite/PEDOT:PSS
and perovskite/PCBM interfaces. An increased conductivity in PEA/FA/MA(SnPb)I/Br film as a
result of reduced recombination might be partly responsible for increased FF in the PEA-
containing devices. The devices exhibited improved J-V hysteresis for the PEA/FA/MA(SnPb)I/Br
materials. The Hysteresis-Index (H-index) = (PCEfowarda = PCEreverse/PCEreverse)x 100, @ metric to
measure the severity of J-V hysteresis is used to compare both systems. The FA/MA(SnPb)I/Br
device shows a high H-index of 21% while PEA/FA/MA(SnPb)I/Br device shows an H-index of
8%. The substantial increase in Jsc in PEA/FA/MA(SnPb)I/Br devices motivated to investigate
band alignment of perovskites with charge selective layers, as this has been observed to influence

the photocurrent of devices heavily.3®
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Figure 5.4 Solar cell configuration and characterization a) Schematic of the perovskite solar cells b) J-V curves
of solar cells employing FA/MA(SnPb)l/IBr and c¢) PEA/FA/MA(SnPb)l/Br in PEDOT:
PSS/Perovskite/PCBM/BCP/Ag device configuration, d) comparison of EQE spectra of FAIMA(SnPb)I/Br and
PEA/FA/MA(SnPb)I/Br devices (calculated Jsc from EQE presented in the graph), statistical values for e) Vo, f)
Jsc, g) FF, and h) efficiency from 21 devices per perovskite composition. (In box plot, median is the line drawn
in the box, small square dot in the box is the average value and maximum and minimum values are represented
by top and bottom horizontal lines)

Ultraviolet photoemission spectroscopy (UPS) was performed on FA/MA(SnPb)l/Br and
PEA/FA/MA(SnPb)I/Br perovskites to understand the ionization energy (with respect to vacuum),
and therefore the valence band maximum (VBM) of these compounds (Figure 5.5(a-d)). The
PEA/FA/MA(SnPb)I/Br showed lower ionization energy compared to that of FA/MA(SnPb)I/Br (-
5.66 eV vs. -6.04 eV, respectively). As we have noted in the XPS discussion, the precise chemical
composition may be different in PEA/FA/MA(SnPb)I/Br compared to FA/MA(SnPb)I/Br which may
result in changes in VBM position of the material. We reason that I-poor (and potentially Br-rich)
perovskite surfaces of FA/MA(SnPb)I/Br influence the energetic position of the VBM as Br-
perovskites exhibit a significantly higher ionization energy (and therefore deeper VBMs).3"” Our
observation is in line with DFT calculations done by Beljonne et al., where authors have shown
that perovskite film surface termination plays critical role in determining VBM and conduction band
minima (CBM) energy levels.*”® Besides, Wang et al. recently reported a similar effect on mixed
halide Pb perovskites upon addition of n-propylammonium (PA) spacer cations, showing a CBM
upshift of 0.16 eV.3"® To construct a conduction band alignment with the electron selective contact
we added the optical bandgap to the ionization energy of the compounds and the known energy
levels of PCBM 3%° and PEDOT:PSS %' and sketched it in Figure 5.5e and 5.5f. Due to a deeper
VBM, the CBM of FA/MA(SnPb)I/Br has an unfavorable band alignment with PCBM creating an
energy barrier of approximately 0.3 eV for the electron transport across perovskite/PCBM
interface. In contrast, the CBM of PEA/FA/MA(SnPb)I/Br aligns well with that of PCBM with no
apparent barrier across the perovskite/PCBM interface. Energetic barriers at the electron
selective contact/perovskite interface have been shown to cause low Jsc and increased hysteresis
index in perovskite solar cells.3”® While the favorable band alignment across perovskite/PCBM
boosts the Jsc in PEA/FA/MA(SnPDb)I/Br solar cells, the CBM misalignment with PCBM inhibits
interfacial charge transfer in FA/MA(SnPb)I/Br solar cells which in turn reduces the Jsc in the

devices.
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The efficiency of interfacial charge transfer also affects the J-V hysteretic behavior in the device.
The energy barrier at perovskite/PCBM interface leads to the accumulation of charges at the
interface inducing a high electric field and/or dipole formation causing a large J-V hysteresis in
the device.*”® Improved J-V hysteretic behavior in PEA/FA/MA(SnPb)I/Br solar cells can be linked

to efficient charge collection at the perovskite/PCBM interface.
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Figure 5.5 lonization energies and band alignment of perovskites. a) High energy cut-off and b) low energy
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UPS spectra for the PEA/FA/MA(SnPb)I/Br perovskite, and band alignment diagrams of e) FA/IMA(SnPb)l/Br
device and f) PEA/FA/IMA(SnPb)l/Br device.
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In this work, we found that compositional inhomogeneities and light-induced halide segregation
in mixed halide Sn-Pb perovskite films are mainly responsible for their lower solar cell
performance and stability. Photoelectron spectroscopy and TA results reveal that the addition of
bulky PEA cations in mixed halide Sn-Pb perovskites homogenizes the metals and halides and
reduces the light-induced halide segregation in the material. Compositional homogenization in
PEA-containing mixed halide Sn-Pb perovskites presents a favorable band alignment across
perovskite/PCBM improving the photocurrent, FF, and J-V hysteretic behavior in the solar cells.
While the suppression of light-induced halide segregation lowers the recombination, which results
in improved Vo in the PEA/FA/MA(SnPb)I/Br devices. In summary, we investigated the beneficial
effects of incorporating bulky organic cations in mixed halide Sn-Pb perovskites and their impact

on the performance of Sn-based mixed halide perovskite solar cells.
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Supplementary Information

Materials and Methods

Materials: All chemicals were used as received. Methylammonium iodide (CH3zNHal),
Formamidinium iodide (CH(NH2)2l) and phenylethylammonium iodide (CeHs (CH2)2NHsl) were
purchased from Dyesol. Tin iodide (Snly), tin fluoride (SnF>), dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO), Bathocuproine (BCP) were purchased from Sigma Aldrich. Lead
iodide (Pblz) was bought from Acros Organics. Phenyl-C61-butyric acid methyl ester (PCs1BM)
and poly (3, 4-ethylene dioxythiophene)-poly (styrene sulfonate) (PEDOT: PSS; Clevios™ P VP
Al 4083) were obtained from 1-Materials and Heraeus, respectively.

Alloyed perovskite precursor solution: FASnl; precursor solution (1.45 M) was prepared by
adding equimolar FAI and Snl, powders and 20 mol% of SnF; into a mixture of DMF: DMSO (4:1
v/v). MAPbBTrs3 precursor solution (1.45 M) was prepared by adding MAI and PbBr; in a mixture of
DMF: DMSO (4:1 v/v). (FASNI3)o.7 (MAPDbBTr3)o.3 solution was prepared by stoichiometrically mixing
FASnlz and MAPDI3; solutions. The PEA-FA/MA alloyed perovskite precursor solutions were
prepared by stoichiometrically substituting FAI/MAI with 5% PEAI in (FASnl3)o7 (MAPDbBr3)o3
precursor solution.

Solar cell fabrication: Patterned ITO-coated glasses were cleaned by sonication in detergent
followed by sequential washing with deionized water, acetone, and isopropanol. After drying
under air flow, the substrate surface was cleaned by oxygen plasma for 10 min under rough
vacuum. PEDOT: PSS solution was spin-coated on top of the ITO-coated glass substrate at 4500
rom for 45 s; PEDOT: PSS performs as the hole transporting layer. The PEDOT: PSS film was
then dried in air on a hot plate (setat 170 °C) for 10 min. After drying, the substrate was transferred
to a nitrogen-filled glovebox for further use. The FA/MA(SnPb)I/Br and PEA/FA/MA(SnPb)I/Br
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alloyed perovskite absorber layers were spin-coated on the PEDOT: PSS film at 5000 rpm for 60
s. Diethyl ether was dropped onto the spinning substrate. The spin coated films were annealed at
100°C for 10 minutes. Then the PCgBM solution (20 mg/mL in chlorobenzene) was spin-coated
on top of the perovskite film at 2000 rpm for 60 s to form a 20 nm thick electron transporting layer.
Subsequently, a thin film of BCP solution in 2-propanol was spin coated onto PCBM film at 2000
rom. Finally, the film was transferred to a thermal evaporation chamber inside the nitrogen filled
glove box. The chamber was pumped down to 1 x 1076 Torr for silver deposition. The 100 nm
thick silver top electrode was deposited through a shadow mask that defines the active device

area as 0.06 cm? for the solar cells.

Perovskite Film Characterization: Topography of perovskite film surface was obtained by
using LYRA3 TESCAN SEM instrument. Absorption spectra were collected by using a UV-Visible-
NIR spectrometer Lambda 750 (Perkin Elmer). XRD measurements were carried out using a
Panalytical X-Pert PRO MRD X-Ray diffractometer. The chemical states of elements were probed
by an XPS spectrometer (ESCALAB 220I-XL) equipped with an Al Ka (1486.6 eV) monochromatic
source.

Solar cell characterization: Solar cell performance was measured using a class ABA LED
solar simulator, which was calibrated to deliver simulated AM 1.5 sunlight at an irradiance of 100
mW/cm?. The irradiance was calibrated using an NREL-calibrated KG5 filtered silicon reference
cell. Current density-voltage (J-V) curves were recorded using a source meter (Keithley 2400,
USA). External quantum efficiency (EQE) measurements were conducted by using an IQE200B
system (Newport Corporation).

Transient absorption spectroscopy (TAS): TAS measurements were performed by a
commercial system from Light Conversion similar to HARPIA transient absorption spectrometer.
Laser pulses of 1030 nm, ~220 fs are generated in an ultrafast laser system at 100 kHz repetition
rate (PHAROS Model PH1-20-0200-02-10, Light Conversion). The output laser beam is split,
where one portion is sent into a commercial optical parametric amplifier (ORPHEUS, Light
Conversion) to obtain the 2.7 eV pump excitation pulse, typical fluences used in the experiment
were around 500 nJ/cm?. The remaining of the laser beam is used to generate a probe beam by
focusing the laser pulses into a sapphire crystal to obtain a white light continuum spanning 480 -
1100 nm. The probe beam is transmitted through the sample and is modulated by the pump beam.
The probe beam is finally sent to an imaging spectrograph (Shamrock 193i, Andor Technology)
and then detected with a multichannel detector (256 pixels, 200—1100 nm wavelength sensitivity

range). The transient absorption data was taken at two different central wavelengths and were
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later merged and corrected for the chirp with the CarpetView software provided by Light
Conversion.

We noticed a significant degradation of FA/MA(SnPb)I/Br perovskite upon transient absorption
measurement. These perovskites are prone to photoinduced degradation; exposure to the
powerful laser or white light continuum during the transient absorption measurement damage the
perovskite film. As show in the main text, PEA/FA/MA(SnPb)I/Br samples only show slight
degradation indicating better photostability of the material. The perovskites are also sensitive to
the ambient air humidity, to avoid degradation both samples were loaded into an argon filled

optical chamber, all TAS measurements were carried out in this chamber.

Analysis of XRD peak profile:

The lattice constant was calculated from major (110) peak in XRD measurements. The addition
of PEA increases the lattice from 6.16 A to 6.19 A. Peak profile analysis of shows a slight reduction
full width at half maximum (FWHM) of peaks corresponding to (110) and (200) crystal planes upon
the incorporation of PEA (Figure 5.51). The addition of PEA in mixed halide alloyed perovskites
led to reduction of FWHM from 0.09865+0.00124 to 0.0920+0.000419 and 0.20442+0.01541 to
0.187310.0424 for (110) and (200) peaks respectively.
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Figure 5.81 Variation in FWHM of peaks corresponding to (110) and (200) crystal planes of

FA/MA(SnPb)I/Br and PEA/FA/MA(SnPb)I/Br perovskites.

Quantification of elements using XPS spectra:

The high-resolution spectra of elements in FA/MA(SnPb)I/Br and PEA/FA/MA(SnPb)I/Br

perovskites shown in Figure 5.S2 and Figure 5.S3 respectively.
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6 GENERAL DISCUSSION AND CONCLUSION

This Ph.D. thesis addresses two greatest concerns in the state-of-the-art 3D halide perovskites,

namely, improving chemical stability and realizing efficient Pb-less perovskites.

6.1 Conclusions

Even though halide perovskites are promising photovoltaic materials, the presence of toxic lead
(Pb) (B-site cations) in the state-of-the-art halide PSCs hampers the marketability of this
technology. Pb-based halide perovskites in contact with water or humid air form water-soluble by-
products of Pb, which can accumulate within the food chain and reach the human body. Therefore,
countries around the world adhere to lead-free directives which set a maximum amount of lead in
electronic devices. These directives generally restricted to 0.1% in weight the maximum
concentration of lead in each homogeneous material contained in any electronic devices, i.e., the
perovskite material within a perovskite solar cell. Meanwhile, it should be noted that highly efficient
PSCs contain more than 10% lead in weight. And so, the real-world applications using state-of-

the-art Pb perovskites are unfeasible.

However, the electronic configuration of divalent Pb?* in the ABX; perovskite structure is crucial
for the photovoltaic behavior of the solar cell. Alternatively, alloying or partially replacing Pb with
other divalent metals is a promising strategy to adhere to the Pb-free directives for restricting Pb
in electronic devices to 0.1% in weight without much compromising the photovoltaic performance.
In my Ph.D., it has been shown that alloying Pb with Sn perovskites is a promising strategy for
achieving less toxic solar cells with respectable photovoltaic performance, alloying metals also
provide compositional space for additional bandgap tuning of perovskites; the bandgap in alloyed
perovskites demonstrates bowing behavior, where alloys display lower bandgaps than either of
the “parent” compositions. But they are highly unstable under ambient conditions mainly due to
oxidation of Sn?* to Sn*". This work explores use of bulky organic cations to modify defect
chemistry and compositional homogeneity in alloyed perovskites. PEA can have different effects
on halide perovskites depending on quantity of PEA and composition of the perovskite. The
addition of PEA in iodide-based alloyed perovskites mainly alter defect chemistry of the material
resulting in inhibiting Sn vacancy formation. It is well known that mixed halide perovskites (for
example partially substituting iodide with bromide) have greater structural stability than halide
perovskites. Additionally, Br substitution allows to tune the band gap of perovskites. The

maximum efficiency of a single-junction solar cell calculated by the Shockley-Queisser model as
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a function of bandgap predicts ~1.4 eV as an ideal bandgap. Here, an ideal bandgap of Pb-less
perovskites was obtained by partial substitution of X-site anion, | with Br. Even though they
showed an impressive V. of 0.724+0.03 V for a Sn-rich alloyed perovskite, it did not translate into
good solar cell performance mainly due to inferior photocurrent. The UPS studies revealed an
unfavorable band alignment at perovskite/PCBM interface is mainly responsible for lower
photocurrent in mixed halide Sn-Pb alloyed perovskite devices, and therefore the efficiency.
Further, the effects of PEA incorporation in homogenizing halides and metals in mixed halide
alloyed perovskites were explored. The XPS results revealed homogenization of Br and Sn upon
addition of PEA in the perovskites. Importantly, the homogenization of Br and Sn led to favorable
band alignment at perovskite/PCBM interface which resulted in significant improvement in Jsc and

efficiency.

6.2 Perspectives

So far, Sn and Ge-based perovskites are the highest-performing Pb-free solar cells, but the fact
that Sn and Ge are more stable in the 4+ oxidation state causes critical stability issues. This Ph.D.
work would be an excellent guideline to develop other Pb-free/ alloyed perovskites. Theoretical
studies have shown that divalent alkaline-earth metals such as Ba?* and Ca?" can also form the
ABXj; perovskite structure. Ba and Ca metals have an exclusive oxidation state of +2, as the Ba?*
and Ca?" ions respectively make them promising Pb alternatives. Thus, the use of divalent
alkaline-earth metals like Ba or Ca as B-site cations solve the critical issue of stability related to
oxidation of mostly used Pb-free, B-site cations such as Sn and Ge. Unfortunately, Ba and Ca-
based perovskites exhibit relatively larger bandgaps (2.95-3.3 eV), which are unsuitable for
single-junction solar cell applications. Following the protocols established in Pb-Sn alloy project,
design of Pb-free perovskite materials with the bandgap of 1.4 eV by alloying Ba or Ca with Sn is
proposed. Further, defect chemistry and compositional homogeneity can be fine-tuned by partial
substation of A-site cations with bulky organic cations like PEA, BA or other bifunctional organic

molecules to improve photovoltaic performance and stability.

The experimental viewpoints discussed above highlights the prominent role played by nature of
divalent metals, and defects in the optoelectronic properties of perovskites. For a vivid grasp of
observed phenomena, a computational modelling of the material is necessary. Density functional
theory (DFT) calculations are very useful in predicting cation and anion vacancies, and band gap
of halide perovskites. In this regard, experimental observations together with DFT predictions is

essential to design and understand the Pb-free/Pb-less perovskites.
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In summary, developing Pb-free/Pb-less perovskites by alloying metals and study of their
optoelectronic properties are technologically relevant topic and relatively new in the perovskite
field.
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