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ABSTRACT 

 

Energy plays a major role in the modern world and contributes significantly in humanity 

development. To fulfill the energy demand and also overcome the problem of global warming, 

many researchers have been interested in the development of renewable energy such as the solar 

energy. In the present time hybrid lead halide perovskites used as light absorbers in photovoltaic 

cells have demonstrated an excellent interest due to their optoelectronic properties and their high 

efficiency. Yet, they have also shown some drawbacks, such as their high degradation which 

influences their performances. Furthermore, most of this hybrid perovskites contain toxic lead 

which has a negative impact on the environment. In this context, this thesis presents an in-depth 

access and understanding of the hybrid perovskite fundamental atomic-scale properties as well as 

suggest some approaches to mitigate the hybrid perovskite degradation processes and also to reduce 

their toxicity.  Results obtained in this thesis provide an examination of the hybrid perovskite 

degradation mechanism in the presence of moister and oxygen. Limitation of degradation against 

oxygen as well as an approach for mitigating the water-hybrid perovskite interaction are discussed 

also. Furthermore, new efficient less lead halide perovskites are suggested and carried out in this 

thesis. 

 

 

Keywords : Hybrid  perovskite, Photovoltaic, Organic, Inorganic, CH3NH3PbI3, DFT, Solar cell.
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RESUME 

 

L'énergie a un rôle majeur dans le monde moderne et contribue de manière significative au 

développement de l'humanité. Pour répondre à la demande en énergie et surmonter le problème du 

réchauffement climatique, de nombreux chercheurs se sont intéressés au développement d'énergies 

renouvelables telle que l'énergie solaire. À l'heure actuelle, les pérovskites hybrides d'halogénure 

de plomb utilisées comme absorbeurs de lumière dans les cellules photovoltaïques, ont suscité un 

grand intérêt en raison de leurs propriétés optoélectroniques impressionnantes ainsi que leur 

rendement élevé. Cependant, elles ont également montré quelques inconvénients, tel que leur forte 

dégradation qui influence leurs performances. De plus, ces pérovskites hybrides contiennent le 

plomb qui est toxique ce qui impacte négativement l'environnement. Dans ce contexte, cette thèse 

présente une étude approfondie pour une compréhension des propriétés fondamentales des 

pérovskites hybrides à l'échelle atomique et propose ainsi certaines approches pour atténuer les 

processus de dégradation des pérovskites hybrides et réduire leur toxicité.  Les résultats obtenus 

dans cette thèse fournissent un examen du mécanisme de dégradation de la pérovskite hybride en 

présence d'humidité et d'oxygène. La limitation de la dégradation contre l'oxygène ainsi qu'une 

approche pour atténuer l'interaction eau-pérovskite hybride sont également discutées. De plus, de 

nouvelles pérovskites moins toxiques et qui présentent une efficacité élevée sont suggérées et 

étudiées dans cette thèse.  

 

 

Mot clé : Perovskite hybride, Photovoltaique, Organique, Inorganique,  CH3NH3PbI3, DFT, 

Cellule solaire
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PV               Photovoltaic  

ETL             Electron Transport Layer  
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SRH                 Shockley-Read-Hall  

PCE             Power Conversion Efficiency  
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Rsh                shunt resistance 

Rs                 Series resistance  
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CTL             Charge Transporting Layer  
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General introduction 

Energy plays a major role in the modern world and contributes significantly in humanity’s 

development. The world's energy demand increased during the recent years due to the increase of 

both the population and the living standard which are estimated to grow up by 50% in 20371 leading 

to a rise of the energy cost2. Over the centuries, fossil fuel has been considered as the main source 

of energy. With the growing of population, these fossil fuels run out faster than they are generated. 

Although, the fossil fuels represent a billion-dollar market for the industry it has downsides as the 

impact that it has on the environment, moreover, being one of the major elements contributing to 

the global warming. The use of oil, gas and coal causes an ecological and environmental problem 

especially coal that produces more CO2 than the other fossil fuels, in addition, more than 60% of 

fossil fuels energy used for electricity generation is lost in conversion3. Thus, fossil fuels are not a 

sustainable energy source. To solve these problems, the researchers turn out to the renewable 

energy such as biomass energy, wind energy, and solar energy. The main source of the available 

energy in the planet is the sun4. Solar energy is everywhere and available in great abundance, it’s 

the fastest growing energy technology. The Sun produces a massive 3.828 x 1026 watts of 

electromagnetic radiation5. The radiation that reaches the earth becomes less due to the reflection 

by the clouds, atmosphere and Earth's surface. However, the total energy hitting the Earth 

represents more than 10,000 times the world's total energy use6. Thus, solar energy represents a 

high heat source which lasts throughout the years and also can meet all technological, industrial, 

and residential sector demands of humanity. The photosynthesis procedure converts energy of light 

into energy of chemical compounds resulting in chemical fuel from sunlight, the latter can also 

produce heat and electricity7. The conversion of sunlight into electrical energy goes through 

photovoltaic panels, solar thermal power plants and also trough mirrors that concentrate solar 

radiation. This solar energy can be conserving and stored by thermal storage, battery storage and 

mechanical storage. Therefore, the energy storage can be used to fulfil the mismatch between 

energy supply and consumption8. In 2019, the renewable technologies were assigned to satisfy 11% 

of global primary energy. Morocco is the largest energy importer in North Africa, generating a 

total of 4.7 TWh, 1.64 TWh, and 1.85 TWh by the year 2019 by wind, hydropower and solar 

respectively9. Furthermore, Morocco has also launched one of the world’s largest and most 

ambitious solar energy plans with an investment of 9billion USD to reduce its reliance on imported  

https://energyeducation.ca/encyclopedia/Solar_thermal_power_plant
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fossil fuels and to expand wind, hydroelectric and solar photovoltaics (PV) development10. The 

first generation of solar cells has been developed in 1958 and was mainly based on crystalline 

Silicon that has dominated the largest commercial PV installations. Solar cell-based crystalline 

Silicon has shown success in photovoltaics reaching today an efficiency of 25.25%.  However, this 

efficiency has become stagnated because of the expense of the material and its elaboration. In this 

context, recently hybrid perovskite materials have been put in the spotlight due to their high power 

conversion efficiency that has achieved a value of 25.8% in a few years11. Hybrid perovskite 

materials have become a center of interest and competitive materials for photovoltaic applications. 

These materials showed impressive properties and are so far more complicated than the CiGs, Si, 

and the other materials used in solar cell12. MAPbI3 has been the most efficient hybrid perovskite 

to undergo investigation during the few last years, however, it presents an imperative challenge 

that includes the enhancement of its stability and the elimination of toxicity. Hybrid perovskite 

suffers from an instability against moisture, oxygen, ultra violet (UV), and light. Different 

strategies have been studied to improve the hybrid perovskite stability such as their encapsulation13, 

composition engineering14, or enhancing their films crystallinity by varying or mixing different 

elements (cation organic or/and halogen) constituting the hybrid perovskite material15. In the other 

hand, these compounds contain toxic lead that blocks the commercialization of these materials, so 

far, no substitution of lead has demonstrated a better performance than the MAPbI3. In this regard, 

this thesis provides a detailed study and in-depth access to the MAPbI3 hybrid perovskite properties 

as well as presents multiple approaches that serve to diminish toxicity of hybrid perovskite and to 

mitigate the perovskite weaknesses that are still under intense debate.  

This thesis will be organized as follows:   

In Section 1 an introduction to the photovoltaic effect as well as the important parameters provided 

for the power conversion efficiency calculation and the different photovoltaic technology, 

generation will be introduced firstly.  After, we will give a description of solar cells-based hybrid 

perovskite, their synthesis, and deposition method used for their fabrication. Furthermore, the 

hybrid perovskite material properties, deep understanding of their mechanism degradation, 

technology used to improve their stability, and research progress summary on the performance of 

lead-free PSCs will be discussed in this section.   
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In Section 2 we give a compressive survey on density functional theory and its implementation. 

For this purpose, we present the Schrodinger equation that is the basis equation for all theoretical 

studies of material physical properties as well as the approximation used for simplifying this 

equation. In this section we describe also how Bloch’s theorem in combination with 

pseudopotential can be used for describing the system's properties as well as we introduce the 

description of the Quantum espresso code that has been used in the research outcomes investigation 

of this thesis.  

Section 3 represents results of the research evaluated during this thesis. The main focus of this 

section is understanding the degradation mechanism of hybrid perovskite, enhancing and reducing 

their degradation processes, and suggesting potential new less toxic materials candidates for 

photovoltaic application. In this section the investigation of the bromine doping effect on MAPbI3 

as well as a detailed study of the influence of vacancy and humidity on the degradation of hybrid 

perovskite were established. A rational approach to diminish the toxicity and increase the stability 

of these compounds was investigated also. Finally, power conversion of new promising less lead 

halide perovskite was provided. 

General Conclusion summarizes the main contributions that were made throughout this research 

regarding the development of new strategies to overcome the defects that the hybrid perovskite 

MAPbI3 suffers from such as instability and toxicity and to furthermore improve its physical 

properties to better suit the photovoltaic application. As perspective, we pointed out in this 

conclusion that we plan to work on the experimental aspect of this material as well as we are 

working on the realization of a prototype of a photovoltaic cell in the future. 
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Introduction générale 

 

L'énergie joue un rôle majeur dans le monde moderne et est un moteur essentiel pour le 

développement de l'humanité. Cependant, la demande croissante en énergie a entraîné une 

augmentation des émissions de gaz à effet de serre et a exacerbé le problème du réchauffement 

climatique. Afin de relever ce défi, de nombreux chercheurs se sont tournés vers les énergies 

renouvelables telles que l'énergie solaire. 

Actuellement, les pérovskites hybrides d'halogénure de plomb sont utilisées comme absorbeurs de 

lumière dans les cellules photovoltaïques en raison de leur rendement élevé et de leurs propriétés 

optoélectroniques impressionnantes. Cependant, ces pérovskites hybrides présentent des 

inconvénients, tels que leur forte dégradation qui affecte leurs performances, ainsi que leur contenu 

en plomb toxique qui a un impact négatif sur l'environnement. 

Dans ce contexte, cette thèse propose une étude approfondie des pérovskites hybrides à l'échelle 

atomique pour mieux comprendre leurs propriétés fondamentales. Elle explore également 

différentes approches pour atténuer les processus de dégradation des pérovskites hybrides et réduire 

leur toxicité. 

Les résultats de cette thèse fournissent un examen détaillé du mécanisme de dégradation des 

pérovskites hybrides en présence d'humidité et d'oxygène, ainsi que des approches pour limiter 

cette dégradation. Elle propose également de nouvelles pérovskites moins toxiques et plus 

efficaces. 

Ainsi, cette thèse est organisée en trois sections. La première section décrit les propriétés 

fondamentales des pérovskites hybrides et présente les défis associés à leur utilisation en tant que 

matériaux pour les cellules photovoltaïques. La deuxième section explore les mécanismes de 

dégradation des pérovskites hybrides et propose des approches pour atténuer leur dégradation en 

présence d'oxygène et d'humidité. Enfin, la troisième section présente de nouvelles pérovskites 

moins toxiques et plus efficaces pour les cellules photovoltaïques. 
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En somme, cette thèse représente une contribution significative à la recherche sur les pérovskites 

hybrides et leur utilisation pour la production d'énergie renouvelable. Elle propose des solutions 

pour améliorer leur performance et leur durabilité, tout en réduisant leur impact environnemental. 

Cette thèse sera organisée comme suit : 

La section 1 introduit l'effet photovoltaïque et les paramètres importants nécessaires pour calculer 

le rendement de conversion de puissance, ainsi que les différentes technologies photovoltaïques 

disponibles. Nous présentons également dans cette section les cellules solaires à base de 

pérovskites hybrides, leur synthèse et les méthodes de dépôt utilisées pour leur fabrication. En 

outre, nous abordons les propriétés des matériaux pérovskites hybrides, en mettant l'accent sur la 

compréhension approfondie de leur mécanisme de dégradation, les technologies utilisées pour 

améliorer leur stabilité, ainsi que les progrès de la recherche sur les performances des PSC sans 

plomb. 

Dans la section 2, nous donnons un aperçu de la théorie de la fonctionnelle de la densité et de sa 

mise en œuvre. Nous présentons l'équation de Schrödinger, qui est la base de toutes les études 

théoriques des propriétés physiques des matériaux, ainsi que les approximations utilisées pour 

simplifier cette équation. Nous décrivons également comment le théorème de Bloch en 

combinaison avec le pseudopotentiel peut être utilisé pour décrire les propriétés du système. Nous 

introduisons également le code Quantum espresso, qui a été utilisé pour étudier les résultats de 

recherche de cette thèse. 

La section 3 présente les résultats de recherche évalués au cours de cette thèse. L'objectif principal 

de cette section est de comprendre le mécanisme de dégradation de la pérovskite hybride, 

d'améliorer et de réduire ses processus de dégradation, et de suggérer de nouveaux matériaux 

candidats potentiels moins toxiques pour l'application photovoltaïque. Nous présentons dans cette 

section l'effet du dopage du MAPbI3, ainsi nous montrons une étude détaillée de l'influence des 

sites vacants et de l'humidité sur la dégradation de la pérovskite hybride. Nous avons également 

étudié une approche rationnelle pour diminuer la toxicité et augmenter la stabilité de ces composés. 

Enfin, nous avons fourni la conversion de puissance d'une nouvelle pérovskite prometteuse 

halogénure de plomb. 
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La conclusion générale résume les principales contributions de cette thèse en ce qui concerne le 

développement de nouvelles stratégies pour surmonter les faiblesses de la pérovskite hybride 

MAPbI3, tels que l'instabilité et la toxicité afin d’améliorer ses propriétés physiques pour mieux 

s'adapter à l'application photovoltaïque. En perspective, nous prévoyons de travailler sur l'aspect 

expérimental de ce matériau, ainsi nous prévoyons réaliser un prototype de cellule photovoltaïque 

dans le future.
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First Section-Introduction 

Throughout the 19th century, light was considered as a wave, until Einstein came up with his 

revolutionary theory, which stated that light behaves as a set of  particles16. This approach given 

by Einstein has been proven right yet again after the discovery of the photoelectric effect. The 

photoelectric effect has opened another world to the next set out of the light theory. This effect has 

been noticed when an electron was emitted from a metal exposed to electromagnetic radiation. The 

electron emitted is called a photoelectron. Surprisingly, the photoelectron energy showed 

absolutely no dependence on the radiation’s intensity. This phenomenon was explained by Einstein 

when he defined an equation that relates the quantum of light energy or also the so-called photon 

energy to the light frequency 𝜈 and Planck’s constant ℏ. The above proved that photoelectron 

energy depends only on the frequency of light and not on its intensity. The photoelectric effect 

equation expresses the kinetic energy Ek of a photoelectron emitted from a metal as 𝐸𝑘 = ℏν − w; 

where w represents the work function ( The energy needed to break through the surface). Thus, the 

absorbed photon energy above a certain frequency was ascribed as responsible for the emitted 

electron in the photoelectric effect. Thanks to the photoelectric effect that made the photovoltaic 

revolution possible. The photovoltaic consists of the direct conversion of light into electricity based 

on the photoelectric effect. The first photovoltaic cell was introduced by bell laboratories and was 

patented in 194117, since the photovoltaic became the new alternative for fossil fuels. At the 

beginning solar cells were made out of silicon, this silicon based cells have proven to be a great 

success in photovoltaics and was able to reach a high efficiency of 25.25%18. Silicon-based cells 

are the most used cells today; they dominate the largest commercial photovoltaic installations. 

Different parameters impact industrial solar energy projects such as durability, efficiency, and the 

cost of solar cells. To meet the efficiency cost ratio various architectures and solar cell generations 

were investigated. To date, four essential generations have been proposed, they consist of 

crystalline Silicon, thin film, emerged technology, and perovskite based cells. Si, CdTe, CiGs, 

GaAs, and hybrid perovskite were the main semiconductors used as absorbing materials in these 

solar cells. Recently, the fourth hybrid perovskite generation has appeared as a new promising 

material in photovoltaic. Hybrid organic inorganic perovskites materials set a record in the power 

conversion efficiency of solar cells. Their efficiency has greatly increased in just a few years, 

making these materials very competitive contenders to silicon. Hybrid perovskite based solar cells  
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are characterized by their flexibility, their ultra-thin and low-cost photovoltaic cells that show a 

very promising future for the solar cells industry. Fig.1 depicts the energy conversion efficiencies 

according to the timeline of solar cell researches since 1976. 

 

 

Fig. 1. Reported timeline of research solar cell energy conversion efficiencies since 197619 
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Chapter I 

Photovoltaic from principle to application 

 

I. Introduction  

In this chapter photovoltaic effect description as well as underlying working principle of a solar cell 

are introduced. Definition of the important parameters provided for the power conversion 

efficiency calculation (Short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF) 

and the incident power from the solar irradiation (Psun)) will be given. Furthermore, the different 

photovoltaic technology and generation are discussed in this chapter.   

II. The Working Principle of a Solar Cell  

The conversion of the solar radiation into electricity by photovoltaic (PV) devices is a reliable 

choice to meet the global energy demand. Solar cells or Photovoltaic cells use the photoelectric 

effect to produce direct current by absorbing solar radiation. The photovoltaic effect allows cells 

to directly convert light energy from photons into electricity through a semiconductor material that 

carries electric charges (electrons and holes). The creation of charges will cause the creation of a 

potential difference at the terminals of the electrodes and of an electric current in a circuit connected 

to the electrodes. Fig.I.1 shows the operating principle of a photovoltaic electricity generator. The 

Photovoltaic effect is based on three principal processes: 

 

Fig.I. 1. Schematic representation of a simple photovoltaic cell20. 
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6. The generation of electron-hole carries due to the absorption of the radiant light 

coming from sun 

The absorption of a photon excites the electron, going from a low energy level Ei to a high energy 

level Ef where the difference between these two levels represents the energy of the absorbed photon; 

EPh= hν= Ef -Ei. The semiconductor has an almost filled energy bands called the valence band Ev 

and an almost empty band called the conduction band Ec; the energy difference between this two 

bands is called energy gap or band gap EG= Ec-Ev, that cannot be occupied by electrons based on 

quantum theory. If the maximum of the conduction band and the minimum of the valence band 

occur at the same k-vector, the gap energy is called direct. In the opposite case the gap energy is 

called indirect. The energy gap is the amount of energy that the electron needs to jump from the 

valence band to the conduction band. Absorbed photon with a higher energy than the band gap 

allows the electron to jump across this band to reach the conduction band. When the electron moves 

to the conduction band, it leaves a vacancy in the valence band. This vacancy behaves like a particle 

with a positive elementary charge and it is called a hole. Thus, the creation of an electron-hole pair.  

7. Charge carrier’s separation in the junction 

The electron-holes pairs have to be collected before their recombination in the solar cell. The 

recombination can occur when an electron in the conduction band loses energy and falls back into 

a hole in the valence band, resulting in the emission of a photon in a radiative recombination, or 

transferred to other carries inducing the elevation of their kinetic energy in the case of Auger 

recombination21. Recombination can also take place through defects, this recombination is known 

as Shockley-Read-Hall (SRH) recombination22-23. The separation of charge carrier in a solar cell 

can be made through two mechanisms: diffusion and drift. The diffusion is controlled by the density 

of the majority carries caused by the density gradient difference, whereas, the drift is driven by an 

electrostatic field established across the device and it is controlled by the minority carries. Once 

the carries are separated they are extracted by the electron transport layer (ETL) and the hole 

transport layer (HTL), and by the end collected by the electrodes24. 
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Fig.I. 2. Schematic illustration of different recombination processes: a) Shockley-Read Hall 

(SRH) recombination, b) Radiative recombination, and c,d) Auger recombination 

including electron-electron-hole (eeh) and hole-hole-electron (hhe) processes. The 

light-blue solid and open spheres denote electrons and holes, respectively. 

 

8. Collection of the photo-generated charge carriers 

The charge carriers collected by the electrodes can perform work in an external circuit. The 

movement of the free electron in conduction band is called electron current. Current can also be 

generated in the valence band by the movement of hole. Electrons in the valence band are not free 

to move as in the conduction band; however, with a little change in its energy level the valence 

electron can recombine with a nearby hole leaving a hole in the energy level where it came from. 

Thereby, a movement of hole from one place to another is established resulting in a hole current in 

the valence band. Thus, the solar energy is finally converted to electric energy via the photovoltaic 

effect. 

III. External solar cell parameters 

The solar cells performances are determined by measuring the power conversion efficiency (PCE). 

The calculation of the PCE is evaluated using the following equation: 

η =
𝑉𝑜𝑐×𝐽𝑠𝑐×𝐹𝐹

𝑃𝑠𝑢𝑛
× 100 (1)      

These important parameters provided for the PCE calculation are the short-circuit current density 

(Jsc), the open-circuit voltage (Voc), fill factor (FF) and the incident power from the solar irradiation 

(Psun). The solar spectrum received over a certain area on earth changes throughout the rotation of  
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the earth, geographical location and the inclination angle of the earth’s axis. The path length of 

light is defined by the optical air mass (AM). Fig.I. 3 shows the power of the sun corresponding to 

the standard spectrum for space applications (AM0), the AM1.5 Global spectrum designed for flat 

plate modules and the AM1.5 Direct spectrum defined for solar concentrator work. Solar cells can 

be described by an equivalent circuit containing one diode as represented in Fig.I. 4a where I is the 

terminal current, IL is the light‐generated current with illumination, I0 is the saturation current and  

V is the terminal voltage25. The equivalent circuit parameters are the shunt resistance (Rsh) and the 

series resistance (Rs). 

 

 

Fig.I. 3. Spectrum of sunlight (sun spectrum) outside the earth’s atmosphere (air mass (AM) 

0, thick solid line), on earth for a zenith angle of 48.2◦ (AM1.5, thin solid line) and of 

a blackbody with a temperature of 5800 K (dashed line)26. 
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Fig.I. 4. a) Equivalent circuit of a front junction n‐type silicon solar cell with parasitic series 

resistance (Rs) and shunt resistance (Rsh)25, b) Idealized J-V curve for 

photovoltaic devices27. 

The sun power is converted into electrical power (P) via the solar cell. Electrical power represents 

the product of electric current (I) and electric potential or voltage (V). 

                                                                  P = I×V                                                                         (2) 

When the terminals of the photovoltaic cell are disconnected, the voltage is called open circuit 

voltage, in this situation the solar cell does not produce any current but solely produce voltage. The 

open circuit voltage depends on many factors: 

➢ The band gap of the absorber material 

➢ The amount of doping of the doped layers 

➢ The material quality 

➢ The light generated current density 

➢ Temperature 

Once the electrodes of the solar cell are short circuited, the illuminated solar cell will produce only 

a current and no voltage will be produced. This current density is called the short-circuit current 

and it depends also on a many factors:  

➢ Incident light intensity 

➢ The spectrum of the incident light 

➢ Optical properties 

                                                                                                                            

 

               

a)                                                                          b) 
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➢ Collection probability  

The diagram represented in Fig.I. 4b demonstrates the relation between voltage and current 

generated by an illumination27. Solar cells achieved the best performances in the maximum power 

point (Pmax). Pmax represents the product of the current density maximum and the maximum voltage. 

The ratio of the maximum power and the product of Voc with Jsc represents the fil factor (FF).  

𝐹𝐹 =
𝑉𝑚𝑎𝑥×𝐽𝑚𝑎𝑥

𝑉𝑜𝑐×𝐽𝑠𝑐
(3)     

Thus, the fill factor is also an important parameter to determine the efficiency of photovoltaic 

module. To ensure the maximum possible efficiency, the FF should be maximum and approaching 

to unity on the I-V curve of the photovoltaic module. Therefore, the FF can be reduced by the 

impact of a parasitic resistance28. The most common parasitic resistances are series resistance and 

shunt resistance represented in the equivalent solar cell circuit by Rs and Rsh (Fig.I. 5a). The shunt 

resistance or also named parallel resistance is caused by macroscopic defect in the solar cell. Shunt 

current can cause the heating of the solar cell leading to the hotpots in the module29. Series 

resistance are mainly the sum of contact resistance on the front and back surfaces and the ohmic 

resistances of the bulk and the diffused layers on the front (and back) sides30. Solar cells can have 

additional recombination losses and optical losses such as light transmission and reflection. These 

losses can be evaluated from the external quantum efficiency (EQE) which represent the ratio of 

the electron number collected as photocurrent to the number of photons incident to the solar cell31. 

The EQE is related to the short circuit current density by the following formula: 

𝐽𝑠𝑐 = ∫ Φ(𝐸)𝐸𝑄𝐸(𝐸)𝑑𝐸 
𝐸2

𝐸1
(4)    

IV. Solar cells evolution 

The major challenges in the photovoltaic technologies have always been converting and storing 

solar energy in an efficient, cost-effective and environmentally friendly manner. Light shining on 

the solar cell produces both a current and a voltage to generate electric power. This process 

requires, an active semiconductor material that plays the role of absorbing layer in the solar cell. 

The first material used as an absorber was crystalline silicon which has dominated the photovoltaic 

(PV) market for the past half century. The high manufacturing cost of crystalline silicon PV has 

negatively impacted the PV industry. A lot of efforts have been established to broaden the absorbed  
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solar spectrum. In this order, different solar cells architectures are proposed. Furthermore, PV 

technologies can be classified by many factors as typically the photovoltaic cell (PVC) efficiency, 

active materials used, and manufacturing complexity and cost. In order to optimize the cost/watt 

of delivered solar electricity and efficiency of solar cells, the above evolved since the discovery of 

the photovoltaic to reach four generations (Fig.I. 5). Comparison between materials complexity 

and efficiencies demonstrated by these different generations are depicted in Fig.I. 6.  

 

Fig.I. 5. Evolution of photovoltaic solar cells32. 

1. First Generation of Solar PVC-Crystalline Silicon  

The first generation of solar cells technology has been developed in 195833. Crystalline Silicon 

constituted this first generation formed by a p-n junction. This p-n junction is formed by 

sandwiching two layers of Si semiconductor material types, namely n-type Si semiconductor layer 

and p-type semiconductor layer. The n-type or p-type silicon are established by doping silicon with 

impurity atoms such as boron or phosphorus, thus changing their electronic properties. The solar 

PVC based on monocrystalline silicon material have widespread the world and dominated the 

largest commercial PV installations, meanwhile their production cost reminds expensive and it 

required a relatively thick absorber layer due to its indirect character of electron transitions. The 

largest high efficiency pronounced by monocrystalline silicon to date has attend 25.25%34 . In order 

to reduce the production costs of solar PV cells, the polycrystalline silicon was developed and 

investigated since the mid-1970s35. The difference between the monocrystalline and polycrystalline 

silicon appears in the production mechanism of the solar cell. Monocrystalline solar cells are cuts 
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from a single pure crystal of silicon, instead of the polycrystalline solar cells that are composed of 

fragments of silicon crystals melted together in a mold before being cut into wafers36. The 

production of polycrystalline cell modules is more economical, however, it presents a low 

efficiency rantings regarding the monocrystalline solar cells. 

2. Second Generation of Solar PVC – Thin films 

Thin films solar cells were proposed for the same reason of reducing the production costs and rising 

the efficiency of cells. This generation used less expensive material with a less thickness of 1–

10 µm37. Copper indium gallium selenide (CIGS), cadmium telluride (CdTe), and amorphous 

silicon (a-Si:H) were used as an active semiconductor material in this second generation. Contrary 

to silicon, these semiconductor materials present a direct band gap that reduce energy losses, rise 

the absorption coefficient thus harvesting more photons from the sun. The record efficiency, to 

date, for a-Si:H, CIGS, and CdTe are 13.4%, 22.5%, and 22.1% respectively38. These materials 

have also prone to produce lower greenhouse gas emissions during production and use than c-Si 

PV39. However, the manufacturing of thin-film solar cells represents more complexity than C-Si 

which makes them more challenging. Improving the efficiency of solar thin films and reducing 

their manufacturing complexity remains a challenge for future thin film-based photovoltaics. 

3. Third Generation of Solar PVC – Emerging technology 

Solar cell technologies based on the third Generation have shown a potential for large scale 

deployment in the future40. The big advantages of these solar cells is that they can be produced 

very cheap, in a variety of colors, they are flexible, and transparent. The shifting to organic solar 

cells in this generation allowed to exceed the maximum light conversion coefficient in 

semiconductor systems termed as Shockley-Queisser limit41 (which is around 32% for an optimal 

bandgap value of 1.2–1.3 eV). These categories of solar cells include multi-junction or tandem 

structures, polymer, and dye-sensitized solar cells (DSSCs). The first heterojunction has been 

reported in 1986 with an efficiency of 1%, consisting of two semiconductors in a bilayer 

architecture solar cell42. Multi-junction (tandem) solar cells comprised multiple light absorbers 

with considerably different band gaps designed to absorb the entire range of the solar light43. A 

high efficiency confirmed for multi-junction structure has so far reached 47%44. In the other hand, 

compared to traditional cells, the producing of dye-sensitized solar cells is considered as a new 

paradigm for the low-cost and high-efficiency solar cells. Dye-sensitized solar cells (DSSCs) 
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convert sunlight into electricity using an electrolyte through electron injection of excited dye 

molecules into a wide band gap of semiconductor45. In 1991, using TiO2 as semiconductor material 

Grätzel invented a DSSCs with an efficiency of 7%. The performances of DSSCs depend on dye 

molecules used as photosensitizers due to dyes photo-excitation.  

4. Fourth Generation of Solar PVC – Perovskite 

In 2009, Kojima et al have introduced the organic-inorganic lead halide perovskite compounds as 

visible-light sensitizers in photoelectrochemical cells46. They achieve an efficiency of 3.8%. 

Changing the Electrolyte Formulation and perovskite deposition method by Hyeok Im et al  was 

able to increase the performance and stability of the perovskite device to a yield of 6.5%47.  

However, hybrid perovskite sensitized solar cell dissolved gradually into the redox electrolyte 

giving a rapid decrease in energy production over time. To relate, they substituted the liquid 

electrolyte with a solid hole conductor (or hole transport material, HTM), yielding a PCE of 9.7%48 

and since, the hybrid perovskite solar cells have become a key challenge toward the evolution of 

solar PVC technologies called “fourth-generation solar cell”. These solar cells demonstrated 

remarkably high efficiencies, and high open-circuit voltages (Voc), also they offer great potential 

for low costs of production. Nevertheless, the fourth-generation solar cell remains a part of research 

in the laboratory that is still not yet commercialized. 
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Fig.I. 6. a) Material complexity of various materials in solar PVC49. b) PV Technology 

Types and Efficiencies50.
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Chapter II 

Solar cell based hybrid perovskite 

 

I. Introduction  

The aim of this chapter is to introduce a detailed description of hybrid perovskite material. For this 

purpose, firstly we give a description of solar cells based hybrid perovskite as well as the synthesis, 

and deposition method used for their fabrication. The hybrid perovskite material properties, their 

different structure, and the important effect of the organic molecule on the structure performance 

will be discussed also in this chapter. 

II. Hybrid Perovskite Solar Cells Structure 

Photovoltaic solar cells based on hybrid perovskite are mainly constituted of five essential layers. 

Firstly, the most important element is the hybrid perovskite absorbing layer, sandwiched in 

between the electron transport layer (ETL) and the hole transport layer (HTL). The sequence of 

HTL and ETL defines the device architecture51. When light penetrates the device through the ETL 

that is deposited above the hybrid perovskite material, the structure is called n-i-p. While in the 

inverse arrangement it is defined as p-i-n structure. Here p, i, and n define the HTL, perovskite 

layer, and the ETL respectively. These transporting layers are localized between two electrodes 

front contact (FC) and back contact (BC) as shown in Fig.II. 1a. Unlike silicon-based solar cells, 

perovskite layers do not need to be doped to allow charge exchange and the production of an 

electric current. The absorption of photons in hybrid perovskite leads to excitons creation (electron-

hole pairs) in the heart of the material. The ones on the surface are transported with the HTL and 

ETL then they join the electrodes, which leads to the production of an electric current. In 2012, and 

for the first time Etgar et al synthetized a mesoporous CH3NH3PbI3/TiO2 heterojunction and they 

demonstrated that CH3NH3PbI3 can play the role of both light harvester and hole transporter in the 

PVCs52. On the other hand, Lee et al  investigated a meso-superstructured CH3NH3PbI3/Al2O3
53

. 

They noticed that its efficiency is comparable to that of TiO2 even though Al2O3 shows a wide band 

gap that will not allow it to extract electrons from the hybrid perovskite. Through these results 

researchers realized that the hybrid perovskite itself carried the electrons to the collector electrode. 

In this context, a paper has been published demonstrating that the charge carrier mobility in hybrid 
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perovskite depends on different parameters such as the organic’s cation orientation and the 

octahedral symmetry of the inorganic part54. Perovskite solar cells can be either mesoporous 

perovskite solar cells or planar perovskite solar cells55. Structures depicting both configurations p-

i-n, and n-i-p mesoscopic/planar PSC of the device are shown in Fig.II. 1b. Mesoporous p-i-n solar 

cell structure based on hybrid perovskite was the first to be produced cell among a variety of 

perovskite cells that were constructed using TiO2 as a hole-conducting material. It has various 

advantages namely, a much lower cost and an easier fabrication method48. The development of this 

photovoltaic device has consequently led to the appearance of new planar architecture. The high 

efficiency of this planar perovskite solar cell can be achieved by controlling the interfaces between 

the different layers making up the PSC and by varying the electron/hole transporting materials56. 

Nevertheless, planar architectures suffer more than mesoporous devices from the hysteresis 

behavior. The diminishment of this anomalous behavior is essential for fabricating long-term stable 

PSCs57. In particular, Heo et al were able to fabricate an inverted planar architecture of 

ITO/PEDOT:PSS/MAPbI3/PCBM/Au offering less hysteresis behavior with a high efficiency58. 

Besides, a key success for the further improvement of the efficiency and long-term stable hybrid 

solar cells is the development of various synthetic and film deposition techniques to control the 

morphology and crystallinity of hybrid perovskites. 
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Fig.II. 1. a) Operation of a hybrid perovskite solar cell consisting of a glass/transparent 

conductive oxide (TCO)/electron transport layer (ETL)/mesoporous TiO2 (mp-

TiO2)/ perovskite layer (CH3NH3PbI3)/hole transport layer (HTL)/metal electrode 

(Ag)structure59, b) Schematic showing the layered structure four typical of 

perovskite solar cells60. 

 

 

a) 

 

 

 

 

 

 

 

 

b) 
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III. Hybrid solar cells Fabrication 

The synthesis, as well as the deposition of hybrid perovskites, are very important elements for the 

device performance and stability-enhancing as well as increasing the efficiency of the solar cell. 

Synthesis of hybrid perovskites is simple and less expensive compared with the synthesis of III-V 

or II-VI inorganic semiconductors. It is done by a soft chemistry at room temperature and is 

relatively unrestrictive61. One-step or two-step deposition process can be performed for the hybrid 

perovskite fabrication as depicted in Fig.II. 2. To obtain 3D perovskites involving the one step 

method, the ammonium salt CH3NH3I and the inorganic salt PbI2 will be dissolved, then the 

solution is followed by spin coating to form the molecular crystal62. For CH3NH3PbI3 perovskite, 

the solvent used is γ-butyrolactone or dimethylacetamide63. However, this approach generally leads 

to uncontrolled morphological variations, which resulted in low reproducibility of photovoltaic 

performance. To achieve better control of crystal formation and growth, a sequential deposition 

method based on the two step coating was developed64. Lead iodide PbI2 was first loaded by spin 

coating dimethylformamide on the mesoporous titanium dioxide film and then exposed to a 

solution of CH3NH3I in isopropanol; after annealing the solution, the formation of the final 

perovskite pigment which penetrated the porous TiO2 film is obtained. Furthermore, hybrid 

perovskite layers can also be created using MA gas as precursor65. In this process CH3NH2 gas in 

the presence of H2O from air are exposed to a pristine PbI2 thin film, resulting in the reaction of 

the MA molecules with the PbI6
4- octahedral forming a high-quality, uniform CH3NH3PbI3

66
. For 

mixed halide hybrid perovskite, solvothermal synthesis method is highly advised as an approach 

for easy synthesis of this type of hybrid perovskite67. Further, the fabrication process of hybrid 

perovskite PVCs can be involved based on other techniques including, vapor assisted, solvent 

engineering, hot casting, and direct dropping. Recently, the synthesis of high-quality organic-

inorganic hybrid perovskite films using green solvent engineering has been adopted for a safe 

environment68.  The vapor assisted synthesis method can help to achieve a steady enhancement of 

perovskite solar cells performance by a complete covering of the surface to avert low-resistance 

shunting paths between the n and p type contacts69. Low-pressure vapor-assisted technique is used 

also in the formation of the multidimensional 2D/3D organometallic halide perovskite70. The 

presence of defects states in hybrid perovskite films affects the stability of the device which, in 

return, affects the growth of the power conversion efficiency. Future studies on the synthesis 
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process of this material have to provide essential regard to the defect states and grain-boundary 

passivation of hybrid perovskite films for high-performance heterojunction solar cells. 

 

 

 

Fig.II. 2. One-step deposition and two-step deposition of solution processing technique62. 

 

IV. Hybrid perovskite  

 

Hybrid perovskites materials are considered as the most promising materials for the new PV 

generation71. These materials benefit from a high absorption coefficient, suitable bandgap matching 

the solar spectrum, long carrier lifetime and diffusion length, low cost manufacturing72-73-74. The 

unique features and properties of hybrid perovskite encourage the continuous research and 

development of hybrid organic inorganic perovskite (HOIP) solar cells which has led to the rapid 

growth of their efficiency. A high efficiency of 25% has been assigned for HOIP solar cells within 

a few years, an efficiency that took 25 years for silicon solar cells to reach this level75. Additionally, 

the strong HOIP absorption coefficient allows the use of a thinner layer compared to other organic 

semiconductor materials. The hybrid perovskites systems are so far more complicated than the 

CiGs, Si and other materials used in PVC application. Organic-inorganic hybrid perovskites are 

organized in an ABX3 structure (A= MA (CH3NH3), FA (CH(NH2)2), Cs; B= Pb, Sn, Ge, Be; X= 
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I, Br, Cl) where A represents the cation organic, B the metal cation, and X the anion halogen. The 

inorganic octahedra BX6 forms a cage framework that encloses the A-site cation. To keep the 

stability of the 3D ABX3 perovskite structure, the Goldschmidt tolerance factor (t) has to conform 

the 0.8 < t < 1.0, where 𝑡 =
𝑟𝐴+𝑟𝑋

√2(𝑟𝐵+𝑟𝑋)
 is calculated from the ionic radii (ri) of each ion (A, B, X)76. 

At the time of the temperature’s increasing,  orthorhombic- tetragonal-cubic phase transition occurs 

for lead halide perovskite77. At a high temperature, in cubic phase the organic molecule can freely 

rotate under the framework as depicted in Fig.II. 3. The hybrid perovskite solar cells have shown 

a large interest in different applications. The use of this new generation materials in the building-

integrated photovoltaic (BIPV) is a fascinating approach that can be exploited by the current and 

future generations78. This integration replaces the traditional building envelopes such as windows, 

roofs, walls and offset building construction cost79. These new BIPV envelopes generate power 

and also protect the building interior from harsh external ambient. The possibility to extend the use 

of perovskite in different application categories is one of particularly relevant aspects of this class 

of material. This is established by tuning the physical and chemical hybrid perovskite properties 

by changing or mixing different elements in perovskite materials80-81.  

 

Fig.II. 3. Crystal structure of (a) cubic (C), (b) tetragonal (T), (c) orthorhombic (O), (d) 

hexagonal (4H), and (e) (2H)-phases of MAPbI3. The top and bottom panels 

represent [001] and [100] crystallographic directions, respectively82. 

 



1st section 

 Faculté des Sciences, avenue Ibn Battouta, BP. 1014 RP, Rabat –Maroc 
 00212(05) 537 77 18 34/35/38,  00212(05) 537 77 42 61, http://www.fsr.ac.ma 

 

19 

V. Structural transition in hybrid perovskite 

The nature of organic cation in hybrid perovskite plays a sensitive role in identifying the crucial 

properties of these materials83. The latter are also effected by varying the corner-sharing, face-

sharing and edge-sharing between the inorganic part and the organic molecule84. Also, the 

displacement of the B cation from the center of the octahedron BX6 causes the loss of the symmetry 

elements. Depending on the temperature, hybrid perovskite can exhibit a diversity of structural 

phase transitions. At the high temperature of 350k the MAPbI3 crystalizes in a cubic phase and it 

adopts the P4mm space group where lead atom displacement occurs along the tetragonal c-axis85. 

The transition from 350K to less of 300K causes MAPbI3 structure to turn from a cubic phase to a 

tetragonal phase during which it adopts the I4cm space group and shows an out-of-phase tilting of 

the polyhedron. At the low temperature of 165 K, MAPbI3 undertakes again a first-order phase 

transition into the orthorhombic phase with a Pnma symmetry, where the MA molecules follow a 

certain shape order, and the PbI6 cage shows a tilting in all the three spatial directions86. These 

tilting of the PbI6 cage was described in literature by Glazer notation which was used as a tool to 

express in-phase and out-of-phase tilt of the octahedral BX6
87. The in-phase tilt, out-of-phase tilt 

or no tilt are represented by the notation “+”,”-“and “0” respectively. When the tilt angles around 

multiple axes are the same, the tilts are represented by the same letter. Tetragonal phase of MAPbI3 

(see Fig.II. 3b) denoted as a0a0c−, shows a tilting in out-of-phase around the c axes (expressed by 

the minus sign c−) and no tilting in both the a and b axes (expressed by the 0 sign a0), whereas their 

orthorhombic phase (see Fig.II. 3c) is denoted by a−b+a−, indicating an in-phase rotations in the b 

axes ( b+) and out-of-phase rotations in both a and c axes (a−)88. One of the common tilting patterns 

in the cubic phase of MAPbI3 is induced by the imaginary phonon modes at the gamma and the R 

points of the Brillouin zone and it is attributed to the antiferrodistortive distortion (AFD)89.  The 

substitution of the cation organic MA with the larger molecule FA also undergoes a phase transition 

with the effect of temperature. Multiple discussions about the FAPbI3 structural phase transition 

have and are still taking place in the present time. The first phase reported by Stoumpos et al. 

showed a trigonal p3m1 α–FAPbI3 at 293k85, while subsequent studies using the neutron powder 

diffraction discerned a black cubic α–FAPbI3 phase structure belonging to the Pm3m space group 

where the Pb cation represents an ordering90-91. A phase transition from the cubic α to the tetragonal 

β occur at 151 K, showing a distortion of octahedral in the in-phase mode with a0a0c+ Glazer 

notation adopting the P4/mbm symmetry92. Furthermore, β–FAPbI3 undergoes a phase transition 
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to the γ- FAPbI3 maintaining the same symmetry with a discontinuous change in the structure 

parameters. The determination of the FAPbI3 symmetry by both neutron and synchrotron X-ray 

diffractions have demonstrated a tetragonal P4bm at 140K93. Nevertheless, by neutron diffraction, 

Chen et al. have obtained a P63/mmc hexagonal structure for a deuterated FAPbI3 at 220 K while at 

15K, an hexagonal phase with P63/m space group was obseved94. Mixing the FA and MA cations 

is noted to successfully form the α–FA1‐xMAxPbI395. The cubic lattice parameters increase with 

the incorporation of the FA cation in the MAPbI3 system, this A-site cation mixture improves the 

stability of the mixed phases FAxMA1−xPbI3 compared to the pure MAPbI3.The lattice parameters 

of both FAPbI3 and MAPbI3 at different temperature are regrouped in table.II. 1. 

Table.II. 1. Lattice parameters of both FAPbI3 and MAPbI3 

 Phase Temperature a (Å) b (Å) c (Å) Space group 

 Cubic85 400 K 6.31 6.31 6.32 P4mm 

MAPbI3 tetragonal85 293 K 8.85 8.85 12.64 I4cm 

 orthorhombic96 150 K 8.82 12.68 8.60 Pnma 

 α–trigonal85 293 K 8.98  8.98 11 P3m1 

FAPbI3 α–cubic90 > 328 K 6.36   Pm3m 

 β–tetragonal92 151 K 8.89 8.89 6.30 P4/mbm 

   γ- tetragonal92 91 K 8.87 8.87 6.27 P4/mbm 

 cubic94 293 K 6.38   Pm3m 

D-FAPbI3  hexagonal94 220 K 8.62 8.62 7.94 P63/mmc 

   hexagonal94 15 K 8.51 8.51 7.95 P63/m 

D-FAPbI3 demonstrates the deuterated HC(ND2)2PbI3 that contains a heavy hydrogen denoted D 

(deuterium) or 2H 
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VI. Orientation of organic molecule in APbI3 

At room temperature, the cations organic in hybrid perovskite are free to rotate, causing the 

orientational disorder and polarization in the system. It has been shown that the organic dipole 

orientation in both MAPbI3 and FAPbI3 are the source of polarization associated to the 

ferromagnetic character present in hybrid perovskites97-98. The rotation of the organic cation allows 

to establish different bonds between iodine and hydrogen atoms with different lengths. This 

bonding is the main cause of the octahedra BX6 tilting99. The nature of MA-I bonding, it’s length 

and the amount of bonds, play a decisive role in identifying the physical properties of hybrid 

perovskite. When no hydrogen iodine bonding is formed, the MAPbI3 remains untitled at all 

temperatures, this high symmetry structure does not show any band gap. Thus, tilting of the halide 

frame has an accurate effect on the optical band gap and carrier effective masses88. Hybrid 

perovskite can also undergo a phase transition by the effect of octahedral tilting100. Chandrappa et 

al studied the relation between tilting of BX6 octahedra and barrier ion migration in hybrid 

perovskite. They showed that lower migration barrier results from the decline in the energy of 

hybrid perovskite provided through the octahedral rotation101. For the MABX3 compounds, the 

organic cation MA represents an asymmetric charge distribution leading to a net dipole moment102. 

The dipole moments calculated in Debye for both FA and MA show a value of 2.29 D and 0.21 D 

respectively103.  Due to its dipole moment MA cation’s dielectric properties become strongly 

dependent on temperature. In comparison with FAPbI3, due to the low effective radius of the 

organic MA and to compensate the space filling between the organic and the inorganic part, 

MAPbI3 shows larger tilting of PbI6 frame. MA cation (CH3NH3) can move freely under the PbI6 

frame where the CH3 rotation is induced by the rotation of NH3 via the torsion potential104. The 

organic molecule FA in hybrid perovskite can rotate around two axis of rotation (Fig.II. 4), the 

preferential one  (𝜑) is along the line connecting the two nitrogen atoms (the almost rotation that 

occur at room temperature). The second axis of rotation is the sum of the two C-N bonds 𝜃 and it 

takes place at high temperature105. Kanno et al. through the potential energy surface (PES) 

examination noted that the organic FA orientation represents a strong anisotropy and can rotate 

freely around 𝜑-axis contrary to the 𝜃 -axis106. In their study they explain that the strong anisotropy 

is due to the diminution of the number of hydrogen bonds with the iodine in the cage of the PbI6 

which is caused by the reorientation of FA cation. In their research, Karthick and all showed the 
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structural parameters variation function of the 12 possible orientation of FA in the pseudo-cubic 

FAPbI3
107. Hydrogen-iodine bonds in both MAPbI3 and FAPbI3 are shown in Fig.II. 4. 

 

   

 

Fig.II. 4. a) FA orientation in cubic FAPbI3
106

, b) H-I hydrogen bonds in the FAPbI3 structure 

at φ = 0°and θ = 80°, c) H-I hydrogen bonds in the MAPbI3 structure108. White, 

gray, blue, purple, and black spheres represent H, C, N, I, and Pb atoms, 

respectively. 

 

 

 

 

 

 

 

 

 

 

 

a)                                                       b)                                                         c) 
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Chapter III 

Degradation, toxicity of perovskite and technical solution 

 

I. Introduction 

Hybrid perovskite suffer from a degradation in different environmental conditions. The above 

adding to toxicity are the underlying drawbacks that block the commercialization of these 

materials. In this chapter we give a deep understanding of the mechanism degradation of hybrid 

perovskite material as well as we introduced some technology used to improve the perovskite solar 

cells stability. Research progress summary on the performance of lead-free PSCs will be also 

provided in this chapter. 

II. Degradation of hybrid perovskite under different environmental conditions  

The commercialization of hybrid perovskite has been facing many constraints such as their 

degradation under humidity, in the presence of ultrat violet (UV), and Oxygen. To understand the 

reason of this degradation an examination at the atomic level may be necessary. Ion migration in 

hybrid perovskite are believed to be the most important reason of the degradation of this material. 

This degradation can be identified in the MAPbI3 perovskite by the change of the films color from 

the dark brownish to yellow. This decomposition can also take place through the statistical 

formation of molecular defects with a non-ionic characters, whose volatility at surfaces should 

break the thermodynamic defect equilibria109. Different pathways degradation can be possessed for 

hybrid perovskite depending on the environmental conditions, resulting in several degradation 

products. These pathways can be assigned as irreversible or reversible degradation reactions110. 

The crystallinity and quality of hybrid perovskite films have in turn proven to affect the stability 

of this compound. Various methods have been employed to investigate the degradation 

mechanisms of hybrid perovskite under different environmental conditions. Hence, the important 

external factors that are responsible for triggering the perovskite’s degradation will be discussed in 

what follow.  

1. Degradation of hybrid perovskite in moisture 

By the presence of water molecules, the bonding interactions between organic and inorganic parts 

in the hybrid perovskite can easily be destroyed resulting in a significant decline of the solar cell 

performance. Lu el Al have demonstrated that no matter what the initial position or the orientation 



1st section 

 Faculté des Sciences, avenue Ibn Battouta, BP. 1014 RP, Rabat –Maroc 
 00212(05) 537 77 18 34/35/38,  00212(05) 537 77 42 61, http://www.fsr.ac.ma 

 

24 

is of the water molecule, it can be adsorbed in the corner of Pb-I square111. They demonstrated also 

that the adsorption energy and the migration energy barrier of adsorbed water from the surface to 

another decreases with the increase of the Pb-I-Pb angles.  Numerous studies have been focused 

on the degradation mechanism of hybrid perovskite in water and contradictory observations have 

been reported. Leguy et al show that a single crystal MAPbI3 exposed to 70 % relative humidity 

demonstrates a monohydrated phase at the first stage followed by a dehydrated phase. They 

believed that when exposed to water vapor, hydrated crystal MAPbI3 phases changes are fully 

reversed when the material is subsequently dried contrary than when it is exposed to liquid water112. 

However, the monohydrated MAPbI3·H2O phase results from the interaction between MA and H2O 

through hydrogen bonding, where H2O and MA are locked to each other113. Surprisingly, it has 

been discovered that the reversibility decomposition of CH3NH3PbI3 is due to the fact that 

CH3NH3I is stable in water. Therefore, the hydrogen bonds are shown to initiate the decomposition 

of this hybrid perovskite114. As reported by Wang et al, the interaction between H2O and CH3NH3 

breaks down the N−H−I bonds, this hydrogen bond perturbation breaks the CH3NH3PbI3 structure, 

which turns it into a PbI2 fibrous and CH3NH3I. Secondly, CH3NH3I reacts with OH− in water, 

forming CH3NH2 and HI gas, making the water slightly acidic. Contrary to the previous reports, 

Zheng et all found that the ion I- of the CH3NH3I-terminated surface triggered the initial step of the 

CH3NH3PbI3 dissolution115. The dual synergy between the trapped electrostatic charges and 

humidity in hybrid perovskite are discovered also to trigger the irreversible degradation of this 

compound116. Most recently, the precursors used in hybrid perovskite fabrication are found to 

improve the stability against moisture degradation117.  Here Fig.III. 1 shows the positives effects 

and negative effects of water on PSCs118.   

 

Fig.III. 1. Positive and negative effects of water on PSCs118. 
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2. Degradation of hybrid perovskite induced by oxygen  

Organic inorganic hybrid perovskites can undergo a chemical reaction with oxygen resulting in 

their fast degradation. Oxygen interacts differently with hybrid perovskite systems. Reported study 

showed that oxygen in hybrid perovskite remains near to the surface regardless of the net charge, 

and the degradation arises along the grain boundaries119. In the presence of both oxygen and trapped 

charge, the crystal structure demonstrates a disruption, and the I–O, Pb–O, and O–O bonds show a 

chemical interaction. This results have been also confirmed by Zhidkow et al where they 

demonstrate that hybrid perovskite undergoes a photochemical degradation due to the oxidation of 

lead atoms that chemically interact with oxygen120.  In particular, the crystallinity of hybrid 

perovskite films is prone to define the yields of superoxide formation in the structure121. In general, 

different results have shown that the decomposition of this compound under the effect of the 

oxygen can take place only on presence of light122-123 . The incorporation of oxygen into the lattice 

is strongly enhanced under illumination contrary to the dark when the incorporation is limited and 

the system is kept metastable. Under the presence of oxygen, the MAPbI3 degrades resulting in 

water and iodine products. This reaction occurs as followings122: 

𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3 +
1

4
𝑂2 →

1

2
𝐻2𝑂 + 𝐶𝐻3𝑁𝐻3 + 𝑃𝑏𝐼2 +

1

2
𝐼2       (1) 

An analogous degradation study demonstrates that photo-oxidative degradation in MAPbI3 only 

occurs on the surface because oxygen at room temperature can hardly diffuse spontaneously into 

the network124. The surface degradation can be accelerated furthermore by the exposal to 

intense I2 vapor125. Nevertheless, exposure to iodine partial pressure is shown to slow down the 

deterioration of the hybrid perovskite (Fig.III. 2). Theoretical studies reveal that the main photo-

oxidation product is the PbO, that has been detected experimentally after the perovskite’s 

degradation126. In addition, a reported study suggests that the photo-induced degradation process 

includes three key steps: generation of superoxide on the surface under light, fast oxidation of the 

MAPbI3 surface and production of water, and slow hydration of inner MAPbI3
127.  
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Fig.III. 2.  (a) Stability of MAPbI3 films under O2 exposure, in dark and under illumination 

(4.6 mW cm2), monitored by UV-Vis spectroscopy. (b) Photos of the sample after 

the O2 exposure under dark and light122. 

 

3. Photo-thermal degradation of hybrid perovskite  

It is unmistakably paradoxical that the most vulnerable aspect of the photoactive organic–inorganic 

hybrid perovskite is its instability against light. Nevertheless, an experimental study reveal that 

annealing of hybrid perovskite is a stronger degrading factor than the visible light128. This return 

to the fact that the relaxation of thermal excitations of the system is carried out only by the phonons. 

Perez et al have used a thermal gravimetric and differential thermal analysis (TG-DTA) combined 

with a mass spectrometer (MS) to identify the mass loss, and the released gases during hybrid 

perovskite thermal degradation. They assigned that NH3 and CH3I  are the gas products identified 

during the thermal CH3NH3PbI3 decomposition that occurs as follows129: 

𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3
∆
→ 𝑁𝐻3 + 𝐶𝐻3𝐼 + 𝑃𝑏𝐼2    (2) 

Other studies have observed that this decomposition can take other ways under different 

conditions130-131. They demonstrate that the process 2 is favored at high temperature. In contrast, at 

low temperature the thermal decomposition releases CH3NH2 and HI gases as products131. 

Furthermore, it has been discovered that illumination leads to the increase of the PbI2 content in 
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the thin films which lead to the further device degradation132. Additionally, Dawood et al showed 

that PbI2 undergoes a photodecomposition which turns it into I2 gas and Pb atom in the presence of 

visible light133. The two degradation pathways CH3NH2 + HI and Pb + I2 are shown to be reversible 

paths, in contrast with the photodecomposition NH3 + CH3I which is identified as an irreversible 

decomposition134. Also an exposition of hydrated hybrid perovskite to light leads to their 

irreversible decomposition135. Unlike MAPbI3, MAPbBr3 when subjected to a temperature lower 

than 300 °C it only releases CH3NH2 and HBr (reversible decomposition) which makes of the 

MAPbBr3 more stable than the MAPbI3 compound. Nevertheless, the organic cations in hybrid 

perovskite have also a potential effect on the thermal stability of perovskite thin films. In particular, 

the various compositions of organic cations are proven to affect the material crystallinity and PSCs 

performances under the effect of thermal stress. It is believed that the combination between 

formamidinium and cesium in FACsPbI3 thin film produces the most stable perovskite for the PSCs 

future research136.  Hybrid perovskite shows also a dependence on excitation wavelengths that 

affect their photostability137. Subsequently, a careful choice of both the halogen anion and the 

organic cation of the hybrid perovskite is crucial to avoid irreversible reactions. 

 

Fig.III. 3. The photodegradation of MAPbI3 under light and mild heat conditions134. 

 

III. Research progress technology to improve the perovskite solar cells stability  

The improvement of hybrid perovskites stability has been a topic under intense investigation. 

Different strategies have been investigated to enhance the stability of these materials. The various 
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remedies investigated to mitigate the degradation (Fig.III. 4) were the charge transporting layer 

modification, composition engineering, additive engineering, encapsulation, preventing electrode 

inducing degradation. Charge transporting layer (CTL) has important implications on the stability 

of the device as they represent the interfaces among the contacts and the active layer, it can 

furthermore prevent external moisture or oxygen to reach the perovskite. Their deposition method 

can induce the active material degradation138. Hence, atomic layer deposition (ALD) technology 

was adopted for the deposition of very thin and uniform films of solar cells based hybrid perovskite, 

it is a powerful tool to improve the stability of these devices139. Enhancing stability of hybrid 

perovskite can also be established through the composition engineering. Varying or mixing of 

different halogen anions (I, Br, Cl), or/and organic cations (MA, FA, Cs, IM) improves the stability 

of perovskite units by enhancing the films crystallinity and the improvement of moisture 

tolerance140-141. Herein, however, in section 3 we describe the stability and optical absorption 

enhancing through the doping of the halide ions by bromine in variety of sites. Additives are proven 

to be a successful approach to enhance the efficiency and stability of this system. They established 

a strong ion bonds in the crystal which enhance the Pb-I bonding and MA-I bonding, leading to the 

reduction and passivation of defects142. The additives can be both organic or inorganic compounds, 

and they can be used with precursors or as posttreatment additives110-143. Encapsulation is processed 

to limit the photochemical and thermal damage and results in moisture, oxygen resistant filtration. 

Three encapsulation strategies have been reported: Glass-to-Glass Encapsulation, polymer 

Encapsulation, and thin-film encapsulation144. Another suggestion evolved by Ramez et al, is to 

protect hybrid perovskite materials using sputtered barrier coating. They demonstrate that SiO2 

barrier films can improve the tolerance of the devices to extreme humidity conditions and extend 

their lifetimes without significantly affecting the initial device performance145. Finally protecting 

perovskites with barrier layers was proven to be an effective way to prevent the contact between  

the mobile halogen vacancies, of the perovskite created by the effect of light, and the metal 

contacts146.  
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Fig.III. 4. Various remedies to prevent degradation and enhance the efficiency and stability 

of perovskite solar cells110 

 

IV. Toxicity in hybrid perovskite 

Hybrid perovskite is an emerging material in the photovoltaic technology in the recent years.  It is 

recognized as a new rising star in the PVCs that has shown large progress in this domain reaching 

high efficiency of 29% in a few years. The most efficient hybrid perovskite active layer based solar 

cells was the hybrid lead halide perovskite. The efficiency that it represents makes of him a 

competitive material with the silicon solar cells. One of the main bottlenecks towards the 

commercialization of these materials is the highly toxic character of lead (Pb). Lead is potentially 

harmful to the environment, to plants, to humans, and to animals through consumption of 

contaminated crops147. On the other hand, studies reveal that not only lead causes damages to the 

ecosystem but also the iodine halogen of the hybrid perovskite. Recent studies have investigated 

the effect of iodine on the plant, they showed that iodine causes greater harm to plants than the 

lead148. To prevent the spread of lead in the environment, Horvath et al have used transparent 

phosphate salt in hybrid perovskite based solar cells that forms a highly insoluble compound with 

lead in a wet environment, thus hindering the Pb2+ release149. Besides, the key challenge imposed 

for this material is finding a new alternative that is a low in toxicity or non-toxic metal/halogen 
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perovskite which will allow to save the unrivaled advantageous optoelectronic and optical 

properties of lead halide perovskite. Numerous studies in this regard have been reported, in this 

context double-charged cations, such as Sn2+, Ge2+, and their combination or also other metals such 

as Bi3+, Sb3+, Cu2+, and Mn2+. The metal substitution of lead by tin and germanium constituted of 

a compound with a direct bandgap well matches with the photovoltaic application. Furthermore, 

their band gap energy can be fine-tuned by controlling the composition choice of metal halogen 

and organic cation150. So far, the other substitute metals (Sb3+, Cu2+, Mn2+ etc.) have shown a good 

device stability but low performance regarding the metal group IV (Sn2+)151. Table.III.1 illustrates 

the power conversion efficiency (PCE) of lead-free perovskite. Among these candidates, tin (Sn) 

has emerged as a potential divalent cation that shows similar properties and high performance, 

however, it suffers from low stability due to the oxidation of Sn2+ to Sn4+ 152. The PCE of Pb-Sn-

Ge alloy with different halogen will be discussed in details in section 3. Despite all the effort and 

study attributed to the free lead halide perovskite, they are still not yet approaching the spectacular 

performance of APbI3 materials. The understanding of the photo-dynamics and underlying working 

mechanism of Pb free perovskites is vital for helping the future research to reach an ecofriendly 

material that is both affordable and produces clean energy. 

Table.III. 1. Photovoltaic Performance Summary of Lead-Free PSCs153. 

Perovskite  Device structure Fabrication 

process  

PCE 

(%)  

MASnI3 c-TiO2/m-TiO2/absorber/spiro/Au Spin coating 6.4 

MASnI3 c-TiO2/m-TiO2/absorber/PTAA/Au Vapor assisted 1.86 

MASnI3 c-TiO2/m-TiO2/absorber+ 

20%SnF2/PTAA/Au 

Spin coating 1.94 

MASnI3 c-TiO2/m-TiO2/absorber+ 

20%SnF2/spiro/Au 

Solvent 

engineering 

2.33 

MASnI3 PEDOT/TPD/absorber/C60/BCP/Ag Thermal 1.7 

MASnI3 PEDOT/absorber/PCBM/Al Hot casting 3.2 

MASnI3 PEDOT/absorber+ 10%SnF2/C60/BCP/Ag Solvent 

engineering 

4.29 

MASnI3+hydrazine c-TiO2/m-TiO2/absorber+ 

20%SnF2/PTAA/Au 

Hot casting 3.89 

MASnIBr2 c-TiO2/m-TiO2/absorber/spiro/Au Spin coating 5.73 

MASnI2Br c-TiO2/m-TiO2/absorber/spiro/Au Spin coating 5.48 

MASnBr3 c-TiO2/m-TiO2/absorber/spiro/Au Spin coating 4.27 
MASnBr3 c-TiO2/absorber/P3HT/Au Thermal  

evaporation 
1.12 
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MASnI3-xBrx c-TiO2/m-TiO2/absorber/PTAA/Au Vapor assisted 1.1 

MASnBr3 c-TiO2/m-TiO2/absorber/PTAA/Au Spin coating 0.14 

MASnCl3 c-TiO2/absorber/CuSCN/Ag Spin coating 3.41 

MASnIBr1.8Cl0.2 c-TiO2/m-TiO2/m-Al2O3/absorber/C Direct dropping 3.11 

FASnI3+pyrazine c-TiO2/m-TiO2/absorber+ 

10%SnF2/spiro/Au 

Solvent 

engineering 

4.8 

FASnI3 c-TiO2/m-TiO2/absorber+ 

20%SnF2/spiro/Au 

Spin coating 2.10 

FASnI3 c-TiO2/m-TiO2/absorber+ 

20%SnF2/spiro/Au 

Solvent 

engineering 

5.27 

FASnI3 c-TiO2/m-TiO2/absorber+ 

15%SnF2/TPE/Au 

Spin coating 7.23 

FASnI3+TMA SnO2/C60/absorber/spiro/Ag Sequential  
deposition 

4.34 

FASnI3+TMA PEDOT/absorber+ 10%SnF2/C60/bis-
C60/Ag 

Sequential  
deposition 

7.09 

FASnI3 PEDOT/absorber+ 10%SnF2/C60/BCP/Ag Solvent 

engineering 

6.22 

FASnI3 PEDOT/absorber/C60/BCP/Ag Sequential  
deposition 

3.98 

FASnI3 PEDOT-PEG/absorber+ 

12%SnF2/PCBM/BCP/Ag 

Solvent 

engineering 

5.12 

FASnI3+ 

2.5%N2H5Cl 

PEDOT/absorber+ 

10%SnF2/PCBM/BCP/Ag 

Solvent 

engineering 

5.40 

FASnI3+PEABr PEDOT/absorber+ 

10%SnF2/C60/BCP/Cu 

Solvent 

engineering 

7.05 

FASnI2Br PEDOT/absorber/C60/Ca/Al Solvent 

engineering 

1.72 

CsSnI3 ITO/absorber/Au/Ti Thermal 
evaporation 

0.88 

CsSnI3 NiO/absorber/PCBM/Al Spin coating 3.31 

CsSnI3 c-TiO2/absorber/spiro/Au Quantum rods 12.96 

CsSnI3 c-TiO2/absorber/spiro/Au Spin coating 0.77 

CsSnI3 c-TiO2/m-TiO2/absorber+ 

20%SnF2/spiro/Au 

Spin coating 1.66 

CsSnI2Br c-TiO2/m-TiO2/absorber+ 

20%SnF2/spiro/Au 

Spin coating 1.67 

CsSnBr3 c-TiO2/m-TiO2/absorber+ 

20%SnF2/spiro/Au 

Spin coating 2.17 

CsSnIBr2 c-TiO2/m-TiO2/absorber+ 

20%SnF2/spiro/Au 

Spin coating 1.56 

MA3Bi2I9 c-TiO2/m-TiO2/absorber/spiro/MoO3/Au Spin coating 0.42 
MA3Bi2I9 PEDOT/absorber/C60/BCP/Ag Sequential  

deposition 
0.39 

MA3Bi2I9 c-TiO2/m-TiO2/absorber/spiro/Au Solvent 

engineering 

0.36 
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Cs3Bi2I9 c-TiO2/m-TiO2/absorber/P3Ht/Ag Spin coating 0.02 

Cs3Bi2I9 c-TiO2/m-TiO2/absorber/spiro/Ag Spin coating 1.09 

Cs2AgBiBr6 c-TiO2/m-TiO2/absorber/spiro/Au Spin coating 2.43 

MA3Sb2I9 PEDOT/absorber/PCBM/ZnO/Al Solvent 

engineering 

0.49 

MA3Sb2I9 PEDOT/absorber+HI/PCBM/C60/BCP/Al Spin coating 2.04 
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First Section-conclusion 

In this section the working of photovoltaic effect has been introduced. We showed that crystalline 

silicon was the first material used as an absorbing layer in solar cell, followed by other materials 

that have been the subject of new photovoltaic generations. The fourth generation based on hybrid 

perovskite that represent the main interest subject of this thesis have been introduced after. The 

impressive properties of hybrid perovskite were first initiated. We showed that different solar cell 

based hybrid perovskite structure exists namely n-i-p or p-i-n solar cell devices. The hybrid 

perovskite synthesis is less expensive and can be established by the one-step or two-step deposition 

process. Their photophysical properties diverse depending on temperature and also on the 

interaction nature between the organic and the inorganic part. The hybrid perovskite presents some 

drawbacks such as their toxicity and low stability under different environment condition. This 

instability can be improved by modifying the charge transporting layer or by encapsulation. 

Furthermore, to eliminate toxicity in hybrid perovskite double-charged cations such as Sn2+, and 

Ge2+ was used, however, they are still not yet approaching the spectacular performance of lead 

halide perovskite materials. 
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2nd Section 

Design of research
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Second Section-Introduction  

The evolution of sciences is based systematically on two distinct levels which are theoretical and 

experimental studies. Theory was developed based on the investigation of natural phenomena with 

the aim to explain a much wider variety of effects or phenomena occurring in experiments, in 

technology, and in industry154. In this context, quantum theory manifestation was the key to the 

transition from macroscopic object to microscopic particle, where it opens the route toward the 

atomic scale description of objects by using some semi-empirical methods or by ab initio 

calculations155. Both the semi-empirical and ab initio methods are based on the solution of the 

Schrodinger equation. However, these practical method shows some limits with the evolution of 

system size156. In this, density functional theory has been proposed as it can provide simulation for 

large systems at modest computational costs157. Density functional theory (DFT) express the 

energy in terms of density, it shows success in predicting the properties of atoms, molecules, and 

solids. The application of this theory has opened the door to the modeling of diverse materials in 

different branches such as physics, material science, and chemistry. DFT will be the main method 

used in this thesis. This chapter presents a brief summary of DFT and Quantum Espresso code that 

have been involved in the investigation of the hybrid perovskite properties that are the main 

research subject focus of this thesis. Quantum espresso code is an implementation of density 

functional theory used in electronic structure, simulation, and optimization research that involve a 

huge number of atoms
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Chapter I 

Density functional theory: concepts and approaches 

 

I. Introduction 

A description of a particular system in quantum mechanics can be established throughout the 

Schrodinger equation. Solving this equation proves to be difficult for large systems with N 

variables. In this chapter we present a definition of the Schrodinger equation as well as the 

approximation used for simplifying this equation concluding with a simplified Kohn-Sham 

equation that solves the Schrödinger equation for each one-electron Hamiltonian separately.  

II.  Schrödinger equation  

the non-relativistic time independent Schrodinger equation is a differential equation that describes 

the behavior of a quantum system with N electrons. It allows the calculation of the energy levels 

and other properties of atoms and molecules. The major goal of electronic structure calculations is 

to solve the time independent Schrodinger equation that is good in predicting the wave functions. 

The solution of these equations is called stationary states or ‘’orbitals’’ since they describe a 

particular state of the studied system. Time independent Schrodinger equation is given as158:   

𝐸Ψ = 𝐻̂Ψ (1) 

where E is the system energy, Ψ( 𝑟1, … , 𝑟𝑖, 𝑅1, … , 𝑅𝑁) is a wave function that depends on the 

position of i electrons {r} and N nuclei {R}, 𝐻̂ is the Hamiltonian operator, sum of the kinetic (T) 

and potential energy (V) operators respectively expressed as : 

𝐻̂ = TN + VN−N + Ve−N + Ve−e + Te (2) 

Where: 

• TN = −
ħ2

2mN
∑ ∆NN                           The kinetic energy operators of the nuclei. 

• VN−N =
1

2
∑

e2 ZNZṄ

4πε0|R⃗⃗ N−R⃗⃗ Ṅ|N,Ṅ≠N          The Coulomb repulsion potential between the nuclei.  

• Ve−N = −∑
ZN e2 

4πε0|R⃗⃗ N−r⃗ i̇|
i,N                 The Coulomb attraction potential electron-nuclei. 



2nd section 

 Faculté des Sciences, avenue Ibn Battouta, BP. 1014 RP, Rabat –Maroc 
 00212(05) 537 77 18 34/35/38,  00212(05) 537 77 42 61, http://www.fsr.ac.ma 

 

37 

• Ve−e =
1

2
∑

e2

4πε0|r⃗ i−r⃗ j|
i,j≠i                       The Coulomb repulsion potential between the electrons. 

• Te = −
ħ2

2me
∑ ∆ii                              The kinetic energy operators of electrons. 

For a hydrogen atom with a single particle, the Schrodinger equation can be solved exactly to 

determine the allowed energy state of the system. For multi electronic systems, its complicated 

expression makes calculations very demanding in terms of time and computational cost. As such, 

Bron-Oppenheimer approximations and density functional theory (DFT) methods are provided to 

simplify the Schrödinger equation.   

III.  Born-Oppenheimer approximation 

The Born-Oppenheimer approximation separates the motion of nuclei from that of electrons. 

Within this framework, it is considered that nuclei are heavier, and show very slow motion 

compared to electrons. Thus, the dynamics of the two components can be decoupled and studied 

separately159. For electrons, the kinetic energy of nuclei is considered negligible and the repulsion 

term between nuclei is considered constant. The total wave function of the system can therefore be 

written as the product of a wave function describing the nuclei Ψn (R) that is only related to the 

nuclei position R, and another wave function describing the electrons Ψe (r, R) related to both R, 

and r position of nuclei and electron respectively:  

Ψ(r, R) = Ψ𝑛(R)Ψ𝑒(r, R) (3) 

The electrons, in this approximation instantaneously follow the nuclear motion adiabatically, and 

the new Hamiltonian resulting from the Born-Oppenheimer approximation is written in the 

following form: 

𝐻̂ = Te + VN−N + Ve−N + Ve−e (4) 

Although the double approximation of Born-Oppenheimer and adiabatic allows simplifying the 

equation in a considerable way, the electronic equation remains a many-body problem. Due to this 

difficulty, additional approximations are required to effectively solve the Schrödinger equation for 

real materials. 
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IV.  Density functional theory 

The density functional theory was introduced in 1964 by Pierre Hohenberg and Walter Kohn160. 

Hohenberg Kohn demonstrates by this theory that the complicated many body wave-function can 

be replaced by a much simpler density. Density functional theory provides a simple function of 3 

spatial coordinates (x, y, and z) instead of the wave function that depends on N variables, where N 

is the total number of electrons in the system. In this context, Hohenberg Kohn proved two 

fundamental mathematical theorems. The first one states that: The ground-state energy from 

Schrodinger’s equation is a unique functional of the electron density. This theorem introduces the 

energy functional E [ρ(r )] which maps the electron density ρ(r) to the total energy of the system, 

usually expressed as: 

             E [ρ(r )] =  T [ρ(r )] + E e-e [ρ(r )] + E e-N [ρ(r )] = FHK[ρ(r )] + E e-N [ρ(r )]                   (5) 

Where the universal Hohenberg-Kohn functional FHK[ρ(r )]  contains the information about the 

kinetic energies and electron-electron interactions. The Coulomb interaction between electron and 

nuclei is treated as an external potential V̂ext.   The total energy functional can be written 

E[ρ(r )] = FHK[ρ(r )] + ∫ V̂ext(r )ρ(r )dr  (6) 

where, 

E e-N [ρ(r )] = ∫ V̂ext(r )ρ(r )dr  

The second Hohenberg –Kohn theorem defines an important property of the function. It states that: 

The electron density that minimizes the energy of the overall functional is the true electron density 

corresponding to the full solution of the Schrodinger equation. The Hohenberg-Kohn theorems are 

extremely powerful as they accord a ground state density that holds in all possible information 

about the system. Therefore, they do not provide a way to calculate the ground state density of the 

system due to the lack of knowledge about the functional FHK[ρ(r )] form. Kohn-Sham put after a 

forward method to remedy this problem. 

V. The Kohn-Sham method 

In 1965, Kohn and Sham transform the ground state charge density of the interacting particles into 

an equivalent system of non-interacting electrons161. The fictitious auxiliary non-interacting system 
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proposed by Kohn and Sham that represents the same density of the interacting electrons system 

made the density functional theory feasible. By this method, the problem is turned from 

determining the FHK[ρ(r )] functional to finding the fictitious system of non-interacting electrons 

which has the same ground state density as the original system. The Schrödinger equation is 

therefore reformulated in terms of the so-called Kohn-Sham equation, which is in fact a 

Schrödinger equation with an effective potential in which Quasi-particles move. The electronic 

Hamiltonian is expressed as:  

H [ρ(r )] = −
ħ2

2me
∑∆i

i

+ ∑V̂ext(r )

i

+
1

2
∑

e2

4πε0|r i − r j|I,j≠i

 (7) 

By introducing the non-interacting electrons method, the interaction electrons term is replaced by 

one-electron operator (Potential) Vav that describes the “average” effect of the interaction. In this 

case, the Hamiltonian operator is simply expressed as a sum of one-electron operators: 

Ĥeff [ρ(r )] =   −
ħ2

2me
∑∆i

i

+ ∑V̂ext(r )

i

+ ∑Vav(r )

i

(8) 

                =  −
ħ2

2me
∑ ∆ii + ∑ { V̂ext(r )i + Vav(r )} 

                                                         =  −
ħ2

2me
∑ ∆ii + ∑ Veff(r )i  

                                                         = ∑ { −
ħ2

2me
i ∆i + Veff(r )} 

Thus, The Hamiltonian can be expressed as a sum of one-electron Hamiltonians and the 

Schrödinger equation can be solved for each one-electron Hamiltonian separately as:  

[−
ħ2

2me
∆i + Veff(r )] 𝜓𝑖(𝑟) =  𝜀𝑖𝜓𝑖(𝑟) (9) 

with the effective potential                          

Veff(r) = Vext(r) + VH(r) + Vxc(r) (10) 
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where VH(r) is the Hartree potential, and Vxc(r) the exchange-correlation potential functional 

derivative of  EXS[ρ(r )] ( EXS[ρ(r )] represents the differences between the exact and approximate 

solutions for the kinetic energy and electron-electron interaction terms)  

𝑉𝑥𝑐(𝑟) =
𝜕𝐸𝑥𝑠[𝜌(𝑟 )]

𝜕𝜌(𝑟 )
 (11) 

 where 

𝜌(𝑟 ) = ∑|𝜓𝑖(𝑟 )|
2

𝑀

𝑖=1

 

The Kohn-Sham method is a powerful approach to obtain an accurate ground-state density. 

Therefore defining the exact form of the exchange-correlation potential Vxc(r) reminds the biggest 

challenge of Kohn-Sham DFT. Thus, the calculation of the energy and the exchange-correlation 

potential is relatively based on a certain number of approximations that can give quite accurate 

results such as the LDA and the GGA approximations. 

VI.  Exchange Correlation Approximation 

As a first step, for simplification the energy exchange correlation can be written as the sum of two 

parts: the pure exchange term and the pure correlation term: 

EXC(n) = EX(r) + EC(n) (12) 

The best understanding of the exact exchange correlation functional can be obtained by the best 

approximation. Here the two popular local density approximations (LDA), and the generalized 

gradient approximation (GGA) will be discussed.  

1. Local density approximation  

The fundamental assumption contained in the Local density approximation (LDA) formalism 

consists in considering the real system density as the density of the homogeneous electron gas161. 

The LDA functional assumes that the exchange-correlation part of the total ground state energy of 

the electronic system can be written as: 

𝐸𝑥𝑐
𝐿𝐷𝐴[𝜌(𝑟 )] ≈ ∫𝜀𝑥𝑐

𝐿𝐷𝐴[𝜌(𝑟 ⃗⃗ )] 𝜌(𝑟 ⃗⃗ )𝑑𝑟 (13) 
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where 𝜀𝑥𝑐
𝐿𝐷𝐴[𝜌(𝑟 ⃗⃗ )]represents the exchange-correlation energy per electron in a system of mutually 

interacting electrons of uniform density 𝜌(𝑟 ⃗⃗ ). The exchange energy term can be calculated exactly 

for the LDA approximation by the formula162: 

𝜀𝑥
𝐿𝐷𝐴[𝜌(𝑟 ⃗⃗ )] =  

3

4
(
3

𝜋
)

1
3
 𝜌(𝑟 ⃗⃗ )

1
3 (14) 

while the correlation energy is calculated using Monte Carlo simulations of uniform electron 

gases163. The treatment of the exchange-correlation energy from the LDA works well in the case 

of metals for which the density is strongly uniform or varies slowly. However, the LDA 

approximation fails in systems characterized by strongly varying electron densities and for the 

transition metals. 

2. Generalized Gradient Approximation  

The Generalized Gradient Approximation (GGA) improves the functional’s performance by 

introducing the gradient of the density for the exchange correlation energy calculation164. This 

correction to the LDA approximation allows a good description of the system’s energy as the GGA 

approximation takes into account the non-uniform character of the electron gas. The definition of 

the GGA functional implies the form: 

𝐸𝑥𝑐
𝐺𝐺𝐴[𝜌(𝑟 )] ≈ ∫𝜀𝑥𝑐[𝜌(𝑟 ⃗⃗ ), |𝛻𝜌(𝑟 )|] 𝜌(𝑟 ⃗⃗ )𝑑𝑟 (15) 

where ∫ 𝜀𝑥𝑐[𝜌(𝑟 ⃗⃗ ), |𝛻𝜌(𝑟 )|] is the exchange-correlation energy per electron in a mutually 

interacting electron system of non-uniform density. A large variety of GGA functional exist such 

as PBE165 which provides several improvements for periodic systems, and is generally used for 

solids, and PBEsol166 that is designed to improve equilibrium properties and surface energies. On 

the other hand, GGA functional are not considered as non-local methods since they only depend 

on the density at a given point r. Thus, due to the local character, the GGA fails to correctly handle 

systems characterized by interactions linked to long-range electrons correlations and sometimes 

overestimates the band gap energy. Further improvements to this correlation function can be made 

using the Van der Waals correction approximation. 
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VII. Van der Waals correction 

The van der Waals (vdW) interactions or the so called long-range dispersion interactions between 

atoms and molecules play a crucial role in many chemical systems. Thus, taking into account the 

vdW interactions within the framework of density functional theory is one of the promising 

approaches for the theoretical description of organic or layered materials as well as that of physical, 

chemical, and biological processes167. VdW is a non-local approximation that introduces the 

intermolecular force, it is the sum of the forces of: 

Evdw = Ekeesom + EDebye + ELondon (16) 

where the Ekeesom results from the interaction between two dipoles (It tends to align the molecular 

dipoles): orientation effect, EDebye results from the interaction between a permanent dipole and an 

induced dipole: induction effect, ELondon results from the interaction between 2 induced dipoles: 

dispersion effect. In the vdW-DF method, the exchange correlation energy is given as168: 

EXC = 𝐸𝑋
𝐺𝐺𝐴 + 𝐸𝐶

𝐿𝐷𝐴 + 𝐸𝐶
𝑛𝑙 (17) 

where the pure exchange energy is given by the generalized gradient approximation (GGA): 𝐸𝑋
𝐺𝐺𝐴, 

and the correlation energy term is the sum of the local density approximation (LDA) correlation 

energy 𝐸𝐶
𝐿𝐷𝐴, and the nonlocal electron correlation energy 𝐸𝐶

𝑛𝑙. The vdW approximation was 

employed throughout this thesis to introduce the interaction effect between the organic and 

inorganic parts of the hybrid perovskite
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Chapter II 

Implementation of DFT and computation methodology 

 

I. Introduction 

The aim of this chapter is to present how Bloch’s theorem in combination with pseudopotential can 

be used for simplifying and describing the system's properties by using a small simple unit cell 

instead of the full cell. The description of the Quantum espresso code that has been used in the 

research outcomes investigation (section 3) as well as the definitions of the band structure, density 

of state, dielectric response and phonon dispersion are provided in this chapter.   

II. Plane Wave Basis Set and periodic boundary conditions 

As seen previously, the ground state energy can be determined by solving the single-particle Kohn-

Sham equations. Moving to the practical application of DFT, the electronic wave function in the 

Kohn-Sham method or density functional theory is represented as a basis set169. This representation 

is required and needed to be considered to describe infinite large-scale space. The calculation of a 

large number of electrons with wave function is very difficult, in this regard Bloch’s theorem is 

used170. This theorem, based on the periodicity of the crystal structure, allows the use of a small 

simple unit cell instead of the full cell to calculate the properties needed. The unit cell is the smallest 

repeating unit in the crystal. Thus, we can move from a large number of one electron wave functions 

to a minimum of electrons contained in the unit cell. For a given lattice, we can describe two types 

of unit cells that are primitive and conventional cells. the primitive cell is a unit cell containing 

only one lattice point, and the conventional cell is the smallest unit cell that contains the same 

group symmetries as the overall lattice. When Bloch’s theorem is applied the wave function of the 

Schrodinger equation can be written as171: 

ψ(r) =  eikru(r) (1) 

with 

u(r) = u(r + l) 

where r represents the position in real space, k is the crystal wave vector in reciprocal space, 𝜓(𝑟) 

is the wavefunction of the electron, u(r) is a periodic function; l represents the unit cell length, and 
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𝑒𝑖𝑘𝑟 is the plane wave. Thus, Bloch's theorem dictates the usage of plane waves in calculations 

involving periodic boundary conditions that will allow moving from the coordinate system in real 

space to the k-space through fast Fourier transforms, which enables much faster operations. 

Furthermore, plane waves in combination with pseudopotential are used in order to describe core 

electron and nuclei interactions. Since the pseudopotential is taken as an approximation accounting 

for the interaction effect by the core electrons and the valence electrons 

III. Pseudopotentials approximation 

Solids are a collection of valence electrons and ion cores (nuclei and quite strongly bound core 

electrons). In the core space, due to the strong Coulomb potential of the electron-ion interaction, 

the valence electrons wave functions always oscillate fast frequently. To describe this interaction 

between ions and electrons, a huge number of Basis functions are needed to be accurately 

represented. Since the potential has the same periodicity as the underlying lattice, it can be 

represented as a linear combination of plane waves: 

                                                                     𝑢𝑛(r) = ∑ 𝐶𝑛,𝐺eiG.r

 
𝐺                                                          (2) 

where the 𝐶𝑛,𝐺 are one electron wave function in the reciprocal space, and wave vectors G are 

reciprocal lattice vectors of the crystal. Thus the one electron wave function can be written as172:  

ψn,k(r) = ∑𝐶𝑛,𝑘+𝐺ei(k+G).r

𝐺

 (3)  

There are of course an infinite number of reciprocal lattice vectors defined by an infinite lattice. In 

practice, an infinite number of basis functions is required. However, this is not computationally 

feasible and a plane wave energy cutoff must be introduced. The plane wave energy cutoff is 

defined by: 

Ek+G =
ħ2

2me
|𝑘 + 𝐺|2 (4)  

The effect of the cut-off is to produce a less accurate wave-function and hence higher energy of the 

system. Systems should be tested for convergence to ensure that the effects of the truncation are 

not affecting the conclusions drawn from the calculation. 
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The concept of a pseudopotential is to describe in combination with plane waves the strong 

interactions between core electron and nuclei173. In terms of reducing the plane wave number 

needed to represent the wave-functions and also to reduce the computational cost, the core electrons 

were removed from the calculation to reduce the number of Kohn-Sham orbitals, thus is made true 

the pseudopotentials introduction.  It is known that the most physical properties of solid are 

determined by the valence electron as they are the electron involved in bonding. Instead, the core 

electrons are highly localized around the nucleus and they don’t contribute to the formation of 

chemical bonds. This allows the pseudopotential approach to consider the ion cores as frozen, and 

take the core electrons in any system to have the same distribution as they would in an isolated 

atom. Thus, the pseudopotential approximation replaces the strong ionic potential with a weaker 

pseudopotential. The advantage of this approach is to reduce significantly the electrons number in 

the system. The pseudopotentials are carefully well represented using only low plane waves and 

are equal to the corresponding orbital from the all-electron calculation. This combination of pseudo 

potentials and plane waves is represented by a small number of Fourier components. Plane wave 

basis sets in combination with pseudopotentials are utilized by the Quantum Espresso code used in 

this thesis. 

IV. Quantum Espresso code 

Quantum Espresso code is one of the most widely used open source software for research in 

electronic structure, simulation, and optimization174. It is a density functional implementation using 

plane wave basis set and pseudopotentials. The Quantum Espresso distribution contains different 

packages for the calculation of a variety of properties such as electronic-structure properties, energy 

barriers and reaction pathways, and vibrational properties. Quantum Espresso code executes the 

self-consistent calculation to find the ground state charge density.  A schematic diagram of the self-

consistent loop for DFT calculation is given in Fig.II. 1. Self-consistent calculation begins at a first 

step by constructing a potential from the given atomic positions, then an initial guess for the 

electron density ρ(r) is assumed. The latter is used for the calculation of the effective potentials 

Veff(r). One can solve the Kohn-Sham equations, which can be used to calculate new electron 

densities. The procedure repeats until the charge density and the Kohn-Sham Hamiltonian are 

consistent with each other (results do not change from one cycle to another). When the criterion is 

satisfied, energy, forces, and others output quantities are computed. 
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Fig.II. 1. Schematic diagram of self-consistent loop for DFT calculation. 
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V. Band structure 

As seen before the description of the electron properties is reached by solving the Schrödinger 

equation: 

Hψ =  Eψ 

Under a periodic potential and taking into account the periodicity of the lattice this equation can be 

rewritten as175: 

Hψ = Hψ𝑘+𝐺 = 𝐸(𝑘)ψ𝑘 (5) 

                                                                                  = 𝐸(𝑘)ψ𝑘+𝐺 

where the wave vector G is described as G = hg1+ kg2+ lg3, the gi are the base vectors and h, k and 

l are the so called Miller-indices. E(k) represents the dispersion of a free electron that describes 

how the energy of an electron varies as a function of the crystal wave vector. Considering the 

translational invariance in the reciprocal space, the electronic dispersion relation can be defined as: 

Ek =
ħ2|k|2 

2me
=

ħ2

2me

|k + G|2 (6) 

Thus, due to the periodicity of E(k), describing E(k) in the first Brillouin zone is sufficient to 

describe it in the entire periodic lattice. The energy surface E(k) is shown in Fig.II. 2 which refers 

to the so called band structure. The band structure gives crucial information about the electrical 

properties of a system, as well as indicates the magnitude and nature (direct vs indirect) of the 

fundamental band gap. The E(k) dispersion curvature defines also the effective mass of both holes 

and electrons, as it is expressed by their second derivative with the formula:   

𝑚∗ = ℏ2  [
𝜕2𝐸

𝜕𝑘2
]

−1

(7) 

Effective masses are inversely proportional to the band structure curvature which demonstrate that 

a large curvature as depicted in Fig.II. 2.c correspond to a small effective mass instead small 

curvature define a large effective mass. Extrema shape curvature of the band structure influence 

also the electrical conductivity of materials as it is related to the effective mass by the equation: 

𝜎 = 𝑛𝑒𝜇 (8) 
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where the carrier mobility µ is expressed by 𝜇 =
𝑒𝜏

𝑚∗ , n represents the carrier concentration, τ 

collision time, and m∗ the effective mass. 

 

Fig.II. 2. Simple band structure diagrams for a one dimensional periodic solid (a), repeated 

zone (b), and reduced zone (c) curvature of the dispersion curve at the extrema. 

VI. Density of states 

The density of states (DOS) measures the number of different electronic states at a particular energy 

level that electrons are allowed to occupy (The number of electron states per unit volume per unit 

energy)176. The state number achieved by a quantum system is the possible number of available 

states. Taking into account the spin degeneracy, the total number of states can be written as: 

𝑁 = 
𝑉𝑆𝑦𝑠𝑡𝑒𝑚

𝑉𝑠𝑖𝑛𝑔𝑙𝑒−𝑠𝑡𝑎𝑡𝑒
× 2 (9) 

where 𝑉𝑆𝑦𝑠𝑡𝑒𝑚 is system volume, 𝑉𝑠𝑖𝑛𝑔𝑙𝑒−𝑠𝑡𝑎𝑡𝑒 is the volume of a single state of that system, a factor 

of 2 is added to account for the two possible electron spins.  At a specific energy level, a high DOS 

demonstrates that there are many electronic states available for occupation, instead in an energy 

level when no states are allowed to be occupied the DOS is shown to be zero. The DOS is performed 

by the energy surface E(k) integration over the first Brillouin zone (BZ) as: 

Dos(E) =  
1

V
∑δ(E − E(𝐾𝑖))

𝑁

𝑖=1

(10) 
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E(k) describes the energy levels accessible to electrons can occupy at each point k of the electronic 

Brillouin zone (BZ). 

Thus the density of states per unit volume and per unit energy is expressed as: 

                                                                        𝐷𝑜𝑠(𝐸) =  
1

2𝜋2  (
2𝑚∗

ℎ2 )
3

2 √𝐸                                                     (11) 

The contribution of a particular atom and orbital to the total DOS can be seen by the plot of the 

partial density of states (PDOS). In the experimental study, the DOS of the conduction band can 

be investigated by high energy resolution EELS, while The DOS of the valence band is obtained 

by X-ray emission spectroscopy (XES). 

VII. Dielectric response 

The dielectric properties of materials are of practical importance since the optical properties are 

light-wavelength dependent on the dielectric function. The complex electric function demonstrates 

how a material's optical properties are dependent on the incident wavelength of light. The response 

of a material to an external electric field is described by frequency dependent dielectric function 

𝜀(𝜔): 

𝜀 = 𝜖1 + 𝑖𝜖2 (12) 

where 𝜖1 and 𝜖2 are the real and imaginary dielectric functions, respectively. A different observable 

can be deduced from the dielectric function such as the absorption coefficient, reflectivity, and 

transmission. The absorption coefficient 𝛼 and the reflectivity R are calculated using the real and 

imaginary part of the dielectric function by the standard expressions177: 

𝛼 =
4𝜋𝑘

1240
𝐸 (13) 

𝑅 =
(𝑛 − 1)2 + 𝑘2

(𝑛 + 1)2 + 𝑘2
(14) 

where the extinction coefficient k and the refraction index n are calculated by the formula: 

                                                                   𝑘 = [
√𝜖1

2 + 𝜖2
2 − 𝜖1

2
]
1
2                                                         (15) 

                                                                   𝑛 = [
√𝜖1

2 + 𝜖2
2 + 𝜖1

2
]
1
2                                                         (16) 



2nd section 

 Faculté des Sciences, avenue Ibn Battouta, BP. 1014 RP, Rabat –Maroc 
 00212(05) 537 77 18 34/35/38,  00212(05) 537 77 42 61, http://www.fsr.ac.ma 

 

50 

Time dependent density functional theory (TD-DFT) is one of among approaches used to the 

description of the excited states. TD-DFT establishes a direct relationship between the time-

dependent electron density and the time-dependent potential. Similarly, the time-dependent Kohn-

Sham equations will need to be derived, thereafter, the time-dependent Schrödinger equation can 

be solved. In this thesis, optical properties have been described using Yambo code178 which uses 

Bethe–Salpeter (BS) equation for the electron–hole Green’s function, within the many body 

perturbation theory (MBPT) framework. This approach provides reasonable agreement with the 

experiment as it takes into account electron–hole interactions in the quantitative description of the 

optical response of an interacting electron system. The complex dielectric function is closely 

connected with the band structure since it results from summing over conduction bands179. This 

function consists of direct and indirect interband transition contribution that are made between 

electrons and photons only at the same k point or by considering vibrations of the crystal 

respectively.   

VIII. Phonon dispersion 

Adiabatic approximation guarantees that ground state configurations are attended by electrons 

when ionic positions are fixed. Once electrons are not in an equilibrium position, the forces on all 

atoms in the crystal arise. The force on each atom is supplied within the DFT calculation, then the 

above is used to provide a series of phonon frequencies. Due to the displacement of atoms around 

their equilibrium positions, the position of an atom can be decomposed into two terms: 

𝑅𝑖 = 𝑅𝑖
0 + 𝑈𝑖 (17) 

where 𝑅𝑖
0  and 𝑈𝑖 are the ideal lattice position, and the displacement respectively. Crystal potential 

energy that keeps the atoms together expressed as a function of the 𝑈𝑖 displacement are given by: 

𝜙 =  𝜙0 + ∑𝜙𝛼(𝑖)𝑢𝑖𝛼

𝑖𝛼

+ 
1

2
∑ 𝜙𝛼𝛽(𝑖, 𝑗)𝑢𝑖𝛼𝑢𝑗𝛽

𝑖𝛼𝑗𝛽

+ ⋯ (18) 

Indices α and β denote Cartesian coordinates, while i and j are atom indices. 𝜙0 represents the 

potential energy of the atom in the frozen position,  𝜙𝛼, and 𝜙𝛼𝛽 are the first and second order 

force constants. 

𝐹𝑖𝛼 = −
𝜕𝜙

𝜕𝑢𝑖𝛼
= − 𝜙𝛼(𝑖) (19) 
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and  

                                                             

𝜙𝛼𝛽(𝑖, 𝑗) =  
𝜕2𝜙

𝜕𝑢𝑖𝛼𝜕𝑢𝑗𝛽
(20)  

                = − 
𝜕𝐹𝑗𝛽

𝜕𝑢𝑖𝛼
 , 

which are the second-order coefficients that correspond to the harmonic approximation.  

Thus, the force felt by an atom at site j is given by: 

𝐹𝑗𝛽 = −∑𝜙𝛼𝛽(𝑖, 𝑗)

𝑖𝛼

𝑢𝑖𝛼 (21) 

Atomic vibration is solved with the second-order terms as the harmonic approximation obtained 

by solving the eigenvalue problem of dynamical matrix D(q). For periodic boundary conditions, 

the Fourier transform of the force constant matrix is related to the dynamical matrix: 

𝐷𝑘𝛼𝑘′𝛽(𝑞) =  
1

√𝑀𝑘𝑀𝑘′

∑𝜙𝛼𝛽(𝑙𝑘, 0𝑘′)𝑒−𝑖𝑞(𝑅𝑙𝑘
0 −𝑅

0𝑘′
0 )

𝑙

(22) 

where 𝑙 denote the unit cell, 𝑘, 𝑘′ are the atom inside a unit cell, and 𝑀𝑘, 𝑀𝑘′ are masses of atoms. 

By the diagonalization of the dynamical matrix, we can determine the equation for the normal 

modes or phonons as: 

𝐷(𝑞)𝑒𝑞𝑗 = 𝜔𝑞𝑗
2 𝑒𝑞𝑗 (23) 

where 𝜔𝑞𝑗 and 𝑒𝑞𝑗 give the phonon frequency and polarization vector of the phonon mode 

determined by the wave vector q and branch index j. Phonon is very useful for accounting variety 

of properties and behavior of crystalline materials, such as thermal properties, mechanical 

properties, phase transition, and superconductivity. The lattice vibration frequencies and the 

phonon dispersion spectrum are also beneficial in the context of predicting new structures 

(thermodynamic stability study). In this thesis, first principles phonon calculations were performed 

using Phonopy code180. 
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Second Section- conclusion 

In this section, we went thoroughly with the description of the computational methods we used in 

our investigations namely, the density functional theory which is mainly based on the Schrodinger 

equation. A definition of the different models used for solving the Schrodinger equation has been 

introduced ending with the Kohn-sham equation a non-interacting Schrödinger equation for one 

electron. Density functional theory (DFT) is based on this equation and the two theorems given by 

Hohenberg and Kohn. Thus, DFT is implemented in different codes utilized for theoretical 

properties meant for the investigation of materials and charge densities. The description of the 

quantum espresso (QE) code used in this thesis was carefully explained. QE uses the 

pseudopotentials and plane wave basis sets approaches to provide the electronic structure 

calculation for materials. Furthermore, approximations such as GGA and LDA are used by QE to 

express the exchange-correlation potential between atoms. Optical transitions were investigated 

through the application of an external electric field by using Yambo code. The aspect of phonon 

frequencies series calculation caused by atoms displacement were studied using the Phonopy code 

in order to evaluate the dynamic stability of structures.  
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3rd section 

Outcomes of research 
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Third Section-Introduction  

Hybrid perovskites has emerged as new competing semi-conductor materials in the photovoltaic 

application181. These materials exhibit impressive properties such as the high mobility and 

diffusion of carriers, low recombination rate, high absorption in the visible region, tunable 

bandgap, low effective mass, and low-cost manufacturing[182-188]. They have been used as an 

absorbing layer in solar cells and have demonstrated in just a few years189 a high efficiency that 

exceeds 25%. Currently, these compounds’ degradation, instability, and toxicity are the 

shortcomings that lead to the efficiency dwindling of solar cells based on hybrid perovskite190,191. 

Studies reveal that defects, ion migration, moisture, O2, and light are the main factors causing this 

degradation, thus, efficiency reduction[192-196]. Different kinds of degradation mechanisms have 

been suggested and investigated in various studies197-198. It is noted that O2 alone does not induce 

the perovskite degradation199. Studies suggest that hybrid perovskite degrades in dry air in the 

presence of both oxygen and light200. This degradation is due to the formation of superoxide in the 

perovskite framework which are induced by the light effect. In particular, this degradation process 

that causes the hybrid perovskite breakdown  occurs as follow: the strong Pb-O bonds lead to the 

disintegration of Pb-I bonds, furthermore, O atoms tend to bond with two Pb atoms by replacing 

iodine atoms201. However, experimental studies discovered that doping iodine (I) with bromine 

(Br) shows the improvement of the hybrid perovskite stability202,203. Meanwhile the understanding 

of the halogen mixing on the enhanced stability did not undergo any furthermore examination. A 

deep study on the bromine influence on the MAPbI3 properties will be discussed in this section. 

On the other hand, Ni el al. have demonstrated the crucial influence of defects in the perovskite 

layer specifically regarding the stability and hybrid perovskite solar cells performance204. In 

MAPbI3 defect can be either vacancies (VMA, VPb, VI), interstitials (MAi, Pbi, Ii), cation 

substitutions (MAPb, PbMA), or anti-site substitutions (MAI, PbI, IMA, IPb)
205. Depending on the 

defect nature, the above can create a shallow donor or acceptor energy level in the surface band 

structure206. Furthermore, deep trap behavior levels can be also formed close to the middle of the 

band gap through the formation of vacancies which facilitates the charge carrier recombination 

resulting in the decrease of both carrier lifetime and the open circuit voltage207. However, shallow 

trapped states positioned near to the CBM or VBM are shown to reduce the charge carrier 

mobility208. Both experimental and theoretical studies show that iodine defect results in the deep  
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electron and hole trapping levels inside of the band gap (mid-gap states), that act as centers for 

non-radiative recombination209. Besides superoxide ion (O2
−) species are shown to replace the 

iodine vacant site in the hybrid perovskite surface which induces the fast degradation of the 

perovskite system210. It is widely recognized that different hybrid perovskite degradation pathways 

can take place depending on the environment conditions and gas molecule adsorbed leading to 

reversible or irreversible material destruction211-212. Under the effect of water, hybrid perovskite 

can undergo a decomposition to both organic and inorganic components213. Particularly, 

experimental studies have noticed that MAPbI3 is converted to PbI2 when it is present in air at 60% 

ambient humidity at dark conditions, this conversion is less pronounced in vacuum condition214. 

Myriad of studies have focused on investigating the mechanism of moisture-induced hybrid 

perovskite degradation215-216. A study of the water-MAPbI3 interaction by molecular dynamics 

revealed that the dissociation of MAPbI3 is triggered by the initial step of iodine ions detachment 

which attempt to detach themselves from the surface of the perovskite217. It has been proposed also 

that the irreversible degradation can be triggered by trapped charges in perovskite crystal at grain 

boundaries under the presence of moisture198. Kwak et al. demonstrated that no degradation occurs 

for hybrid perovskite in the presence of moisture and absence of charge generation caused by 

light218. In contrast, they showed that in positively or negatively charged crystal, the perovskite 

underwent a decomposition through the organic cation dissolution or dissociation of iodide anion 

respectively. Organic cation dissolution occurs due to the H2O and CH3NH3 (MA) interaction 

through hydrogen bonds leading to the NH3 deprotonation, thus, the structure destruction219. A new 

approach to mitigate the perovskite water interaction for a stable hybrid perovskite solar cells will 

be discussed in detail later in this section. Besides the mixture of organic cation plays a crucial role 

in enhancing the perovskite stability220. Organic cation plays a huge role in identifying large 

properties of hybrid perovskite, furthermore, their incorporation helps in reducing ion migration in 

the crystal221. On the other hand, hydrogen vacancies created by the cation organic are shown to 

act also as a non-radiative recombination center limiting the hybrid perovskite devices 

performance222. Controlling the formation of this hydrogen vacancies can be established by 

replacing MA cation in MAPbI3 by the organic FA, where theses vacancies have been known to 

hardly form, making FAPbI3 more stable and higher performing in photovoltaic applications222. 

The high efficiency achieved by the hybrid perovskite was showed by lead halide perovskites that 

represent toxicity223-224, which blocks the commercialization of these compounds. The substitution 



3rd section 

 Faculté des Sciences, avenue Ibn Battouta, BP. 1014 RP, Rabat –Maroc 
 00212(05) 537 77 18 34/35/38,  00212(05) 537 77 42 61, http://www.fsr.ac.ma 

 

56 

of lead by tin in both FAPbI3 and MAPbI3 has demonstrated an efficiency of 5.51% and 3.13% 

respectively225, while the substitution of lead by Ge in MAPbI3 shows an efficiency of 0.2% and 

doesn’t show any photocurrent for FAGeI3
226. So far no substitution of lead has demonstrated a 

better performance than the MAPbI3. In the following we will discuss the power conversion 

efficiency of the less free lead halide perovskite FAPb0.5Sn0.25Ge0.25X3 (X= I, Cl and Br) crystals 

in the case of partial substitution of lead by both tin and germanium, and where the halogen (I, Br, 

Cl) was swapped for iodine, bromine and chlorine.  
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Chapter I 

Somme approaches for reducing the hybrid perovskite degradation processes 

 

I. Introduction 

The main focus of this chapter is understanding the degradation mechanism of hybrid perovskite 

as well as enhancing and reducing their degradation processes. The first part is devoted to the 

investigation of the bromine doping effect on MAPbI3. In this research, the CH3NH3PbI3 doped by 

bromine (Br) in different sites was theoretically investigated using the density functional theory 

(DFT). For this purpose, the electronic, electrical conductivity, and optical properties of 

CH3NH3PbI3 and CH3NH3PbI2Br were studied. In addition, the dynamical properties of the two 

compounds were studied by the phonon spectrum calculation, in order to acknowledge the stability 

rate of these doped systems. On top of that, to better understand the influence of the oxygen (O) 

molecule, on the methylammonium lead halide perovskite degradation, we investigated the 

interaction of oxygen (O) with both CH3NH3PbI3 and CH3NH3PbI2Br compounds. The second part 

is dedicated to a detailed study of the influence of vacancy and humidity on the degradation of 

hybrid perovskite. As a rational approach to diminish the toxicity and increase the stability of these 

compounds, we herein report by simulations within the framework of DFT the doping effect of 

lead by both tin and germanium on the hybrid perovskite stability. For this purpose, we investigated 

the energy vacancy formation in different sites of the CH3NH3PbI3 and MAPb0.5Sn0.25Ge0.25I3 

perovskite compounds as well as we evaluated their influence on the surface band structure. 

Further, we studied the adsorption energy of water molecule on different sites of both compounds 

with the presence of vacancies and in the defect free systems. The adsorption of the water molecule 

has been made above diverse sites positions where the initial hydrogen atom of water molecule is 

pointing downward. The charge density distribution was also evaluated to illustrate the interactions 

between H2O and the perovskite surfaces. 
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II. Degradation mechanism of CH3NH3PbI3 and enhancing its optical absorption through 

variety of doping sites 

1. Structural and physical properties of CH3NH3PbI3 and CH3NH3PbI2Br 

The hybrid perovskites CH3NH3PbI3 and CH3NH3PbI2Br structures are illustrated in Fig.I. 1. The 

pseudo-cubic structure of CH3NH3PbI3 consists of an octahedral cluster of lead where each Pb is 

surrounded by 6 iodine (I) atoms. The Methylammonium CH3NH3 cation is surrounded by 8 

octahedral PbI6. The bromine (Br) doping was performed at three non-equivalent iodine (I) sites 

(Br', Br'', Br'''). 

  

 

 

Fig.I. 1. Pseudo-cubic structure of (a) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟑 ,(b) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓', (c) 

𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓′′ and (d) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓''' 

Fig.I.  1a shows the pseudo-cubic structure of CH3NH3PbI3, where lead (Pb) occupies the center of 

the octahedra and is surrounded by six iodine (I) atoms. It is clearly seen from Fig.I. 1 (a) that the 

PbI6 cage demonstrates a tilting towards the NH3 cation.  When doping with bromine (Br) in the 

a)                                                                                      b) 
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Br' site, the diagonal I1-Pb-I4 becomes almost untitled (Fig.I. 1 (b)), which comes down to the larger 

electronegativity of bromine (Br). The doping in Br'' site does not show a high effect on the 

symmetry of the structure. On the other hand, doping in Br''' site shows the rotation of both organic 

molecule CH3NH3 and the I1-Pb-I2 angle. Thus, the doping by bromine (Br) in different sites affects 

the symmetry of CH3NH3PbI3.The cell parameters of the doped structures have decreased as 

shown in Table.I. 1. This is due to the smaller ionic radius of bromine (Br)227, and also the shorter 

Br−Pb bonds when compared with I−Pb bonds as represented in Table.I. 2. The lattice parameters 

of the structures are in good agreement with other theoretical and experimental studies228-229.   

Table.I. 1. Cell parameters of the pseudo-cubic 𝐂𝐇𝟑𝐍𝐇𝟑𝐏𝐛𝐈𝟑 and 𝐂𝐇𝟑𝐍𝐇𝟑𝐏𝐛𝐈𝟐𝐁𝐫 structures 

Pseudo-Cubic Lattice parameters (Å) 

This work                       Other work228                        Experimental 

 

𝑪𝑯3𝑵𝑯3𝑷𝒃𝑰3  a = 6.35 , b = 6.30, 

c = 6.34 

     a = 6.33, b = 6.29,                   6.27230 

               c = 6.39 

𝑪𝑯3𝑵𝑯3𝑷𝒃𝑰2𝑩𝒓’ a = 6.33, b = 6.25, 

c = 5.99 

     a = 6.35, b = 6.27,                   6.18229 

              c = 6.08 

𝑪𝑯3𝑵𝑯3𝑷𝒃𝑰2𝑩𝒓'' a = 6.37, b = 5.94, 

c = 6.33 

     a = 6.36, b = 5.98,  

               c = 6.41 

𝑪𝑯3𝑵𝑯3𝑷𝒃𝑰2𝑩𝒓''' a = 5.92, b = 6.27, 

c = 6.39 

     a = 6.01, b = 6.27,  

               c = 6.44 

 

Table.I. 2. Bond lengths of 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟑 and 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓 structures 

bond length (Å) Pb-I1 Pb-I2 Pb-I3 Pb-I4 Pb-(Br1 or I5) Pb-(Br2 or I6) 

𝑪𝑯3𝑵𝑯3𝑷𝒃𝑰3 3.17 3.27 3.08 3.17 3.19 3.18 

𝑪𝑯3𝑵𝑯3𝑷𝒃𝑰2𝑩𝒓' 3.13 3.22 3.12 3.13 3.04 2.98 

𝑪𝑯3𝑵𝑯3𝑷𝒃𝑰2𝑩𝒓'' 3.25 3.11 3.18 3.15 2.99 2.99 

𝑪𝑯3𝑵𝑯3𝑷𝒃𝑰2𝑩𝒓''' 3.15 3.16 3.30 3.12 2.98 2.95 
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After the optimization of the lattice parameters, we evaluated the band structure. Fig.I. 2 shows 

that CH3NH3PbI3 and CH3NH3PbI2Br have a semiconductor characteristic. With the substitution 

of bromine (Br), the gap remains direct and shows an increased value of 1.62 eV for the doping in 

Br' site, 1.6 eV in Br'' and 1.7 eV in Br''' with a direct bandgap of 1.58 eV for CH3NH3PbI3 at the 

R point of the Brillouin zone. Table.I. 3 regroups the band gap values calculated for all structures. 

They are in good agreement with theoretical and experimental studies203-52-231.  

In order to understand the doped bromine’s (Br) effect on the electronic structures, the total density 

of state (TDOS) and partial density of state (PDOS) were calculated for both CH3NH3PbI3 and 

CH3NH3PbI2Br as shown in Fig.I.3.  

Table.I. 3. Band gap of 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟑 and 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓 

Pseudo-Cubic                                                    Band gap (eV) 

             This work                      Other work228                      experimental 

 

𝐂𝐇3𝐍𝐇3𝐏𝐛𝐈3                1.58                                1.54                                     1.55231 

𝐂𝐇3𝐍𝐇3𝐏𝐛𝐈2𝐁𝐫’                1.62                                1.649                                   1.64231, 1.6813 

𝐂𝐇3𝐍𝐇3𝐏𝐛𝐈2𝐁𝐫''              1.6                                1.644 

𝐂𝐇3𝐍𝐇3𝐏𝐛𝐈2𝐁𝐫'''              1.7                                1.647 
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Fig.I. 2. band structure of (a) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟑 ,(b) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓', (c) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓'' 

and (d) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓''' 
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Fig.I. 3. DOS of (a) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟑 ,(b) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓', (c) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓'' and (d) 

𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓''' 

The Fermi energy level is located in the middle of the conduction and the valence bands and it is 

represented by the dash-dot in Fig.I. 3, which shows that the density of state (DOS) of the three 

CH3NH3PbI2Br structures is similar. The main difference appears in the middle gap of the 

conduction band minimum (CBM) and the valence band maximum (VBM). The CH3NH3 cation’s 

states are located far from the CBM and the VBM for all the partial density of state as in the pure 

compounds232, suggesting that the role of organic ions in the term of electronic properties is only 

to maintain neutrality. The orientation of this organic part and the bonding it establishes with the 

inorganic part plays an important role to defend the properties of this material, and indirectly 

influences the efficiency of this device233-234.  

The CBM of CH3NH3PbI3 is mainly dominated by the Pb-p orbital with negligible coupling with 

I-s orbital , while the VBM of CH3NH3PbI3 is principally constituted of s orbital of lead (Pb) which 

a)                                                                                                   b) 

c)                                                                                                   d) 
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hybridizes with the p orbital of iodine (I). The hybridization between these orbitals results in an 

antibonding state in both the VBM and the CBM of the CH3NH3PbI3 compound , making the upper 

valence bands dispersive,  and it also results in small effective masses for the holes and low 

effective electron mass235. The anti-bonding coupling in the VBM and the CBM tends to break the 

Pb-I bond and forms a vacant site where the charge trips inside236. As a result, non-rapid 

recombination is guaranteed, making this hybrid perovskite  an ideal candidate for thin-film solar 

cells with a p-i-n configuration237. The electronic density changes with the doping of iodine (I) by 

bromine (Br). Adding the new Br states modifies the overlap between the Pb-I orbitals. As depicted 

in Fig.I. 3 (b, c, and d), by varying the bromine (Br) doping site we can control the interaction 

between the Pb, I, and Br orbitals which influences the electronic properties, thus, the band gap. 

Previous studies have also demonstrated the importance of orbital interactions in determining 

electronic band structures238. However, as indicated in Fig.I. 3, the Br state does not affect the CBM 

while it contributes to the VBM where the P-Br orbital appears, as also noted by previous 

investigations228,239. The contribution of bromine (Br) in the VBM leads to an increase in the band 

gap. It has been demonstrated that the valence band region is stabilized by the octahedral tilting 

which has a correlation with the band gap opening240. Thus, the CH3NH3PbI2Br''', which shows 

the high tilting exhibits the larger band gap, and stabilizes the CH3NH3PbI2Br compounds. Fig.I. 

4 shows the variation of the lattice parameters, bond length fraction (ratio between the shortest and 

longest I-Pb–I bonds depending on the position of I), and bandgap of CH3NH3PbI3 and 

CH3NH3PbI2Br compounds. As can be seen from Fig.I. 4 the lattice parameters and the bond length 

fraction of CH3NH3PbI3 decrease with the effect of bromine (Br) doping while the bandgap 

increases with the presence of bromine (Br).   

https://www.powerthesaurus.org/previous_investigations/synonyms
https://www.powerthesaurus.org/previous_investigations/synonyms
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Fig.I. 4. Lattice parameters, bond length fraction, and bandgap variation  of  𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟑 

and 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓 

Furthermore to evaluate the electrical conductivity of these compounds, Boltzmann Transport 

Theory as implemented in Boltztrap code was used241. Fig.I. 5 depicts the electrical conductivity 

per unit relaxation time (σ/τ) as a function of the carrier concentrations and the chemical potential 

(μ) at temperatures 300K, 500K, and 800K for CH3NH3PbI3 and CH3NH3PbI2Br compounds. The 

electrical conductivity of all compounds increases with increasing carrier concentration and it 

decreases with temperature for both electron and hole charge carrier, while it remains constant with 

the variation of temperature when it is represented as a function of the chemical potential as 

reported for CH3NH3PbI3 in  a previous publication242. Electrical conductivity was found to 

decrease upon Br doping. The lowest values are given by the Br''' doping sites while the Br'' doping 

sites exhibits the largest values, at high values of carrier concentrations. Generally, the electrical 

conductivity is related to the effective mass by the equation σ = neµ where µ = eτ/m∗ (n represents 

the carrier concentration, µ carrier mobility, τ collision time, m∗ the effective mass). As shown 

above, the variation of the effective mass value is related to the band structure (dispersive or flat 

CBM and VBM), this variation causes the disparity in electrical conductivity value between carrier 

concentrations. Thus, orbital interaction between atoms which influences the bonding length and 

the octahedral environment in the compounds have a direct influence on the electrical 

conductivity243. 
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b) 

c) 
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Fig.I. 5. Electrical conductivity of  (a) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟑 ,(b) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓', (c) 

𝐂𝐇𝟑𝐍𝐇𝟑𝐏𝐛𝐈𝟐𝐁𝐫'' and (d) 𝐂𝐇𝟑𝐍𝐇𝟑𝐏𝐛𝐈𝟐𝐁𝐫''' 

 

2. Optical properties of non-doped CH3NH3PbI3 and doped CH3NH3PbI2Br systems 

The calculation of the optical property requires the calculation of the system’s disturbance by an 

electromagnetic wave. The dielectric function has been used for this aim, and is given by the 

formula; ε= ε’+ i ε'' Where ε' and ε'' represent respectively the real and the imaginary part of the 

dielectric function. Fig.I. 6 shows the imaginary part of the dielectric function and the absorption 

coefficient which are given by the equation244; 𝛼 =
4𝜋𝐾

1240
𝐸 where 𝑘 =

𝜀"

√2𝜀′+2√𝜀′2+𝜀"2
 

  

Fig.I. 6.  a) Imaginary dielectric function Im(ε)  and b)  Absorption coefficient of  

𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟑 and 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓 
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The dielectric function describes the response of the material to the incident photons as a function 

of energy, whereas the absorption coefficient is indicated by the highly localized interband 

transitions and it gives important information about the efficiency performance of materials. Fig.I.  

6 shows that the maximum absorption of all compounds is positioned in the region of the visible 

light except the CH3NH3PbI2Br'''compound. The CH3NH3PbI3 demonstrates a high absorption 

coefficient of 7 × 105 cm−1 in the visible light range. This result is in good agreement with 

theoretical and experimental studies232-245-246. The high absorption capacity that exhibits 

CH3NH3PbI3 refers to the transition between the valence mixed states of iodine (I) and lead (Pb) 

and the conduction states of lead (Pb), both of them demonstrate a high state density that leads to 

a strong optical absorption247.  As depicted in Fig.I. 6, the doping by bromine (Br) modifies the 

optical spectra obtained. As can be seen from the Figure the presence of bromine (Br) leads to a 

slight shift of the absorption with the stepwise increase of the band gap as reported also by the 

previous study248. The absorption coefficient represented by the doping in Br''' site is low 

concerning visible light. However, it increases in the region of ultra-violet and shows a maximum 

absorption coefficient value of 1.4 × 106 𝑐𝑚−1in this range. The doping in Br'' site presents 

practically similar absorption character of the pure phase in the region from 150 nm to 375 nm and 

from 650 nm to 1000 nm. The absorption coefficient of the doping in this site (Br'') shows a 

maximum value of 7,6 × 105 cm−1 in the region of the visible light. The doping in the Br' site 

increases the absorption compared to the pure phase. From the optical absorption coefficient, it can 

be noted that Br' takes a maximum value of 8 × 105 cm−1 in the visible light range and presents 

the higher value of all compounds in this region. Consistent with previous reports, the band gap 

and the optical spectra of hybrid perovskite can be tuned by changing the ratio I/Br249. In addition, 

this study reveals that they can be furthermore tuned by varying the doping site to raise the 

absorption coefficient Thus, the spectrum absorption analysis shows that the doping site position 

is an important factor to enhance the optical properties and the power conversion efficiencies. Also, 

due to the strong absorption, these compounds need less thickness to capture solar energy250. 

Because visible light is the most efficient part of the complete solar spectrum, and the high 

absorption in this range is essential to obtain high efficiency's cells, the doping in Br' and Br'' sites 

remains the best candidate to enhance the stability of this material and to take advantage of the 

solar spectrum.  
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3. Mechanical stability study of both CH3NH3PbI3 and CH3NH3PbI2Br systems  

The study of mechanical stability is primordial to understand the properties of crystalline materials. 

Thus, the phonon calculation was investigated to study the system's stability. After the generation 

of displacement and constant force, a harmonic approximation was used to solve the eigenvalue 

problem of dynamical matrix D(q) which gives the phonon frequency251. Harmonic approximation 

showed a negative eigenvalue when the system demonstrated an instability, and a positive 

eigenvalue in the contrast case251. 

 

  

  

Fig.I. 7. partial phonon density states of 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟑 and 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓 

In this section the partial phonon density of CH3NH3PbI3 and CH3NH3PbI2Br have been studied, 

the results are plotted in Fig.I. 7. The partial phonon density shows three branches due to the mass 

difference and the bonds between the atoms. The low frequency systems are caused by the vibration 
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of both organic and inorganic parts. In all states, there is a very small contribution of negative 

frequency which demonstrates that the three positions doped can exist experimentally. These 

results show that even in doped CH3NH3PbI3, the mechanical stability of the system is not affected, 

which makes it easy for the experimental process, because there is no phase transition.  

The CH3NH3PbI2Br and CH3NH3PbI3 have respectively the same dynamical stability, and even 

with the substitution of iodine (I) by bromine (Br) , there is a presence of a weak imaginary mode. 

From this last result, we may deduce that this dynamical instability does not have a great influence 

on the materials degradation. 

4. Unraveling oxygen degradation mechanism in hybrid perovskite 

 

Fig.I. 8. structure of (a) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓'-O, (b) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟑-O, and charge density of  

(c) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟐𝑩𝒓′-O, (d) 𝑪𝑯𝟑𝑵𝑯𝟑𝑷𝒃𝑰𝟑-O 

 

c)                                                                                                                   d) 
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In this section, in order to study the interaction between oxygen (O), iodine (I), and bromine (Br) 

we used an interstitial site in the tetrahedral site of  CH3NH3PbI3 and CH3NH3PbI2Br at the (0.5 

0.25 0.75) position. Structural properties and the charge density of the CH3NH3PbI3-O and 

CH3NH3PbI2Br-O structure were investigated and represented in Fig.I. 8. Fig.I. 8 (b) shows that 

oxygen (O) in the CH3NH3PbI3 system tends to interact with iodine (I), lead (Pb) and hydrogen 

(H), resulting in the displacement of inorganic element toward the organic molecule. With bromine 

(Br) doping in the CH3NH3PbI2Br system (Fig.I. 8-a),  we can clearly notice that the O-Br bond is 

not favorable, and the displacement of the inorganic part becomes limited. Fig.I. 8 (d) represents 

the charge density between the inorganic element of CH3NH3PbI3, it shows that oxygen (O) makes 

an ionic bond with iodine (I), confirming that oxygen (O) acts under this hybrid perovskite as an 

acceptor dopant252 that can also be seen in Table.I. 4. Comparing the charge density of Fig.I. 8 (c) 

to 8 (d) shows a decrease of charge around lead (Pb), due to the transfer of charge between bromine 

(Br) and lead (Pb). Thus, bromine (Br) tends to make a covalent bond with lead (Pb), which makes 

an electrostatic equilibrium in this structure, thus, improving the system stability.  

Table.I. 4. Bader atomic charges of CH3NH3PbI3, CH3NH3PI3-O and CH3NH3PbI2Br-O 

Element CH3NH3PbI3 CH3NH3PI3-O CH3NH3PbI2Br-O 

Pb + 0.9 + 1.01 + 1.07 

I1/Br - 0.55 + 0.75 - 0.58 

I2 - 0.54 - 0.47 + 0.81 

I3 - 0.57 - 0.55 - 0.54 

O ---- - 1.49 - 1.50 

CH3NH3 + 0.76 + 0.74 + 0.74 
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III. New approach to mitigate the perovskite water interaction for a stable hybrid 

perovskite solar cell. 

1. Structural properties and vacancy in both MAPbI3 and MAPb0.5Sn0.25Ge0.25I3 

In this work we have been interested in the orthorhombic MAPbI3 (MA=CH3NH3) with a Pnma 

symmetry and the doped system MAPb0.5Sn0.25Ge0.25I3, where the MA molecules are fully ordered 

and the PbI6 cage shows a tilting in all three spatial directions (see Fig.I. 9).  

 

 

Fig.I. 9. Thin film orthorhombic structures of a) MAPbI3 and b) MAPbSnGeI3 compounds 

showing the apical and equatorial sites of the iodine ions. 

Orthorhombic phase of MAPbI3 is denoted in Glazer notation by a−b+a−, indicating an in-phase 

rotation in the b axes and out-of-phase rotation in both a and c axis88.  The coordination number of 

lead (Pb) is six and Pb atom is chelated by six iodine (I) forming an BX6 octahedra with Pb-I 

distances of 3.18 Å. Tilting of the halide frame BX6 has a significant effect on the perovskite optical 

band gap and carrier effective masses88. The octahedral rotation in hybrid perovskite causes the 

energy to diminish thus lowering the barrier ion migration in hybrid perovskite101. This in turn 

leads to the MAPbI3’s degradation to PbI2 only. In this context thermodynamic degradation 

mechanisms have been involved by the creation of iodine molecular defects. Studies suggest that 

the dissociation of molecular vacancies in the MAPbI3 compound is more favorable for the HI and 

MAI vacancies253. In this order we calculated the dissociation of iodine (I) atom in four different 

sites. The two positions VI1 and VI2 are located between two Pb (Pb-I-Pb) in the surface and 

subsurface respectively. The VI3 position is for an iodine positioned between Pb and Ge (Pb-I-Ge),  

a)                                                                          b) 
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the last position VI4 is for iodine positioned between Pb and Sn (Pb-I-Sn). Structures depicting the 

different iodine vacancies (VI) in both MAPbI3 and MAPbSnGeI3 are shown in Fig.I. 10. Table.I. 

5 shows the formation energy of the four iodine vacancies.  

 

 

Fig.I. 10. Different Iodine vacancy position in a) MAPbI3 and b) MAPbSnGeI3 compounds. 

 

Table.I. 5. Formation energy of the different iodine vacancies (VI) 

 

 

 

 

 

 

Results show that VI1 at the surface exhibits a low formation energy compared to other iodine 

vacancies. This discovery matches the previous reports which argue that VI prefers to occupy the 

surface of hybrid perovskite layer254. It has been observed that the dissociation of MAPbI3 is 

triggered by the initial step of iodine ions detachment which attempt to detach themselves from the 

surface of the perovskite217. Here, in our simulations we demonstrate that the half doping of Pb by  

Sites Formation energy (eV) 

VI1  3.10 

VI2  3.16 

VI3  3.85 

VI4  3.72  

VI1 

VI2 

VI3 

VI4 

a)                                                                 b) 
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Sn and Ge leads to a higher energy formation of iodine vacancy at the surface of the MAPbSnGeI3 

enhancing their stability.  As can be seen from Table.I. 5, I vacancy site at the surface of 

MAPbSnGeI3 (VI3) shows a higher formation energy than VI at the subsurface and surface of 

MAPbI3. The presence of Ge at the MAPbSnGeI3 surface has strengthened the Pb-I-Ge bond 

resulting in the rising of the VI energy formation suggesting a relatively limited iodine dissolution 

from the surface. Furthermore, to gain a clear understanding of the VI defect on degradation 

mechanism of this materials, we investigated the band structure associated with the MAPbI3 and 

MAPbSnGeI3 in the pure and defect phase. The MAPbI3 defect-free phase depicted in Fig.I. 11 

shows that MAPbI3 (001) has a direct bandgap of 1.68 eV at the Γ point. The calculated band gap 

of MAPbI3 is consistent with the experimental report255. The doping of lead (Pb) in the 

MAPbSnGeI3 increases the band gap to a value of 1.72 eV (Fig.I. 11). However, it is apparent that 

the conduction band maximum (CBM), and valence band minimum (VBM) in the presence of 

different iodine vacancies shifted toward a lower value. The iodine vacancy defect creates a new 

shallow energy levels in the CBM. Furthermore, in the case of VI4 it appears a manifestation of a 

new deep traps state located in the middle of the CBM and VBM not far away from the conduction 

band. The anion vacancy is shallow donor, in contrast to VPb and VMA that are prone to cause the 

formation of shallow acceptor level256. The presence of VI leads to a delocalized CBM state due to 

the extension of Pb-6p orbitals (extension of Pb-6p, Ge-4p, Sn-5p in the case of MAPbSnGeI3) 

around VI as suggested in a previous study257. The p-type VI originates mainly from the ionic 

bonding nature of Pb ions and MA. It is also reported that the charges localized inside the deep trap 

state where carriers get trapped inside making of VI4 a nonradiative recombination center258. Given 

these results about the formation energy of VI and their influence on the surface band structure in 

the hybrid perovskite MAPbI3 and MAPbSnGeI3, we then investigate the adsorption of water in 

both defect- free systems and in the presence of these different vacancy sites.  
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Fig.I. 11. Band structure of MAPbI3 and MAPbSnGeI3 in the pure and defective phase 

 

2. Water adsorption onto MAPbI3 and MAPb0.5Sn0.25Ge0.25I3 structures 

The bonding dissociation and the decomposition of hybrid perovskite can be determined by the 

effect of the water molecules interaction and their dissociation in these materials. As reported in 

previous studies, the water molecules can be adsorbed easily at the surface of MAPbI3 

compound259. It can be denoted that two kinds of surface characterize the MAPbI3 compound: The 

Pb-I terminated surface and the MA-I terminated surface. In our study we have been interested in 

the MA-I terminated surface where two MA molecules occupy the MAPbI3 surface whom 

orientation differs. CH3 is pointing upward for the first MA and downward for the second.  The 

adsorption of water molecule has been calculated for different sites of MAPbI3 and MAPbSnGeI3 

surfaces. As depicted in Fig.I. 12 the adsorption positions are Pb, I, Ge, hydrogen atom of CH3 

(HCH3), and hydrogen atom of NH3(HNH3). Fig.I. 12 demonstrates the after and before interaction 

between the H2O molecule and the adsorption sites as well as the calculated charge density 

distribution in order to concretely illustrate the interactions between H2O and the perovskite 

MAPbI3                                                               MAPbI3-VI1                                                MAPbI3-VI2 

MAPbSnGeI3                                          MAPbSnGeI3-VI3                                    MAPbSnGeI3-VI4                                                     
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surface. The adsorption energy calculated and summarized in Table.I. 6 shows negative values 

which demonstrates that the water molecule can be adsorbed in all of the sites. In the case of CH3 

adsorption on MAPbI3 (Fig.I. 12-CH3 (a)), we can clearly see that the CH3NH3 starts to rotate, and 

the H2O molecule moves toward the hydrogen of NH3 to form an O- HNH3 bond of 2.6 Å. Electron 

density analysis shows that H2O movement is also motivated by the I-HH2O interaction. This 

interaction is suppressed in the case of MAPbSnGeI3 system, where H2O are shown to be static 

(Fig.I. 12-CH3 (b)) resulting in the adsorption energy reduction from -0.4 eV to -0.19 eV. 

Noteworthy, water length bonding diminishes upon the adsorption onto the NH3 site to 1.7 Å in 

both compounds. The adsorption on the NH3 (Fig.I. 12-NH3) position demonstrates a shorter and 

stronger O- HNH3 bonding, and shows that oxygen tends to attract the HNH3 atom than the HCH3 atom 

as reported by previous studies260,261. In all adsorption configurations oxygen atoms (O) of water 

molecules are pointed to the surface except for the iodine atom (I) where the hydrogen atoms are 

pointing downwards confirming that HH2O prefers to bond with iodine (I) atoms. H2O adsorbed on 

I site of MAPbI3 is shown to move towards the apical iodine located at the surface instead of the 

equatorial iodine site that is positioned between two Pb atoms. It can be noticed that for the 

MAPbSnGeI3 system, the doping by Ge increases the charge transfer between equatorial I and Ge, 

thus, strengthening the I bond that makes I atoms stable, leading to the mitigation of the HH2O-I 

bonding resulting in the diminishment of the adsorption energy in I site of MAPbSnGeI3 (see table 

6). Water adsorbed onto Pb site results in both HH2O and OH2O bonding with I and Pb respectively. 

The charge density between Pb-O (Pb-O = 2.7 Å) in MAPbI3 is mainly shared by the O and Pb 

atoms forming a covalent bond (Fig.I.  12-Pb(a)). Moreover, it could be seen in Fig.I. 12-Pb(b) that 

in the doping system (MAPbSnGeI3) a strong interaction Ge-I appears, which induces the 

reorientation of HH2O that tends to rotate and interacts with the neighboring I atom leading to the 

break of the N-HNH3-I bonds in MAPbSnGeI3.  In comparison with the Pb site, the Ge adsorption 

site (Fig.I. 12-Ge) showed only a covalent HH2O–Ge bonding, meanwhile the interaction HH2O–I 

does not occur due to the strong Ge-I bonding and therefore implies the weakness of the adsorption 

energy in the MAPbSnGeI3 (see Table.I. 6).  
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• NH3 

 

 

Fig.I. 12. After and before interaction between the H2O molecule and the NH3 adsorption 

site as well as the calculated charge density distribution for a) MAPbI3 and b) MAPbSnGeI3

a) 

 

 

 

 

 

 

 

 

 

 

b) 

Before                                                     After 

Before                                                   After 
 

 

 

0.1 

 

 

 

 

0 



3rd section 

 Faculté des Sciences, avenue Ibn Battouta, BP. 1014 RP, Rabat –Maroc 
 00212(05) 537 77 18 34/35/38,  00212(05) 537 77 42 61, http://www.fsr.ac.ma 

 

77 

 

• CH3 

 

 

Fig.I. 12. After and before interaction between the H2O molecule and the NH3 adsorption 

site as well as the calculated charge density distribution for a) MAPbI3 and b) MAPbSnGeI3
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• I 

 

 

Fig.I. 12. After and before interaction between the H2O molecule and the NH3 adsorption 

site as well as the calculated charge density distribution for a) MAPbI3 and b) MAPbSnGeI3
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• Pb 

 

 

Fig.I. 12. After and before interaction between the H2O molecule and the NH3 adsorption 

site as well as the calculated charge density distribution for a) MAPbI3 and b) MAPbSnGeI3

a) 

 

 

 

 

 

 

 

 

 

 

 

b) 

Before                                            After 

Before                                          After 

 

 

 

0.1 

 

 

 

 

0 



3rd section 

 Faculté des Sciences, avenue Ibn Battouta, BP. 1014 RP, Rabat –Maroc 
 00212(05) 537 77 18 34/35/38,  00212(05) 537 77 42 61, http://www.fsr.ac.ma 

 

80 

 

• Ge 

 

Fig.I. 12. After and before interaction between the H2O molecule and the NH3 adsorption 

site as well as the calculated charge density distribution for a) MAPbI3 and b) MAPbSnGeI3 
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Table.I. 6. Adsorption energy calculated in the different sites of MAPbI3 and MAPbSnGeI3 

compounds. 

                                                  Calculated Adsorption energy (eV) 

Sites MAPbI3 MAPbSnGeI3 

CH3 -0.40 -0.19 

NH3 -0.70 -0.70 

I -0.24 -0.14 

Pb -0.56 -0.54 

Ge ---- -0.48 

Pb(VI1 or VI3) -0.54 -0.50 

Pb(VI2 or VI4) -0.49 -0.44 

 

In summary, results indicate that water adsorption is more favorable in Pb and NH3 sites suggesting 

a chemisorption including O- HNH3 and O-Pb bonding in the NH3 and Pb adsorption sites 

respectively. The strong interaction O-HNH3 leads to the deprotonation of the NH3 forming the 

volatile CH3NH2 that accelerates the perovskite degradation system262.  Furthermore, we calculated 

the adsorption energy on Pb site with the presence of iodine vacancy to evaluate their effect on the 

system degradation (see table 6 (Pb-VI)). The adsorption energy onto Pb site with the presence of 

iodine vacancy shows a comparable value with a slightly small difference. This result suggests that 

water molecules play an indirect role in the degradation of the system. Water molecules can induce 

the iodine vacancies creation that in turn represents a center of molecule trap which is responsible 

of the fast hybrid perovskite distortion.  In order to further investigate the interaction between water 

molecule and Pb adsorption site in the presence of iodine defect, the charge density difference of 

H2O adsorption was calculated and represented in Fig.I. 13. The system charges density is 

redistributed mostly around the first layer of the perfect hybrid perovskites (MAPbI3 and 

MAPbSnGeI3) or the defective perovskite (MAPbI3-VI and MAPbSnGeI3-VI) surfaces and H2O 

molecules. Negative charge is observed in H2O molecules and positive one in the perfect and 

defective perovskite frameworks. As can be seen from Fig.I. 13 the presence of a vacancy defect 

in the surfaces modifies the charge transfer between the surfaces and H2O molecules stems from 

orbital mixing. Some electron charges have been observed to move toward the iodine atoms, which 

is the result of the binding of H2O molecule with the iodine atoms forming an I-HH2O bond. 
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Fig.I. 13. The calculated charge density difference of H2O adsorption in the perfect and 

defective MAPbI3 and MAPbSnGeI3 compounds. 

 

3. Conclusion 

In summary, we present in this chapter some approaches for reducing the hybrid perovskite 

degradation processes. The first approach demonstrates that bromine doping in MAPbI3 reduces 

the hybrid perovskite degradation. This is due to the unfavorable oxygen-bromine bonding that 

limits the oxygen perovskite interaction. The second approach where the Plomb was half doped by 

tin and germanium showed the reduction of vacancy formation as well as mitigate the water-

perovskite interaction thus enhancing of the structure stability. 

 

MAPbSnGeI3                                          MAPbSnGeI3-VI3                                   MAPbSnGeI3-VI4                                                     

 

MAPbI3                                                               MAPbI3-VI1                                                MAPbI3-VI2 
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Chapter II 

FAPbSnGeX3 as potential candidate for photovoltaic application 

 

I. Introduction 

This chapter is devoted to the study of new potential materials candidates for photovoltaic 

application. In order to diminish the toxicity of hybrid perovskite we have been interested in the 

study of the less lead halide perovskite FAPb0.5Sn0.25Ge0.25X3 (X= I, Cl and Br) where the lead was 

doped with both Sn and Ge. This study was made using the density functional theory, where the 

properties of the FAPb0.5Sn0.25Ge0.25X3 (X= I, Cl and Br) were investigated and compared with 

those of the FAPbX3 (X = I, Br, Cl) compounds. In this work, we systematically studied the 

structural, electronic, and optical properties of the FAPbX3 (X = I, Br, Cl) compounds and the less 

lead halide perovskites FAPb0.5Sn0.25Ge0.25X3 (X = I, Br, Cl). We, therefore, discussed their power 

conversion efficiency. For this purpose, the photovoltaic parameters open circuit voltage and the 

short circuit current density were investigated. 

II. Structural and physical properties of FAPbX3 and FAPbSnGeX3 

 

 

Fig.II. 1. Optimized tetragonal structures FAPb0.5Sn0.25Ge0.25X3, and FAPbX3 structures 

 (a) FAPb0.5Sn0.25Ge0.25 I3           (b) FAPb0.5Sn0.25Ge0.25 Br3          (c) FAPb0.5Sn0.25Ge0.25 Cl3 

 

 

 

 

                     (d) FAPbI3                       (e) FAPbBr3                           (f) FAPbCl3 
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The FAPb0.5Sn0.25Ge0.25X3 structures were created by the substitution of 50% of lead (Pb) in 

FAPbI3 with 25% of tin (Sn) and 25% of germanium (Ge). The halogen (I, Br, Cl) was swapped 

for iodine, bromine and chlorine. The optimized tetragonal structures and lattice parameters 

calculated for the MAPbI3, FAPbX3 and FAPb0.5Sn0.25Ge0.25X3 compounds are represented in Fig.II. 

1 and Table.II. 1 respectively. Table.II. 1 shows clearly that the substitution of MA with FA 

changes the lattice parameter from a = 8.75 Å to a = 8.99 Å due to the geometry of FA. The lattice 

parameters have been reduced with the half substitution of lead by both tin and germanium, and 

further reduced with the replacement of the halogen with bromine and chlorine.  The calculated 

lattice parameters of MAPbI3, and FAPbX3 are in good agreement with previous experimental and 

theoretical reports263,264.  

Table.II. 1. Lattice parameters and formation energy of MAPbI3, FAPb0.5Sn0.25Ge0.25X3, and 

FAPbX3 structures 

Compounds a (Å) b (Å) c (Å) Eformation(eV)/A 

MAPbI3 8.75 8.77 12.89 -4.26 

FAPb0.5Sn0.25Ge0.25I3 8.89 8.84 12.34 -4.66 

FAPb0.5Sn0.25Ge0.25Br3 8.42 8.36 11.58 -4.8 

FAPb0.5Sn0.25Ge0.25Cl3 8.10 8.04 11.14 -4.93 

FAPbI3 8.99 8.99 12.72 -4.66 

FAPbBr3 8.47 8.47 11.98 -4.76 

FAPbCl3 8.17 8.17 11.26 -4.93 

 

The electronic structure study of the compounds consists of analyzing the partial density of states, 

the band structure and the effective mass. The band structures and the partial state density of the 

FAPbX3, and FAPb0.5Sn0.25Ge0.25X3 compounds are represented in Fig.II. 2, and 3. The band 

structures show a semiconductor character with a direct bandgap in the gamma points of the 

brillouin zone. The difference between the band structures appears in the gap between the valence 
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band maximum and the conduction band minimum. The calculated energy gap of the FAPbX3 

frameworks are 1.5 eV, 1.67 eV, and 2.14 eV for FAPbI3, FAPbBr3, and FAPbCl3 respectively. The 

valence of FAPbX3 is formed by p-orbital of halogen (I, Br, Cl) while the p-orbital of Pb formed 

the conduction band. The calculated effective mass of each structure is represented in Table.II. 2. 

FAPbCl3 presents a larger gap compared to other compounds, a larger effective mass of electrons 

(Table.II. 2) therefore a low mobility. The latter has improved its performance for photovoltaic 

application through the half doping of Pb by Sn and Ge, which modified their electronic structures 

and electronic properties, and slightly altered the energy gap.  

The electronic properties of the less free lead halide perovskite FAPb0.5Sn0.25Ge0.25X3 where the 

lead was doped with both Sn and Ge are depicted in Fig.II. 3. The band structures represent a band 

gap of 0.98 eV, 1.22 eV and 1.7 eV for FAPb0.5Sn0.25Ge0.25I3, FAPb0.5Sn0.25Ge0.25Br3 and 

FAPb0.5Sn0.25Ge0.25Cl3 respectively. The valence band maximum (VBM) and the conduction band 

minimum (CBM) for both compounds FAPb0.5Sn0.25Ge0.25I3 and FAPb0.5Sn0.25Ge0.25Br3 represent 

a shape curvature indicating a low effective mass of carriers (electron-hole). In contrast the bands 

of the FAPb0.5Sn0.25Ge0.25Cl3 structure are almost flattened, thus the effective mass is greater when 

compared to the two other compounds as represented in Table.II. 2. FAPb0.5Sn0.25Ge0.25I3, 

FAPb0.5Sn0.25Ge0.25Br3 structures represent an effective hole mass lower than MAPbI3. The 

effective mass is inversely proportional to the mobility of carriers, therefore the mobility carriers 

of FAPb0.5Sn0.25Ge0.25I3 and FAPb0.5Sn0.25Ge0.25Br3 are large which will allow the electrons to 

easily cross the band gap. The CBM is mainly contributed by the p orbital of Pb in the 

FAPb0.5Sn0.25Ge0.25I3 structure, while it is dominated by the p orbital of the three elements Pb, Ge 

and Sn for the FAPb0.5Sn0.25Ge0.25Br3 and FAPb0.5Sn0.25Ge0.25Cl3. The VBM of the 

FAPb0.5Sn0.25Ge0.25X3 structures does not show any obvious difference, it is mainly derived from 

the p orbital of I, whereas the deep valence band is mainly contributed by the p orbital of N and the 

s orbital of Pb, Ge and Sn. The organic cation is positioned far from the VBM and the CBM. We 

notice that the co-doping by both Sn, and Ge elements shift the p states of halogen (I, Br, Cl) 

towards the lowest levels, which reduced the gap energies. We point out that this co-doping also 

adds additional energy levels, which allows more optical transitions.  
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Fig.II. 2. Band structure and partial state density of FAPbX3 

 

b)  FAPbBr3  

c) FAPbCl3  

a) FAPbI3 
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Fig.II. 3. Band structure and partial state density of FAPb0.5Sn0.25Ge0.25X3 

b)  FAPb0.5Sn0.25Ge0.25Br3  

c) FAPb0.5Sn0.25Ge0.25Cl3  

 



3rd section 

 Faculté des Sciences, avenue Ibn Battouta, BP. 1014 RP, Rabat –Maroc 
 00212(05) 537 77 18 34/35/38,  00212(05) 537 77 42 61, http://www.fsr.ac.ma 

 

88 

 

 

Table.II. 2. Effective mass of MAPbI3, FAPb0.5Sn0.25Ge0.25X3, and FAPbX3 structures 

Compounds Eg (eV) me mh 

MAPbI3 1.6 0.19 0.34 

FAPb0.5Sn0.25Ge0.25I3 0.98 0.29 0.07 

FAPb0.5Sn0.25Ge0.25Br3 1.22 0.24 0.08 

FAPb0.5Sn0.25Ge0.25Cl3 1.7 1.13 0.36 

FAPbI3 1.5 0.44 0.19 

FAPbBr3 1.67 0.35 0.11 

FAPbCl3 2.14 0.72 0.19 

 

III. Optical properties of FAPbI3 and FAPb0.5Sn0.25Ge0.25X3 structures 

The absorption coefficient determines how far into a material light of a particular wavelength can 

penetrate before it is absorbed. The absorption coefficient and the reflectivity of the three 

compounds were calculated from the dielectric constant ε= ε1+ i ε2, where ε1 and ε2 represent the 

real and imaginary part of the dielectric function, respectively. 

As Shown in Fig.II. 4, FAPbI3 has a larger absorption coefficient in visible spectra than FAPbCl3 

and FAPbBr3, the co-doping with Sn and Ge improves the optical properties. As can be seen from 

the same Figure, the three FAPb0.5Sn0.25Ge0.25X3 compounds represent a high absorption coefficient 

in the visible range where the FAPb0.5Sn0.25Ge0.25I3 structure shows the highest absorption in this 

region, while the FAPb0.5Sn0.25Ge0.25Br3 and FAPb0.5Sn0.25Ge0.25Cl3 structures revealed the best 

absorption coefficient in the ultraviolet region. In physics and electrical engineering, the reflection 

coefficient describes how much of a wave is reflected by an impedance discontinuity in the medium 

transmission. According to Fig.II. 4b, all the investigated perovskite materials show a medium 

reflectivity in the IR-Visible-UV region of the spectra. This reflectivity suggests that the materials 
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have high absorptivity and/or transmissivity. Absorption coefficient and the reflectivity are the 

main parameters for the calculation of the short circuit current density.  

  

Fig.II. 4. Spectral (a) absorption coefficient and (b) reflectivity of FAPb0.5Sn0.25Ge0.25X3. 

 

IV. Photovoltaic performances of FAPbX3 and FAPbSnGeX3 

The power conversion efficiency of solar cells is related to the materials electronic and optical 

properties. In order to calculate the efficiency of these compounds we firstly start by the 

determination of the photovoltaic parameters: short-circuit current density and the open circuit 

voltage. The calculated power conversion efficiency (η) of the MAPbI3 with an open circuit voltage 

(Voc) of 1.1 V, a Jsc of 17.14 mA.cm-2, and a fill factor (FF) of 60% gives a value of η =11% , this 

value matches the experimental results265,266. The current density characteristics of the FAPbX3, 

and the FAPb0.5Sn0.25Ge0.25X3 compounds under AM1.5G solar irradiation are displayed in Fig.II. 

5. The current density of all compounds is calculated at their gap energy value. 

FAPb0.5Sn0.25Ge0.25I3 structure represents the highest one with a value of 31.5 mA.cm-2. The short-

circuit current density shows a monotonically decrease from FAPb0.5Sn0.25Ge0.25I3 to FAPbCl3 that 

represents the lowest Jsc. In particular, the calculated short-circuit current density for the FAPbX3 

shows lower values regarding those of FAPb0.5Sn0.25Ge0.25X3 compounds, revealing that the doping 

of lead has largely improved the Jsc. On the other hand, the halogens (I, Br, Cl) variation increase 

the band gap enticing the rise of the open circuit voltage. Yet, the open circuit voltage is expressed 

for perovskites solar cells as follows: eVoc= Eg-Eloss , where Eloss = 0.7 or 0.5 eV represents a 

variable parameter loss in potential267. 

a)                                                                                        b) 
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Fig.II. 5. Short-circuit current density of FAPbX3, and FAPb0.5Sn0.25Ge0.25X3 

The calculated open circuit voltage and the efficiency for both Eloss of 0.7 and 0.5 are represented 

in Table.II. 3. Although the high current density of FAPb0.5Sn0.25Ge0.25I3, this compound 

demonstrates the lowest efficiency among the three compounds due to its lower Voc that can be 

improved by reducing the Eloss. Thus, as we can conclude from Fig.II.  5 and Table.II. 3, a high 

short circuit current density is not the only parameter that determines the power of producing a 

high efficiency. To summarize, Fig.II. 6 shows the variation of the efficiency as a function of the 

FAPbX3, and FAPb0.5Sn0.25Ge0.25X3 bandgaps. FAPb0.5Sn0.25Ge0.25Cl3 reaches the high efficiency 

of 19.3% proving that this compound is a promising material for photovoltaic application with less 

toxicity.  

 

Fig.II. 6. Efficiency as a function of the FAPbX3, and FAPb0.5Sn0.25Ge0.25X3 bandgaps 
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Table.II. 3. The calculated bandgap Eg, short-circuit current density Jsc, open circuit voltage 

Voc and power conversion efficiency η of FAPb0.5Sn0.25Ge0.25X3 structures 

Compounds Eg Voc Jsc η % 

Eloss(0.7 eV) Eloss(0.5 eV) Eloss(0.7 eV) Eloss(0.5 eV) 

FAPb0.5Sn0.25Ge0.25I3 0.98 0.28 0.48 31.5 6.17 12 

FAPb0.5Sn0.25Ge0.25Br3 1.22 0.52 0.72 29 12 17.5 

FAPb0.5Sn0.25Ge0.25Cl3 1.7 1 1.2 18 15.8 19.3 

FAPbI3 1.5 0.8 1 20.3 14 17.8 

FAPbBr3 1.67 0.97 1.17 17.3 14.6 18 

FAPbCl3 2.14 1.44 1.64 9.6 12.5 14.3 

 

V. Conclusion 

In summary, we discussed in this chapter the theoretical investigation regarding the efficiency of 

new less toxic FAPb0.5Sn0.25Ge0.25X3 structures, where the Plomb was half doped with tin and 

germanium. Cation used in these structures was the Formamidinium (FA) and the halogen (X) was 

swapped for iodine, bromine, and chlorine. Interestingly, we found that these new hybrid 

perovskite materials show a significant stability improvement as well as a high conversion 

efficiency making of them, promising materials for photovoltaic application.    
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Third Section-Conclusion 

In summary, throughout this section we focused on the reduction of the toxicity and the stability-

enhancement of hybrid perovskite MAPbI3. At first, we demonstrated that doping by bromine 

enhances the structure stability against oxygen as the oxygen-bromine bond was found to be 

unfavorable. The variation of bromine site doping was also studied in order to enhance the 

perovskite’s optical properties. Another doping by both tin and germanium was shown to be 

efficient in mitigating the perovskite-water interaction for a stable hybrid perovskite. Moreover, 

this doping showed also a reduction in the formation of vacancy at the perovskite surface. Finally, 

we have investigated the efficiency of this same combination of Plomb doped with tin and 

germanium. For this purpose, we studied the properties of the new less toxic FAPb0.5Sn0.25Ge0.25X3 

structures, where FA is the Formamidinium cation and the halogen X was swapped for iodine, 

bromine, and chlorine.  These systems are shown to demonstrate relatively high power conversion 

efficiency, which suggests that these materials represent a promising interest for the photovoltaic 

application with less toxicity. 
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SUMMARY AND OUTLOOK 

Solar installation has seen growth over the past few years in different countries where China 

represents the leader accounting the globally number of installations. Most of these photovoltaic 

systems are based on silicon, whose efficiency hasn’t made much progress in the recent years. 

Impressive evolution in efficiency has been developed by the revolution of hybrid perovskite 

materials that have opened a new way for more performant and efficient solar panels. Nevertheless, 

these hybrid perovskites are triggered and limited by the instability, degradation, and toxicity that 

they represent. For this purpose, the aim of this thesis is to study and describe hybrid perovskite 

materials as well as to suggest some approaches to mitigate the hybrid perovskite degradation 

processes and also to reduce their toxicity. Currently, in order to enhance the stability and the 

performance of these materials, an in-depth access and understanding of their fundamental atomic-

scale properties is essential. The investigation of these properties has been established by density 

functional theory. Firstly, we have been interested in understanding the mechanism and 

environmental conditions (light, temperature, moisture, and oxygen) that lead to the destruction of 

hybrid perovskite and then, based on some new approaches, we looked for new materials that 

enhances the performances of the perovskite. 

In our first study and in order to mitigate the oxygen hybrid perovskite interaction we have been 

interested on studying bromine doped hybrid perovskite. In this study, we have investigated the 

hybrid perovskite degradation mechanism in the presence of an interstitial oxygen atom and we 

demonstrate how bromine limits material degradation. In fact, oxygen in the CH3NH3PbI3 structure 

has shown to form a strong bond with iodine (I), causing the displacement of the elements. Despite 

that, through the effect of bromine doping, we have shown that CH3NH3PbI2Br-O limits the 

element displacement since the O-Br bonding is found to be unfavourable leading to an 

enhancement of the material stability. However, CH3NH3PbI2Br demonstrated the same dynamic 

stability properties as CH3NH3PbI3, revealing that this dynamical instability does not affect the 

degradation of this material. Furthermore, studies have shown that bromine doping reduces the 

hybrid perovskite efficiency. In order to enhance the CH3NH3PbI2Br optical absorption, we 

performed an investigation of the bromine (Br) doping effect on different sites. Results showed 

that reducing the distortion of the hybrid perovskite structures, improving their electrical 

conductivity, and gaining a better and high absorption coefficient that covers almost the entire 
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visible spectrum can be reached by varying the doping site in the hybrid perovskite framework. 

Thus, by this study, we provide an understanding of the mechanism enhancement of hybrid 

perovskite stability by bromine doping keeping their performance.   

In order to mitigate the perovskite water interaction for a stable hybrid perovskite solar cells, we 

have been interested in the study of the new less toxic MAPb0.5Sn0.25Ge0.25I3 thin film. We have 

established a detailed investigation based on Density Functional Theory (DFT) on pure and doped 

MAPbI3 (MAPbSnGeI3) under various distortions, namely Iodine vacancies and water adsorption. 

In the first stage, we focused in the study of the iodine formation energy in hybrid perovskite as it 

has been shown to trigger the degradation of these compounds. Various sites for Iodine vacancy VI 

formation have been tested, and the VI site at the MAPbSnGeI3 surface has been found to exhibit 

the highest formation energy due to the strong atomic bonding added with the presence of 

germanium atom (Ge) and lead (Pb), which indicates weaker iodine dissolution from the surface 

leading to the stabilization of the system. The vacancies effect on the electronic properties of these 

materials has been investigated and showed the manifestation of a new deep trap state in the band 

structure. Furthermore, to provide the mechanism of water interaction with the MAPbI3 and 

MAPb0.5Sn0.25Ge0.25I3 structures, we have tested all possible water adsorption sites onto these 

compounds. The adsorption on all tested sites has been found to be exothermic, particularly, the 

adsorption on HNH3 (Hydrogen atom of NH3) presented the highest adsorption energy with the 

shortest and strongest O-HNH3 interatomic bonding followed by the adsorption on Pb. Interestingly, 

we demonstrated that the mitigation of the interaction between water molecules and 

MAPb0.5Sn0.25Ge0.25I3’s surface upon the half doping of Pb atom by Ge and Sn atoms improves the 

stability of the hybrid perovskite system. The mechanism of the MAPb0.5Sn0.25Ge0.25I3–Water 

interaction limitation has been explained by the water-surfaces charge transfer analysis. Thus, our 

results shed light on a new approach for solar cell development based on a stable less toxic 

perovskite.  

The manifestation of toxicity in hybrid perovskite appears as the second major problem that stuck 

the commercialization of these materials. Toward reducing toxicity in the hybrid lead halide 

perovskite, we were interested in the investigation of a new hybrid less lead perovskite 

FAPb0.5Sn0.25Ge0.25X3 ((X = I, Br, Cl). For this purpose, the structural, electronic and optical 

properties investigation of these compounds has been established using the density functional 
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theory and compared with those of FAPbX3 (X = I, Br, Cl) compounds. The results show that the 

compounds represent a suitable bandgap for photovoltaic cells. Additionally, we carried out the 

photovoltaic parameters (Jsc, Voc, FF, Pin) in order to evaluate their power conversion efficiency. 

We demonstrated that the half doping of lead by both Ge, and Sn improves the stability of the 

system and enhances its performance for photovoltaic application. The adsorption coefficient and 

short-circuit current density have been also improved significantly with the doping effect, where 

the Jsc shows a monotonically increase from the FAPbCl3 to FAPb0.5Sn0.25Ge0.25I3. We notice that, 

although the FAPb0.5Sn0.25Ge0.25I3 exhibits the high absorption coefficient in the visible range and 

the highest short-circuit current density, it presents the lowest power conversion efficiency due to 

its low open circuit voltage. Interestingly, our results demonstrate that the FAPb0.5Sn0.25Ge0.25Cl3 

structure has relatively the highest power conversion efficiency demonstrating that this compound 

represents a promising interest for the photovoltaic application with less toxicity. This study can 

be a good reference for the development of a new absorber material in photovoltaic cells with less 

toxicity and more efficiency.   

Commercialization of large-scale solar cell based hybrid perovskite has not yet been established 

due to the shortcoming of these materials. A lot of work, including our studies, is made and 

published every year in order to overcome these drawbacks. In this context, a patent has been 

established by our team that proposes a new hybrid material, nontoxic, and efficient for 

photovoltaic application. The properties demonstrated by this material show better properties than 

the lead-based hybrid perovskite. This material solves both the problem of toxicity and the stability 

of solar cells based on lead hybrid perovskites which could demonstrate a revolution in the 

photovoltaic field and could also be used in many other technological domains. Studies and 

development on this material are still ongoing. Following the results found in this thesis and the 

patent realized, an important challenge remains: working on the experimental part and development 

of this new material will hopefully allow us to make future Moroccan production solar cells 

prepared based on this material.
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