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Résumé 

L’énergie joue un rôle majeur dans le monde moderne et contribue de manière significative au 

développement de l’humanité. Pour répondre à la croissante demande d’énergie et surmonter 

le problème du réchauffement climatique, de nombreux chercheurs se sont concentrés sur le 

développement des sources d’énergie renouvelables telles que l’énergie solaire. Dans cette 

optique plusieurs matériaux ont été étudiés pour être insérés dans les cellules photovoltaïques. 

Actuellement, les pérovskites hybrides d’halogénures de plomb utilisés comme absorbeurs de 

lumière dans les cellules photovoltaïques ont suscité un grand intérêt en raison de leurs 

propriétés optoélectroniques impressionnantes et de leur rendement élevé. Cependant, ils ont 

également montré certains inconvénients, tels que leur forte dégradation vis-à-vis des 

conditions climatiques (température, humidité, UV, …) qui influence leur performance. 

L’objectif principal de ce travail de thèse est de synthétiser et d’étudier les propriétés 

physiques, la stabilité aux UV et la compacité des films minces à base de pérovskites hybrides 

MAPbX3. Nous avons ensuite étudié l’intérêt d’associer un flux d’air chaud au procédé de 

spin-coating durant de la croissance du film MAPbCl3. Les résultats obtenus dans ce contexte 

montrent que l’optimisation de la température et de la distance du flux permet de produire des 

structures cristallines de pérovskite MAPbCl3 ayant un taux de couverture très élevée avec 

une nucléation homogène et significative. 100 °C et 5 cm sont donc la température et la 

distance optimales du flux d’air chaud pour une meilleure cristallinité et absorbance associée 

à une faible concentration de défauts non radiatifs. Dans la deuxième partie, nous avons aussi 

montré expérimentalement qu’il est possible d’améliorer significativement la stabilité contre 

les radiations UV de la pérovskite MAPbI3 en modifiant sa composition chimique. Dans ce 

contexte, l’étude de l’effet de l’incorporation des atomes de chlorure dans la matrice 

pérovskite MAPb(I1-xClx)3 sur les propriétés structurales, morphologiques et optiques a 

clairement montré qu’il est possible de rendre cette pérovskite plus stable par rapport à 

l’irradiation UV lorsqu’au moins 20% du chlorure sont incorporés dans la matrice. A partir de 

ce taux de chlorure, la structure pérovskite transite de la structure quadratique vers la structure 

cubique plus stable. Cette transition est à l’origine de la nette amélioration de la stabilité UV 

de la pérovskite MAPbI3. 

Mots-clefs (5): Perovskite; films minces MAPbCl3; flux d'air chaud; revêtement par 

centrifugation; films minces MAPb(I1-xClx)3. 



Abstract 

Nowadays it becomes more and more clear to the eye this Major role that Energy plays in the 

modern world. It contributes significantly to the development of humanity. Hence, to meet the 

increasing demand for energy and overcome the problem of global warming, the Majority of 

researchers have set their focus on the development of renewable energy sources such as solar 

energy. In this regard, several candidate materials have been studied to be implemented into 

photovoltaic cells. Currently, lead halide hybrid perovskites used as light absorbers in 

photovoltaic cells have attracted great interest due to their impressive optoelectronic 

properties and high efficiency. However, they have also shown some drawbacks, such as their 

strong degradation with respect to climatic conditions (temperature, humidity, UV, …) which 

influences their performance. 

This leads to the main objective of the current thesis, which is to synthesize and study the 

physical properties, UV stability and its improvement beside the compactness of thin films 

based on MAPbX3 hybrid perovskites. We then studied the interesting effect of associating a 

hot air flow with the spin-coating process during the growth of the MAPbCl3 film. In this 

context, the obtained results show that the optimization of the temperature and the distance of 

the flow makes it possible to produce crystalline structures of MAPbCl3 perovskite having a 

very high coverage rate with a homogeneous and significant nucleation. Also, it was shown 

that 100 °C and 5 cm are therefore the optimal temperature and distance of the hot air flow for 

a better crystallinity and absorbance associated with a low concentration of non-radiative 

defects. In the second part, we also experimentally proved that it is possible to significantly 

improve the stability against UV radiation of the MAPbI3 perovskite by modifying its 

chemical composition. In this regard, the study of the effect of the incorporation of chloride 

atoms in the MAPb(I1-xClx)3 perovskite matrix on the structural, morphological and optical 

properties has clearly shown that it is possible to make this perovskite more stable with 

respect to UV irradiation when at least 20% of the chloride is incorporated into the matrix. 

Starting from this Chloride content, the perovskite structure transitions from the tetragonal 

structure to the more stable cubic structure. This transition is at the origin of the clear 

improvement in the UV stability of the MAPbI3 perovskite. 

Keywords (5): Perovskite; MAPbCl3 thin films; Hot airflow; Spin-coating; MAPb(I1-xClx)3 

thin films. 
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General introduction 
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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 

25% in 2050 [1] leading to a rise of the energy cost [2]. Most of this energy comes from 

conventional fossil resources such as oil, coal and natural gas, which account for 86% of all 

energy needs and are constantly increasing [3]. These resources are limited and are gradually 

collapsing, and their cost has a major impact on the socio-economic and political situations of 

countries [4]. What's more, the massive use of these resources is leading to a flagrant increase 

in global warming as a result of carbon dioxide emissions. Over the last century, according to 

NASA space studies (GISS), the Earth's average temperature has risen by around 0.8°C [5]. 

This has led to a number of drastic changes, such as a rise in sea level (~ 3 mm/year) [6] 

following the melting of glaciers and the polar ice caps. 

In these dangerous circumstances, renewable energies like biomass, wind, and solar power, 

have emerged as alternative solutions that provide green energy without releasing greenhouse 

gases. Photovoltaic solar energy is one of the best alternatives, characterized by its high 

availability and low environmental impact [7]. Since the first solar cell was developed by the 

American Charles Fritz in 1883, the efficiency of light-to-electricity conversion has increased 

steadily [5,7]. More recently, thin-film photovoltaic technology based on perovskites has seen 

an unprecedented emergence, outstripping all other technologies, namely those based on 

crystalline silicon, GaAs, multi-junction cells and thin films based on CIGS, CdTe, etc. [8]. 

Perovskite was discovered by Gustav Rose in 1839 as the mineral structure of calcium 

titanium oxide (CaTiO3). This structure was then studied by the Russian mineralogist Lev A. 

Perovskite [9], from whom it takes its name. The family of perovskite materials adopts an 

ABX3 stoichiometry, where A and B are cations and X is an anion, typically oxygen, halogens 

or alkali metals [10]. Notably, Morocco exemplifies a shift towards renewables, investing $9 

billion to bolster wind, hydroelectric, and solar photovoltaic development [11]. Solar 

technology has evolved from traditional crystalline Silicon to innovative hybrid perovskite 

materials, boasting impressive power conversion efficiencies [12]. Since 2009, hybrid 

perovskites have been used for the first time by the Miyasaka group as an absorber layer in a 

solar cell with a conversion efficiency of 3.8%. The efficiency of these cells increased very 
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rapidly, reaching 24.2% in April 2019 [11,12]. Perovskites have excellent optoelectronic 

properties, such as: high charge mobility, long diffusion length and carrier lifetime [10], low 

non-radiative carrier recombination rate [8] and wide absorption range [13]. 

As a result, high-efficiency devices have been developed with a scalable, low-cost technology 

that can be implemented on an industrial scale. However, certain problems limit the 

exploitation of the perovskite-based solar cell. These are essentially its poor stability in the 

face of humidity, UV radiation and high temperature. Added to this is its environmental 

incompatibility due to the toxicity and contamination associated with water-soluble lead 

compounds [12-13]. Current research is focused on these concerns, with the aim of achieving 

a stable, highly efficient, low-cost perovskite-based photovoltaic cell via a simpler synthesis 

process that can be manufactured on a large scale [14-17]. It is therefore in this context that 

we have chosen the present subject. On one hand, the aim is to study and demonstrate the 

benefit of the applied hot air flow parameters, namely, the temperature and distance, on the 

quality of the elaborated MAPbCl3 thin films and the improvement of structural, 

morphological, and optical properties of the prepared films. On the other hand, our purpose is 

to show that the stability of the MAPI perovskite can be improved by the incorporation of 

Chloride in the structure of CH3NH3Pb(I1−xClx)3. 

This thesis can be divided into three chapters, in addition to the introduction and general 

conclusion. An overview of the basic concepts regarding solar energy, photovoltaic effect and 

the latest developments in hybrid perovskite devices for photovoltaic applications are 

presented in the first chapter. 

In the second chapter, we present the procedures for the synthesis and characterization of thin 

films based CH3NH3PbX3 perovskites. In the first part, we describe all the synthesis processes 

we have used the spin-coating technique associated to the hot airflow. The second part 

highlights the characterization methods applied to study the physical, structural and optical 

properties of the synthesis thin films. 

Chapter III is split in two parts which covers the main experimental results for thin films 

based on MAPbCl3 and MAPb(I1-xClx)3 hybrid perovskites. The first part of this chapter 

presents the results of the structural, morphological and optical characterizations of the 

MAPbCl3 hybrid perovskites that we have synthesized, both in powder form and as thin films, 

as we investigate the advantages of the hot airflow performed during synthesis of MAPbCl3 

by spin-coating process and the effect on the different properties of the material. We show that 
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an airflow heated up to 100°C and placed on a specific distance, significantly improves the 

structural, optical and morphological properties of the films produced. 

On the other hand, the second part presents the obtained results regarding the effect of 

incorporating chloride atoms into the MAPb(I1-xClx)3 perovskite on its structural, 

morphological and optical properties when exposed to UV irradiation. In fact, many 

CH3NH3Pb(I1-xClx)3 samples with various Cl ratios have been synthesized and analyzed via 

XRD, SEM, UV–Vis Spectroscopy and FTIR technics. we demonstrated that it is possible to 

improve the stability of MAPbI3 under UV light by the integration of adequate chloride 

concentration into the perovskite structure. 

The conclusion underscores the significance of this research in addressing hybrid perovskite 

deficiencies and outlines future experimental projects, including prototype development for 

photovoltaic cells. 
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I.1. Introduction 

The purpose of this chapter is to present the state of the art on hybrid perovskites and 

Perovskite based solar and their potential applications. Hybrid perovskite (PH) crystals with 

the chemical formula (R-NH3)2MX4 (2D perovskites), with R an organic group, M a divalent 

metal such as Pb2+ and X a halide ion such as Cl, Br, or I, have attracted the attention of 

researchers since the 1990s, because of the particular optical properties of these 

semiconductors, which make them good candidates for incorporation into optoelectronic 

devices such as OLEDs, and OFETs (Organic Field Effect Transistors) [18,19]. More recently, 

the perovskite CH3NH3PbI3 (3D perovskite) has made a remarkable entry into photovoltaic 

devices [20,21]. Indeed, over the past two years, work on PHs has led to an explosion in the 

performance of low-cost solar cells containing them, to the point of competing in the 

laboratory with silicon cells, due to its rapid evolution of efficiency from 3.1 to 23.7% in 

April 2019 [22,23]. Currently, scientific research on ABX3 organo/inorgano metal halide 

hybrid perovskites is focused on the realization of a highly efficient solar cell, a simpler and 

less expensive synthesis procedure, as well as the elimination of obstacles related to: stability, 

commercialization and environmental compatibility. In this regard, the objective of this 

chapter is to present in a comprehensive manner some general notions on solar energy and the 

state of the art of hybrid perovskite components used for photovoltaic applications. 

Hence, photovoltaic effect description as well as the working principle of a solar cell are 

introduced. Furthermore, the different photovoltaic technology and generation are discussed 

in this chapter in order to present a detailed description of hybrid perovskites. For this 

purpose, we begin by giving a description of hybrid perovskite based-solar cells as well as the 

synthesis, and deposition method used for their fabrication. Their material properties, 

structure variations and the important effect of the organic molecule on the material 

performance will be discussed also in this chapter. 

Even with all the above qualities, Hybrid perovskites suffer from a degradation in different 

environmental conditions. In addition to their infamous toxicity, which are the underlying 

drawbacks that limit the commercialization of these materials. Here below, we give a deep 

understanding of the degradation mechanism of hybrid perovskites as well as the potential 

technologies 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. 

I.2. Solar Cell Main Principle 

Photovoltaic (PV) systems are a dependable option for meeting the world's energy demand 

since they convert solar radiation into electricity. Solar cells, often known as photovoltaic 

cells, collect solar light and use the photoelectric effect to produce direct current. Through a 

semiconductor substance that carries electric charges (holes and electrons), the photovoltaic 

effect enables cells to directly transform light energy from photons into electricity. Electric 

current will flow through a circuit attached to the electrodes and a potential difference will 

arise at the electrode terminals as a result of the production of charges. A photovoltaic 



7  

electricity generator's working principle is depicted in Figure I.1. Three main mechanisms 

form the foundation of the photovoltaic effect: 
 

Figure I.1: Schematic representation of a simple photovoltaic cell 

I.3. Sun Light absorption and electricity production 

The energy of the absorbed photon is represented by the difference between two levels, which 

is equal to EPh= hv= Ef -Ei. When a photon is absorbed, the electron is excited, moving from a 

low energy level Ei to a high energy level Ef. The gap energy is referred to as direct if the 

conduction band maximum and valence band minimum coincide at the same k-vector. 

Meanwhile, the gap energy is referred to as indirect in the other case. Note that, the energy 

required for an electron to move from the valence band to the conduction band is known as 

the energy gap. The electron can pass through this band and enter the conduction band by 

absorption of a photon with energy greater than the band gap. There is a vacancy in the 

valence band caused by the electron moving to the conduction band. This void is known as a 

hole and it functions similarly to an elementary charge particle. Consequently, an electron- 

hole pair is created. 
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Figure I. 2: Electron-Hole recombination between the Conduction and Valence bands 

I.4. Solar energy 

The sun is a major source of inexhaustible clean energy for our planet [24]. The distance 

between the earth and the sun is about 150 million kilometers and the speed of sunlight is 

3.108 m/s, so the sun's rays take about 8 minutes to reach the Earth. 

The power flux of sunlight reaching the outer edge of the Earth's atmosphere is about 1367 

Watts for each square meter; this is called the solar constant. Indeed, the sun is characterized 

by three types of solar radiation: direct radiation that arrives directly at the Earth's surface, 

diffuse radiation that is diffused by solid or liquid particles suspended in the atmosphere and 

global radiation that is the sum of direct and diffuse radiation, this is what is used to operate 

thermal and photovoltaic solar panels. 

Extra-atmospheric solar radiation is also described as an electromagnetic wave whose 

wavelength extends from ultraviolet 0.2 μm to far infrared 3 μm. As illustrated in figure I.3, 

this radiation is roughly decomposed into [25]: 

• 9% in the ultraviolet band (<0.4 μm). 

• 47% in the visible band (0.4 to 0.8 μm). 

• 44% in the infrared band (>0.8 μm). 
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Figure I. 3: Representation of solar radiation irradiation 

According to the quantum theory initiated by Max Planck in 1900, then developed essentially 

by Albert Einstein, solar radiation had only a wave character, but also had the properties of 

multiple particles called photons (elementary particles). Photons are the carriers of discrete 

quantities of energy called quanta (quantum of energy). The energy of a photon as a function 

of its wavelength is given by the following Planck-Einstein equation [26]: 

𝐸(𝑒𝜐) = 
ℎ.𝑐 

𝜆 

Where h is Planck's constant; c is the speed of light and λ is the wavelength. 

I.5. Photovoltaic energy 

I.5.1. Definition 

(I-1) 

The word "Photovoltaic" is the combination of two words: "photo", a word of Greek origin 

meaning light and "voltaic", which comes from "volt" and represents the unit used to measure 

electrical potential. Also, it is named in honor of the Italian physicist Alessandro Volta, who 

invented the first electric battery in the 18th century [27]. The photovoltaic effect is the 

process of transforming light energy from the sun into electrical energy through a solar cell 

that is made of semiconductor materials. The effect depends on the interaction of photons, 

with an energy equal to or greater than the band gap of semiconductors. 
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I.5.2. History of the photovoltaic effect 

The photovoltaic effect was demonstrated by the French physicist Antoine Becquerel in 1839, 

at the age of nineteen [28]. He discovered it by the appearance of a potential between two 

metal electrodes placed in a conductive solution when they are exposed to light [29,30]. In 

1875, the physicist Werner Von Siemens presented, before the Academy of Sciences of Berlin, 

an article on the photovoltaic effect in semiconductors. Unfortunately, the phenomenon was 

still considered anecdotal until the Second World War [31]. However, the first functional solar 

cell was not built until 1883 by the American inventor Charles Fritts. The solar cell is based 

on selenium platelets which have an extremely low efficiency of the order of 1% [32]. 

At the beginning of the 20th century, Albert Einstein published the first paper on the 

photovoltaic effect in 1905 [33]. Later, Ohl realized the first silicon-based p-n junction 

photovoltaic effect in 1941. He found that the efficiency can reach 6% [34] which was 

increased to 11% by Bell Laboratories in 1955 [32,33]. Since then, intense research activity 

has been focused on different materials in order to achieve high-efficiency solar cells, thus the 

photovoltaic industry has experienced phenomenal growth since the 1960s [35]. 
 

Figure I. 4: Evolution of the efficiency records of different photovoltaic cell sectors (Source: 

National Renewable Energy Laboratory [36]). 

Figure I.4 illustrates the evolution of the world record efficiency of solar cells of different 

sectors from 1975 to 2024. According to this figure, first-generation solar cells (based on 

crystalline silicon), which represent 90% of the market, can reach efficiencies of 27.6% (in 

blue in the figure) [37]. Thin-film sectors that can be classified into three major categories of 

solar cells based on: amorphous silicon, cadmium telluride (CdTe), and an alloy of copper, 

indium, gallium and selenium (CIGS) are in full development, whose efficiencies can range 

from 14 to 22.7%. It should be noted that multi-junction solar cells have higher efficiencies 

(46% in 2014) among all other solar cell materials. In recent years, part of the research on the 

efficiency of highly efficient solar cells has been focused on photovoltaic technology based on 



11  

thin films of hybrid halide perovskites. In terms of efficiency, the efficiency has been 

significantly increased from 24 to 26.7% in a very short period of 5 years [38,39]. 

For comparison, the first-generation solar cells (crystalline silicon), took about 18 years 

compared to perovskite cells to achieve similar progress. Despite this rapid efficiency 

development, the poor stability of these perovskite materials against: humidity, high 

temperature, UV, etc. remains a major problem to achieve excellent efficiency of hybrid 

perovskite solar cells. 

I.6. Parameters affecting the solar cells Performance 

The electrodes' gathered charge carriers are capable of operating in an external circuit. 

Current flowing through a free electron in the conduction band is referred to as electron 

current. The motion of the hole can also produce current in the valence band. Though they 

cannot travel as freely as they may in the conduction band, valence band electrons can 

recombine with neighboring holes to create new holes in their original energy levels with only 

a slight energy level change. As a result, a hole current is created in the valence band due to 

the displacement of holes from one location to another. Thus, the photovoltaic effect is 

ultimately responsible for converting solar energy into electrical energy. 

I.7. Hybrid perovskites 

I.7.1. Definition 

The first perovskite was discovered by A. Kemmerer, during an expedition to the Russian 

mountains of the Urals in 1839, more precisely at the Achmatovsh mine. Then, the German 

mineralogist Gustave Rose worked there and dedicated the discovery of this mineral to the 

Russian politician and mineralogist Lev Alexeievich Perovski (1792-1856), from which the 

name "perovskite" finally came [40]. 

Perovskite is a mineral composed of calcium and titanium oxide with the formula CaTiO3, 

with a cubic morphology, it is a black or red-brown mineral, with a metallic appearance, it is 

very rare and linked to contact metamorphism. 

In 2012, scientists found that some perovskites had good charge separation and migration 

capabilities, as well as good absorption of sunlight, which could increase the efficiency of 

photovoltaic cells. 

I.7.2. Structural properties 

a- Crystal structure 

In our study, the nature of the perovskites studied is of the organic/inorganic metal halide 

(ABX3) type. The ideal crystal structure of these perovskites generally consists of a five-atom 

unit cell in a cubic structure as illustrated in figure I.5.a. Indeed, component A is a large 

organic or inorganic cation that occupies the cuboctahedral sites formed (coordinated) by the 
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12 nearest X halide ions, while component B is a small divalent metal cation coordinated to 

six X halide anions forming a regular octahedron (figure I.5.b) [41-43]. 

 

Figure I.5: (a) The general cubic structure of a perovskite. (b) Cubo-octahedral coordination 

around a cation A. (c) The octahedral coordination around a cation B. 

b- Symmetry and chemical composition 

Under ideal conditions, in order to maintain a more stable cubic structure and high symmetry 

of the ABX3 perovskite, Goldschmidt proposed a tolerance factor (t) that should be close to 1 

for oxidized perovskites and could be between 0.813 and 1.107 for halide hybrid perovskites 

[44,45]. The tolerance factor is defined according to this formula: 
 

𝑡 =   𝑅𝐴+𝑅𝑋  

√2(𝑅𝐵+𝑅𝑋) 

 

where RA, RB and RX are the ionic radii of the corresponding ions in the ABX3 structure. 

(I-2) 

To complement the tolerance factor criterion, another parameter was developed by Li et al. 

[46] to predict the formation of the perovskite structure. They used a ratio of the ionic radii of 

the B and X atoms called the “octahedral factor (μ)”, given by the following relation: 

𝜇 = 
𝑅𝐵 

𝑅𝑋 
(I-3) 

This octahedral factor is well directly correlated with the BX6 octahedron of the perovskite 

structure (figure I.5 c). According to this factor, perovskite formation occurs at values greater 

than 0.442, while below this value, the BX6 octahedron will become unstable; Thus, the 

perovskite structure could not be formed [8]. 
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Figure I.6: The two tolerance and octahedral factors of some perovskites. 

In general, cubic symmetry provides optimal electronic properties due to the high degree of 

ionic bonding and high symmetry [8]. According to figure I.6, if the tolerance factor (t) is in 

the range of 0.89-1.0, the most probable structure is cubic, with tolerance values (t) less than 

0.89, the possible structures are tetragonal or orthorhombic of lower symmetries [7,47]. The 

three-phase crystal structures are illustrated in figure I.7. 

 

 

Figure I.7: Possible crystal structures of MAPbX3 perovskites (X=I, Br, Cl): a) cubic, b) 

tetragonal and c) orthorhombic. 
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Despite these constraints, structural transitions in response to temperature and pressure are 

also an important aspect for any given perovskite. As an example, Table I.1 summarizes 

temperature-dependent structural data of ABX3 based perovskites (A=MA, FA / B= Pb, Sn / 

X=I, Br, Cl) [7,48,49]. 

As presented in Table I.1, for the case of MAPbI3 perovskite, it adopts a tetragonal structure at 

room temperature. However, this perovskite undergoes a structural transition from tetragonal 

to orthorhombic phase at T < 162.2 K or cubic at T > 327.4 K. Table I.2 also indicates that the 

symmetry of the perovskite structure increases with temperature, meaning that MAPbBr3 and 

MAPbCl3 perovskites form a cubic structure at room temperature [50,8]. In the case of 

FAPbI3, FASnI3 and MASnI3 perovskites, Table I.1 shows no structural transition at high 

temperatures, but the noted change concerns the space groups. 

Table I.1: Temperature-dependent structural data of some perovskites [8,50,51,52]. 
 

lattice parameters (Ǻ) 

 

Perovskites 

 

Temperature (K) 
Crystal 

structure 

Space 

group 

 

a 

 

b 

 

c 
Volume 

(Ǻ) 3 

MAPbCl3 >178.8 Cubic Pm3m 5.675 5.675 5.675 182.2 

 172.9-178.8 Tetragonal P4/mmm 5.656 5.656 5.630 180.1 

 <172.9 Orthorhombic P2221 5.673 5.628 11.182 357 

MAPbBr3 >236.9 Cubic Pm3m 5.901 5.901 5.901 206.3 

 155.1-236.9 Tetragonal I4/mcm 8.322 8.322 11.832 819.4 

 149.5-155.1 Tetragonal P4/mmm 589.4 589.4 5.861  

 <144.5 Orthorhombic Pma21 7.979 8.580 11.849 811.1 

MAPbI3 >327.4 Cubic Pm3m 6.328 6.328 6.328 252.5 

 162.2-327.4 Tetragonal I4/mcm 8.855 8.855 12.659 992.60 

 162.2 Orthorhombic Pma21 8.861 8.581 12.620 959.5 

MASnI3 293 Tetragonal P4mm 6.230 6.230 6.231 241.88 

 200 Tetragonal I4cm 8.757 8.757 12.42 953.2 

FAPbI3 293 Trigonal P3m1 8.981 8.981 11.00 768.9 

 150 Trigonal P3 17.791 17.791 10.091 507.03 

FASnI3 340 Orthorhombic Amm2 6.3286 8.9554 8.9463 507.03 

 180 Orthorhombic Imm2 12.512 12.512 12.509 1959.2 
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c- Chemical flexibility 

The chemical flexibility of hybrid perovskites lends itself to a wide variety of substitutions on 

all three ionic components occupied by the A, B and X sites, in order to obtain several 

configurations with different properties. Here are some of the main substitutions of each site 

reported in the literature as presented below: 

i) A-site 

The A-site occupied by an organic cation has shown no direct contribution to the electronic 

properties due to the weak interaction and negligible overlap of electronic orbitals between 

the organic components and the inorganic B-X octahedra [53,54]. When the A-site of the 

perovskite structure is occupied by the small monovalent cations listed in Table I.1, such as: 

methylammonium (MA), formamidinium (FA), ethalemonium (EA), cesium (Cs), etc., a 

three-dimensional (3D) symmetry can be obtained [51]. If the A-cation is larger, the 3D 

symmetry can be perturbed, resulting in a two-dimensional (2D) or one-dimensional (1D) 

structure with the formulas A2MI4 and A3MI5, respectively. Therefore, the choice of the 

appropriate organic cation A is based on its ionic radius, since it must fit between the B-X 

octahedra to form the ABX3 structure. From Table 2, it is clear that cations with ionic radii in 

the range of ~1.6 to ~2.5Å can form stable perovskite structures. For example, the organic 

cation of methylammonium has an ionic radius of 1.8Å which is well suited for formability 

with lead and iodine halide to form a MAPbI3 perovskite [55]. However, substitution of MA 

with a large cation, such as formamidinium (FA), gives a higher symmetry than that of 

methylammonium [56]. Indeed, FAPbI3 perovskite adopts a trigonal structure at room 

temperature with a favorable optical band gap (~1.43-1.48 eV, absorption at 840 nm) closer to 

the optimal band gap of 1.4 eV [57]. However, when the organic component is substituted by 

an inorganic component having a small size compared to MA, such as cesium (Cs), the 

tolerance factor becomes lower, hence a weak symmetry. This also leads to a higher band gap 

(1.73 eV) for CsPbI3 compared to MAPbI3 (1.57 eV). 

Table I.2: Ionic radii of the most commonly used hybrid perovskite components 
 

Site  A   B    X 

Ion EA FA MA Cs Pb Sn I Br Cl F 

Ionic radii (Å) 2,3 2,53 1,8 1,67 1,19 1,1 2,2 1,96 1,81  1,33 

 

ii) B-Site 

The B-site is a metal cation located at the center of the perovskite structure, which can be 

occupied by the elements of group 14 of the periodic table with a divalent oxidation state 

(Pb2+, Sn2+, Ge2+). Lead (Pb) is considered as a more commonly used element for 

photovoltaic applications, due to its superior performance and stability compared to tin [58]. 

The use of the latter in the MASnI3 perovskite solar cell shows low photoconversion 

efficiencies (5 to 6%) due to its low stability in air [59]. Indeed, this instability of MASnI3 

perovskite is attributed to the oxidation of Sn2+ to more stable Sn4+ which is promoted by 
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humidity, thus producing a volatile SnI4 compound [7]. However, MASnI3 has a band gap of 

1.3 eV allowing a wider light harvesting than that of MAPbI3 (1.6 eV) [55]. Germanium (Ge) 

has been less studied compared to Pb and Sn, probably due to its highly unstable nature in the 

Ge2+ oxidation state [60]. Recently, several studies have been carried out on metal-part alloys 

to improve the stability and efficiency of perovskite based solar cells [61–64]. For example, 

Yuhei Ogomi et al reported that the performance of MAPb1-xSnxI3 based solar cells can be 

significantly improved by substituting 50% of the lead atoms for tin atoms. As a result, an 

efficiency of 4.18%, an open-circuit voltage of 0.42 V, a form factor of 0.50, and a short- 

circuit current of 20.04 mA/cm2 were observed [65]. Additionally, an absorption of light up to 

the near infrared of ~1050 nm is obtained (MASnI3), indicating a shift of 260 nm compared to 

the perovskite MAPbI3 [66]. 

iii) X-site 

The X-site is an anion occupied by chemical elements of group VIIA of the periodic table, 

called halide, such as: iodine, bromine, chlorine and fluorine. The halide anion is considered 

as the most substituted component in the ABX3 matrix to provide good optoelectronic 

properties and excellent stability of the perovskite [10,67]. Traversing along group VIIA 

(from Cl to I) of the periodic table, the valence band shifts from 3p to 4p and 5p with a 

decrease in the electron binding energy, thus changes in the band gap upon halide substitution 

can be obtained [68]. For example, the optical gap of CsPbI3 perovskite can be continuously 

modulated over the range 1.87 – 3.18 eV through a substitution of I → Br and Br → Cl [69], 

which allows for attractive coloration and especially bandgap engineering for tandem solar 

cell design. Furthermore, Silvia et al [70] have shown that chlorine (Cl) doping can 

significantly improve the diffusion length and carrier lifetime within the MAPb(I1-xClx)3 

perovskite layer, thus conferring higher solar cell efficiency, mainly in a planar configuration 

[71,72]. More recently, our study has shown that it is possible to significantly improve the UV 

stability of unencapsulated MAPbI3 perovskite by incorporating an optimal chloride fraction 

of 20%. 

I.7.3. Optical properties 

As presented in figure I.8, ABX3 halide hybrid perovskites exhibit higher optical absorption 

capacity and absorption coefficient, which enables their use in thin-film photovoltaic devices 

to harvest sufficient solar radiation to achieve higher efficiency. In addition, hybrid 

perovskites are direct bandgap semiconductor materials [73], which can be continuously 

tuned over an exceptionally wide range of the solar spectrum from 1.2 to 3.17 eV by varying 

the chemical composition of the three perovskite components (MAPb(I, Br, Cl)3) [74,75]. 
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Figure I.8. Absorption spectra for MAPb1−xSnxI3 perovskites 

As shown in figure I.9, MAPbI3 perovskite exhibits a relatively high absorption coefficient 

(> 105 cm-1) in the visible spectrum compared to semiconductors, such as: inorganic thin films 

(CdT, CIGS, GaAs …) and crystalline silicon (c-Si). In addition, perovskites are able to 

achieve high efficiencies with a sufficiently thin absorber layer. As an example, a MAPbI3 

solar cell with a thickness of 0.3 μm exhibits a maximum efficiency of 21%, while it is only 

13% for GaAs solar cells. However, other inorganic absorbers, such as: CdTe, CIGS… must 

be around 2 μm to achieve similar efficiency [76,77]. 

 

Figure I.9: Absorption coefficient of the MAPbI3 and MAPb(I1-xClx)3 perovskite compared to 

other absorbent layers 
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We present in figure I.10 below, the optical gap values of some ABX3 perovskites reported in 

the literature. It can be noted that the lowest optical gap energy is 1.3 eV attributed to the 

MASnI3 perovskite [78,79], while the MASrI3 perovskite is characterized by a wider optical 

gap of 3.37 eV [41,80,81]. However, the MAPbI3 and FAPbI3 perovskites exhibit a band gap 

around 1.5 eV which is close to the optimal value of the single-junction solar cell (a-Si, 

GaAs…), and which guarantees a high absorption of photons up to 826 nm [82,83]. The 

optical gap energy values corresponding to CsPbI3 and EAPbI3 perovskites are about 1.73 and 

2.2 eV respectively, showing an increase in the band gap induced by the change of the A 

cation [8,56]. Due to the larger ionic radius of I (2.2 Å) compared to Br (1.96 Å) and Cl (1.81 

Å), the band gap of MAPbBr3 and MAPbCl3 broadens to 2.27 and 3.37 eV respectively [9]. 

This consecutive band gap range of halide hybrid perovskites could be used for tandem solar 

cell applications. 

 

Figure I.10: Optical gap values of some ABX3 perovskites 

 

 

I.7.4. Electronic properties 

One aspect of ABX3 perovskite solar cells that helps explain their phenomenal performance is 

their excellent electronic properties, such as: long diffusion length [9], high charge carrier 

mobility, ultrafast charge generation [84], and low nonradiative carrier recombination rate 

[85]. In this section, we present the electronic properties of some ABX3 halide hybrid 

perovskites. 
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a- Charge carrier diffusion length 

The charge diffusion length (LD) parameter is defined as an average distance that the charge is 

able to travel before recombining. The LD diffusion length can be calculated from the 

diffusion coefficient D and the charge carrier lifetime τ using the following formula [86]: 

 

𝐿𝐷 = √𝐷𝜏 (I-4) 

LD is a critical parameter for efficient operation of the solar cell as it has a direct influence on 

the charge collection efficiency. 

According to the literature, several works have been undertaken on the improvement of the 

charge carrier properties of halide hybrid perovskites [70,71,87]. Recently, Guichuan et al. 

[55,87], by transient photoluminescence (PL) measurements, reported that the electron and 

hole diffusion lengths of MAPbI3 are estimated to be ~130 and ~90 nm respectively. 

However, Samuel et al. found that the diffusion lengths are greater than 1 µm for both 

electrons and holes if the MAPbI3 perovskite is doped with the chlorine halide anion 

MAPb(I1-xClx)3 [71]. This indicates that the ETL layer should not be in mesoporous structure 

to achieve better collection of electrons photo-generated by the MAPb(I1-xClx)3 perovskite. In 

addition, as demonstrated by Giles et al. [57], the diffusion lengths of FAPbI3 based 

perovskites are relatively longer than those found in MAPbI3 and shorter than those in 

MAPb(I1-xClx)3 perovskites. Indeed, they estimated that electrons and holes may have a 

diffusion length of 177 and 812 nm, respectively. Furthermore, Gede et al. concluded that the 

MAPbBr3 perovskite has a diffusion length of 201 nm. However, an improvement from 201 to 

532 nm is obtained after deposition of a thin layer of aluminum oxide (Al2O3) of 4 nm, via a 

technique called "Atomic Layer Deposition (ALD)" [88]. 

Other authors have experimentally demonstrated that the MAPbBr3 perovskite synthesized by 

the "Vapour assisted method" technique can exhibit diffusion lengths of order 1058 and 1083 

nm for electrons and holes respectively [89]. 

Table I.3 gathers the parameters (diffusion coefficient "D", diffusion length "LD" and lifetime 

"𝜏) of the perovskites discussed in the previous paragraph. 

Table I.3: Diffusion coefficient (LD), diffusion length and lifetime (𝜏) values of some halide 

hybrid perovskites [57,71,87–90] 
 

Perovskites charge carriers D (cm2.s-1) LD (nm) 𝜏(ns) 

MAPbl3 Electron / Hole 0.017 / 0.011 130 / 90 9.94 / 7.36 

MAPbBr3 Electron / Hole 0.2198 / 0.2301 1058 / 1083 50.92 / 50.97 

FAPbl3 Electron / Hole 0.004 / 0.091 177 / 812 78.32 / 72.45 

MAPbl3-xClx Electron / Hole 0.042 / 0.054 1069 / 1213 2720.86 / 2723.76 

MASnl3 Electron / Hole 0.045 / 30 / - 0.2 / - 
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I.8. Hybrid halide perovskite solar cells 

I.8.1. The composition of hybrid perovskite solar cells 

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 architecture [91]. 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 figure I.11 

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 PVCs [92]. 

On the other hand, Lee et al investigated a meso-superstructured CH3NH3PbI3/Al2O3 [93]. 

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. 
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Figure I.11: (a) PSC assembly. (b) Graphic depiction of working and charge transference 

routes in ETLs of PSCs. (c) Factors influencing the ETL efficiency in PSCs 

In this context, a paper has been published demonstrating that the charge carrier mobility in 

hybrid perovskite depends on different parameters such as the organic’s cation orientation and 

the octahedral symmetry of the inorganic part [94]. Perovskite solar cells can be either 

mesoporous perovskite solar cells or planar perovskite solar cells [95]. Structures depicting 

both configurations p-i-n, and n-i-p mesoscopic/planar PSC of the device are shown in figure 

I.12. 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 method [96]. 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 materials [97]. 

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 PSCs [98]. 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 

efficiency [99]. 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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Figure I.12: Diagram displaying the four-layered assemblies of PSCs (a) n–i–p mesoscopic, 

(b) n–i–p planar, (c) p–i–n planar, and (d) p–i–n mesostructured 

I.8.2. The manufacture of hybrid perovskite solar cells 

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 unrestrictive [100]. One-step or two-step deposition process can 

be performed for the hybrid perovskite fabrication as depicted in figure I.13. 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 

crystal [101]. For CH3NH3PbI3 perovskite, the solvent used is γ-butyrolactone or 

dimethylacetamide [102]. 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 developed [103]. 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 precursor [104]. 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 [105]. For mixed halide hybrid perovskite, solvothermal synthesis method is 

highly advised as an approach for easy synthesis of this type of hybrid perovskite [106]. 

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 environment [107]. 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 
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between the n and p type contacts [108]. Low-pressure vapor-assisted technique is used also 

in the formation of the multidimensional 2D/3D organometallic halide perovskite [109]. 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 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. 
 

Figure I.13: One-step deposition and two-step deposition of solution processing technique 

I.8.3. Evolution of the efficiency of the hybrid perovskite solar cells 

Recently, perovskite solar cells represent a new class of conventional photovoltaic 

technologies. In 2009, Miyasaka et al. realized the first perovskite solar cell by replacing 

organic dyes (figure I.14.a), usually used as an absorber in the photoelectrochemical solar 

cell, with the perovskite absorber layer MAPbI3 in a solar cell, called Graetzel cell (figure 

I.14.b) [110–112], which exhibited an efficiency of 3.9%. Subsequently, Park et al. [113] 

produced a solar cell based on perovskite nanoparticles in 2011; this achieved an efficiency of 

6.5%. However, MAPbI3 perovskite nanoparticles are very unstable in liquid electrolyte due 

to their rapid dissolution, leading to rapid performance degradation [111,114]. This 

degradation resulted in the replacement of the liquid electrolyte by a layer called SPIRO- 

OMeTAD, which acts as a solid hole transporter (HTL) (figure I.14.b). Consequently, this 

improved the stability of the perovskite solar cell with an efficiency of 9.7%. 
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Figure I.14: Comparison between: a) Photosensitive pigment solar cell (Grätzel cells) and b) 

perovskite solar cell where the liquid electrolyte was replaced by the SPIRO-OMeTAD layer 

In 2012, Snaith et al. observed an increase of a few millivolts in Vco via a replacement of the 

TiO2 mesoporous layer (ETL) by an insulating layer based on alumina Al2O3, leading to an 

improvement in the efficiency of the solar cell to 10.9% [115]. As illustrated in figure I.15.a, 

this cell is called a “meso-superstructured solar cell” because the alumina Al2O3 layer only 

acted as a scaffold layer [116]. Indeed, the photoexcited electrons are supposed to be 

transported through the thin perovskite layer until they are collected by the planar TiO2-coated 

electrode (figure I.15: a and b) [115], because electrons cannot be injected into Al2O3 [116]. 

 

 

 

Figure I.15: Schematic illustrating of: (a) mesoporous perovskite solar cells (b) Relevant 

energy levels in the mesoporous TiO2 perovskite solar cells and (c) charge transfer and charge 

transport in a perovskite TiO2 solar cell and a non-injecting Al2O3 based solar cell 
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Another success of the efficiency of the perovskite solar cell was reported by Seok et al in 

2013; They reported that the efficiency can reach 16.2% by using a halide alloy MAPb(I1- 

xBrx)3 (10-15% of Br) with a polytriarylamine (PTAA) as a hole carrier [7]. At the end of 

November 2014, Seok et al. developed a solar cell with an efficiency of 20.1%. This 

efficiency improvement was achieved by a combination of two organic components based on 

formamidinium (FA) and methylammonium (MA) in the perovskite structure (FAPbI3)1- 

x(MAPbBr3)x [111,117,118]. 

More recently, the National Renewable Energy Laboratory (NREL) officially reported that the 

efficiency of the perovskite-based solar cell is 26.7% by 2024 [119]. 

 

I.9. Stability of hybrid halide perovskites 

In light of the outstanding properties and high efficiencies experienced by hybrid perovskite 

solar cells, their long-term use is hampered by their instabilities and rapid degradation under 

different exposures, such as: humidity [67], UV irradiation [85] and high temperature [120]. 

According to the literature [121,122–126], the most susceptible perovskites to degradation are 

ABX3
-based, such as: (A = MA or FA; B = Pb or Sn and X = I or Br). In fact, the stability of 

these materials strongly depends on the engineering of the chemical composition. Moreover, 

this instability is usually manifested by changes in the structural, optoelectronic, 

morphological, and colorimetric properties, mainly attributed to their decomposition into the 

PbX2 phase, causing a drastic degradation of the power conversion efficiency of perovskite 

solar cells [127,122]. 

Recently, many studies have been devoted to solving the problems related to perovskite 

stability which are considered as the main challenge for future research. In this section we 

present some approaches and progress reported in the literature on perovskite stability under 

the effect of: humidity, UV irradiation and high temperature. 

I.9.1. Stability under humidity effect 

According to the literature, among the most sensitive perovskites to humid atmosphere is 

MAPbI3 based [128,129]. Indeed, some works [67,130] have shown that 20 days exposure 

under relatively high humidity (>55%) causes the efficiency of the MAPbI3 based perovskite 

solar cell to drop by about 3%. The decomposition or degradation of the MAPbI3 perovskite 

can be confirmed by the appearance of a PbI2 diffraction peak in the DRX diagram. The 

mechanism of the possible decomposition of this perovskite is described according to the 

following equations (1 to 4): 
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Equation (1) shows that upon contact with moisture, the MA ion (CH3NH3
+) is released from 

the MAPbI3 perovskite crystal due to its hygroscopic nature [131,132], leading to 

decomposition into PbI2 and MAI. Then, MAI can decompose into aqueous methylamine 

(CH3NH3
+) and hydroiodic acid (HI) in the film (Equation 2). Similarly, HI could be 

transformed in two different ways, either into I2 and H2O via the redox reaction in the 

presence of oxygen (Equation 3), or into I2 and H2 via a photochemical reaction (Equation 4) 

induced by UV radiation [8,14,49]. Finally, the total decomposition of the perovskite makes 

the PbI2 crystalline phase the final product of the reaction [131]. 

Recently, several approaches have been innovated to stabilize MAPbI3 perovskite against 

humidity. Zheng et al. [132] demonstrated that efficient humidity stability of solar cell can be 

achieved via the insertion of a hydrophobic pentafluoro benzenethiol (HS-C6F5) molecular 

layer at the MAPbI3/HTL interface; this layer can prevent the infiltration of H2O molecules 

into the perovskite. In 2016, Yang et al. [133] proved that hydrophobic alkylammonium 

cations can be assembled on the surface of MAPbI3 perovskite as an efficient water-resistant 

layer. This has largely contributed to successfully blocking any accessible leakage of water 

droplets or H2O molecules, providing more effective protection of the perovskite under 

relatively high humidity (90 ± 5%) for 30 days. Another way to prevent degradation is 

reported by B. Li et al. [67]. They concluded that the incorporation of bromide atoms into the 

MAPb(IxBrx-1)3 matrix may play a critical role in improving the stability of the perovskite 

against humidity. The enhanced stability is mainly attributed to a structural transition from a 

tetragonal structure to a more stable and compact cubic structure. 

I.9.2. Stability under temperature 

It is well known that exposure of perovskite to high temperatures can also lead to degradation 

of its stability [134-136]. For example, as reported by Philippe [137], annealing of MAPbI3 

perovskite in vacuum at a temperature of 200 °C or higher can cause the N/Pb and I/Pb ratios 

to drop to 0 and 2, respectively. This shows that the resulting phase is composed of 100% 

PbI2, thus indicating that MAPbI3 perovskite is not stable at temperatures of the order of 200 

°C. The decomposition reaction suggested by these authors [137] is as follows: 

 

 

Furthermore, Zhun Yao et al. [138] demonstrated by thermogravimetric analyses that MASnI3 

based perovskite has superior thermal stability compared to MAPbI3 because it thermally 

decomposes at a temperature of 240°C. According to the work of Dmesso et al. [139], the 

possible decomposition reaction of MASnI3 is as follows: 

 

 

Sigalit Aharon et al. [140], made a study of the effect of annealing temperature on FAPbI3, 

MAPbI3 and FA0.5MA0.5PbI3 perovskites. They concluded that the optimum temperature to 

achieve good morphology of FA0.5MA0.5PbI3 perovskite is 175 °C. However, a degradation of 

the structure with a noticeable change in the color of FAPbI3 and MAPbI3 perovskite (figure 
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I.16) takes place at temperatures of 290 °C and 230 °C respectively. While FA0.5MA0.5PbI3 

perovskite starts to decompose at a temperature of 300 °C [141]. 

 

 

Figure I.16: Color variation of FAPbI3 and MAPbI3 perovskites as a function of temperature 

In order to improve the thermal stability of perovskites, several approaches have been 

reported in the literature. For example, David et al. [142] showed that the MAPb(I0.6Br0.4)3 

perovskite reveals a rapid degradation after 6 h of annealing at 130°. However, a substitution 

of MA by a Cs0.17FA0.83 alloy, with a fixed halide fraction, does not show any degradation or 

color change under the same processing conditions. 

I.9.3. Stability under UV irradiation effect 

In a MAPbI3 perovskite solar cell, among the most commonly used photoanodes (ETL) is the 

one based on a compact/mesoporous layer of TiO2. However, as reported by several 

researchers [52,143], TiO2, with an optical gap of 3.20 eV, acts as a typical photocatalyst to 

oxidize water to produce hydroxyl radicals as well as to oxidize organic matter. Some studies 

[49,52], have shown that the solar cell based on MAPbI3 perovskite and TiO2 exposed to UV 

light for 12 hours, undergoes a drastic degradation in the MAPbI3/TiO2 interface. This 

degradation is likely attributed to the photocatalytic effect of the TiO2 layer on the MAPbI3 

perovskite. Ito et al. [144] proposed a mechanism that can explain the process of perovskite 

degradation under UV. This mechanism is simplified by chemical equations (1 to 3) and 

schematized in figure I.17. 
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Figure I.17: Sketch maps of perovskite degradation against light exposure in the structure of 

(a) TiO2/CH3NH3PbI3 and (b) TiO2/Sb2S3/CH3NH3PbI3 

Indeed, the perovskite crystal CH3NH3PbI3 is composed of CH3NH3
+, Pb2+ and I- ions. 

According to equation (1), after photoexcitation of the TiO2 layer by UV irradiation, hole 

generation is obtained. These can extract electrons from I- at the TiO2/perovskite interface, 

causing distortion of the perovskite structure, thus leading to the formation of I2 [143]. 

Although the dissociation constant (pKa) for the hydrolysis reaction of the methylammonium 

ion component (CH3NH3
+ + H2O ↔ CH3NH2 + H3O

+) is 10.8, the equilibrium tends to shift 

to the left, but the incessant elimination of hydrogen ion accompanied by the evaporation of 

CH3NH2, due to its low boiling point (17 °C) drives the reaction forward (Equation 2) [8]. 

Finally, the electrons extracted at the TiO2 / MAPbI3 interface can return to reduce I2 and form 

the volatile component of HI (Equation 3) [8,49]. Therefore, the evaporation of CH3NH2 and 

HI leads to the appearance of the final component PbI2 according to the following chemical 

equation [144]: 

 

 

In order to overcome the UV instability of MAPbI3 perovskite in solar cell, Ito et al. [144] 

demonstrated that the insertion of a Sb2S3 based blocking layer at the TiO2/MAPbI3 interface 

can limit the photocatalytic effect of the TiO2 layer on the perovskite. Indeed, this blocking 

layer was able to quench the reaction of I- and I2 on the TiO2 surface, as shown in figure 

I.18.a. Therefore, the extraction and transport of electrons from the perovskite layer by TiO2 is 

perfectly done without distortion of the MAPbI3 perovskite structure. figure I.18.b shows the 

variation of the solar cell efficiency upon exposure to UV light for 12 h (AM1.5 - 100 mW 

cm-2) with and without the use of the Sb2S3 blocking layer. Using this layer, figure I.18.b 

clearly shows that it is possible to significantly maintain the solar cell efficiency under long- 

term UV irradiation. 
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Figure I.18: a) Schematic of the insertion of a Sb2S3 blocking layer at the TiO2/MAPbI3 

interface. b) Variation of the efficiency of the MAPbI3 perovskite solar cell with and without 

the use of Sb2S3 during UV exposure [144] 

Other studies [52,145] have shown that UV stability can be improved by adding a UV filter 

layer that absorbs UV light and transmits only visible light, thus effectively preventing UV 

rays from reaching the TiO2 film. Furthermore, Snaith et al. [145] have demonstrated that the 

Al2O3 scaffold can be used as an alternative solution to replace the TiO2 mesoporous to 

achieve better stability of perovskite at high levels of UV light exposure. Thus, among the 

objectives of our research work is to demonstrate the possibility of improving the UV stability 

of perovskite by incorporating an optimal chloride fraction. 

I.10. Conclusion 

This first chapter was devoted to the presentation of the state of the art of photovoltaic solar 

energy and more particularly on the hybrid halide perovskites ABX3 used as absorbent layers 

in solar cells. Indeed, we presented in detail the structural, electrical and optical properties of 

the ABX3 perovskite components which make it a very attractive material for photovoltaics. 

We have also seen in this part that the technology of hybrid perovskite solar cells has 

experienced an astonishing emergence due to their rapid evolution of efficiency from 3.1% to 

24.2% since 2009 to 2019. This has mainly been achieved on the one hand thanks to the 

chemical flexibility of these ABX3 hybrid perovskites which lend themselves to a wide variety 

of substitutions on all sites: A, B and X, which has made it possible to achieve several 

configurations with attractive optoelectronic properties. On the other hand, this rapid 

evolution has been achieved thanks to different solar cell architectures developed, such as: 

mesoporous and planar inverted or regulated. However, despite this incredible evolution of 

efficiency, we have cited in this chapter some problems of these hybrid halide perovskite 

materials related to their long-term instability under different exposures, such as: humidity, 

UV irradiation and high temperature. Furthermore, we have detailed some approaches 

developed in the literature on the improvement of this instability of hybrid perovskites. 
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Chapter II: 

Synthesis procedures and characterization 

techniques 
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II.1 Introduction 

Many techniques can be used to make thin films of different types of materials, such as: 

perovskites, transparent oxides and chalcogenides, etc. In fact, these deposition techniques fall 

into two categories: 

i) Chemical processes that are based on chemical reactions in the liquid or vapor phase. 

ii) Physical processes involving mechanical, electromechanical or thermodynamic executions 

to form a thin layer of solid. 
 

Figure II. 1: General techniques and processes for deposition of thin layers 

In this chapter, we will present the synthesis and characterization techniques of thin layers 

based on hybrid perovskite CH3NH3PbX3 (X=I, Br, Cl). The first part will be devoted to the 

description of the using synthesis processes in our studies used, namely: the gel-soil by 

centrifugation (spin-coatting) for synthesizing thin films of hybrid perovskites. Then we will 

also describe the processes performed on the developed thin films, specifically thermal 

blowing and UV irradiation. The second part is devoted to the exposition of the principal and 

interest of different characterization techniques that we have used to explore the structural, 

optical and morphological properties of the obtained thin films. Indeed, the characterization 

techniques used are: X-ray diffraction (XRD), scanning electron microscopy (SEM), UV-Vis 

spectrophotometry and the fourier transforms infra-red spectrophotometer (FTIR). 

II.2. Synthesis procedures of hybrid perovskites MAPbX3 (X=Cl, Br, I) 

II.2.1. Substrates preparation 

The thin film deposition of hybrid perovskites was carried out on glass substrates. Before each 

deposition, the glass substrates have undergone a thorough cleaning to remove any trace of 
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grease or dust for the purpose of achieving good adhesion of the deposit on the substrate. The 

process adopted for cleaning substrates is based on the following steps: 

• Degreasing with detergent, then rinsing with distilled water. 

• Wash in an ultrasonically activated acetone bath for 10 min. 

• Wash in an ultrasonically activated ethanol bath for 10 min. 

• Rinse in a bath of ultrasonically activated distilled water for 10 min. 

• Drying in an oven at 60°C. 

In this work, the spin-coating technique was used to deposit thin films of MAPbX3 (X = Cl, 

Br, I). These can be performed by two different methods: Direct preparation method and 

Indirect preparation method. 

II.2.2. Direct preparation method 

The implementation of this method is divided into three stages, namely: (a) preparation of the 

perovskite powders, (b) dissolution of these perovskite powders and (c) deposition of the 

perovskite films. 

a- Preparation of MAPbX3 perovskite powder (X=I, Br, Cl) 

This step consists firstly of preparing a solution A containing a mixture of 0.30 mole of 

hydrogen halide HX (X=I, Br or Cl) and 0.30 mole of methylamine CH3NH2 (33% wt. in 

absolute ethanol) in a round bottom at 0°C for 2 hours under magnetic agitation. Then another 

solution B containing 0.030 mole of lead nitrate (Pb(NO3)2) dissolved in 50 ml of distilled 

water was prepared. After, the two solutions (A and B) were heated separately to 80°C in the 

water bath, then solution (B) was added drop by drop to solution (A) under magnetic stirring 

of 700 tr/min. A few seconds later, the crystalline powders of perovskites were formed and 

precipitated, black for perovskite MAPbI3, orange for perovskite MAPbBr3 and white for 

perovskite MAPbCl3. The liquid supernatant and the precipitated powder of the perovskite are 

then separated by centrifugation, followed by washing with absolute ethanol and then diethyl 

ether. Finally, the perovskite powders are dried overnight in an oven at 60°C. 

The formation of the perovskite powders MAPbI3, MAPbBr3 and MAPbCl3 can be described 

by the following chemical equations: 

 

 

𝐶𝐻3𝑁𝐻2 + 3𝐻𝐼 + 𝑃𝑏(𝑁𝑂3)2 → 𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3 + 2𝑁𝑂− + 2𝐻+ (1) 

𝐶𝐻3𝑁𝐻2 + 3𝐻𝐵𝑟 + 𝑃𝑏(𝑁𝑂3)2 → 𝐶𝐻3𝑁𝐻3𝑃𝑏𝐵𝑟3 + 2𝑁𝑂− + 2𝐻+ (2) 

𝐶𝐻3𝑁𝐻2 + 3𝐻𝐶𝑙 + 𝑃𝑏(𝑁𝑂3)2 → 𝐶𝐻3𝑁𝐻3𝑃𝑏𝐶𝑙3 + 2𝑁𝑂− + 2𝐻+ (3) 
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b- Dissolution of MAPbX3 perovskite powders (X=I, Br, Cl) 

This step involves dissolving each powder in a dimethylsulfoxide (DMSO) solution to prepare 

the MAPbX3 perovskite soils (X= Cl, Br, I). In addition, mixed perovskites based on the 

substitution of a fraction of I by Cl (MAPb(I1-xClx)3) are prepared by varying the fraction x 

of the amount of material of each powder (MAPbI3 or MAPbCl3) according to the reaction 

(4). Then, to prepare thin films, these powders are dissolved in each DMSO solution. Finally, 

the soil solutions are agitated at room temperature overnight. 

(1 − 𝑥)𝑀𝐴𝑃𝑏𝐼3 + 𝑥𝑀𝐴𝑃𝑏𝐶𝑙3 → 𝑀𝐴𝑃𝑏(𝐼1−𝑥𝐶𝑙𝑥)3 (4) 

c- The deposition of thin films perovskites MAPbX3 (X=I, Br, Cl) 

This step is also called the Single-Step Deposition Technique. Indeed, to synthesize the 

MAPbX3 perovskite thin films (X = Cl, I), 50 μL of the perovskite soil are taken and spread 

on the glass substrate by the spin-coating process at a rotational speed of 3000 tr/min for 30 

seconds (figure II.2). At the end of the centrifugal coating process, MAPbX3 (X = Cl, Br or I) 

perovskite films are dried in an oven at 60°C. They are characterized by colors ranging from 

black (MAPbI3) to orange (MAPbBr3) and white (MAPbCl3) (figure II.3). 

This color change suggests that the formation of the perovskite phase is achieved during the 

spin-coating step and is based on the evaporation of a large part of the DMSO. 

Finally, to improve their crystallinity and densification, the synthesized films have been 

subjected at the same time to a thermal blowing of different temperature, this technique also 

allows to completely evaporate the traces of residual solvents (figure II.2). The perovskite 

films obtained are kept in a desiccator to avoid their degradation. 

 

 

a) 
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Figure II.2: Pattern of the deposition of perovskites by spin-coating a) MAPbI3 b) MAPbCl3 

under thermal blowing. 

II.2.3. Indirect preparation method 

The indirect preparation method is implemented in three steps, namely (i) preparation of 

methylammonium halide salts, (ii) dissolution of soil from perovskites and (iii) deposition of 

perovskite films. 

a- Preparation of the methylammonium halide salts MAX (X=I, Br, Cl) 

To synthesize the methylammonium halide salts MAX or CH3NH3X (X=I, Br, Cl), a solution 

(A) containing a mixture of the reaction of a molar ratio of 1:1 of the hydrohalogeneic acid 

HX is first prepared (X = I, Br, Cl) and methylamine CH3NH2 (33% wt. in absolute ethanol) 

as described by equation (5), in a round-bottomed flask maintained at 0°C for 30 min under 

magnetic agitation. Then the MAX salts (X=I, Br, Cl) were recovered by placing solution (A) 

on a rotary evaporator to carefully remove solvents (ethanol and water) at 100°C. Finally, the 

resulting salts were washed several times with absolute ethanol and ether Diethyl, then 

vacuum dried at 60°C. 

The formation of methylammonium halide salts MAX (X=I, Br, Cl) can be described by the 

following equation: 

𝐶𝐻3𝑁𝐻2 + 𝐻𝑋 → 𝐶𝐻3𝑁𝐻2𝑋 (5) 

b- Soil solution of MAPbX3 perovskites (X=I, Br, Cl) 

The solution of perovskite soils requires first of all the lead halides PbX2 (X=I, Br, Cl) which 

are commercially available with a purity of 99.999%. 

Then, a molar ratio of 1:1 of MAX prepared beforehand and PbX2 (X=Cl, Br, I) was dissolved 

in a solution with 45 wt% of DMF or DMSO, as described by equation (6). However, the 

preparation of mixed soil with MAPb(I1-xBrx)3 or MAPb(I1-xClx)3 is done by varying the 

fraction x of the amount of material in each MAX and PbX2 (X=I, Cl or Br), according to the 
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reaction (7 and 8), dissolved in a 45 wt% solution of DMF or DMSO. Finally, the solutions 

are kept under magnetic agitation for 30 min. 

𝑀𝐴𝑋 + 𝑃𝑏𝑋2 → 𝑀𝐴𝑃𝑏𝑋3 (6) 

(1 − 𝑥)(𝑀𝐴𝐼 + 𝑃𝑏𝐼2) + 𝑥(𝑀𝐴𝐵𝑟 + 𝑃𝑏𝐵𝑟2) → 𝑀𝐴𝑃𝑏(𝐼1−𝑥𝐵𝑟𝑥)3 (7) 

(1 − 𝑥)(𝑀𝐴𝐼 + 𝑃𝑏𝐼2) + 𝑥(𝑀𝐴𝐶𝑙 + 𝑃𝑏𝐶𝑙2) → 𝑀𝐴𝑃𝑏(𝐼1−𝑥𝐶𝑙𝑥)3 (8) 

c- The deposition of thin films perovskites MAPbX3 (X=I, Br, Cl) 

The deposition and shaping of MAPbX3 perovskite thin films can be carried out using the 

procedure explained in the previous paragraph, called Single-Step deposition technique. 

Nevertheless, there is another way to synthesize MAPbX3 perovskite films, called the two- 

step deposition technique which consists first of depositing 40 μL of the dissolved PbX2 

solution in DMF at 70°C on the substrate. Secondly, the formed PbX2 layer is immersed in a 

MAX solution dissolved in isopropanol. Finally, the perovskite film was annealed at 100°C 

for 30 min to evaporate the residual solvents. 

Figure II.3 illustrates the cycle of thin films formation by this two-stage deposition technique. 
 

Figure II.3: Schematic of the deposition of perovskite films by two-step spin-coating 
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II.3. Thermal blowing and UV light techniques applied to synthesized 

films 

II.3.1. Thermal blowing performed during the growth phase of MAPbX3 

perovskites 

The study of the effect of thermal blowing performed at different temperatures and distances 

during the growth of MAPbX3 perovskite films by spin-coating technique aims to improve the 

crystallinity and to control the compactness of the perovskite (figure II.2). The results of this 

study will be discussed in Chapter III. The thermal blowing during the spin process was 

carried out with a STEINEL Electronic «HG 2310 LCD» heat gun at a flow rate of 3.6 cfm (~ 

101.91 l/ min) (figure II.4). 
 

Figure II.4: STEINEL Electronic «HG 2310 LCD» heat gun. 

II.3.2. UV irradiation performed on thin films of perovskites MAPb(I1-xClx)3 

The UV irradiation process performed on MAPb(I1-xClx)3 perovskites was carried out to study 

the role of chlorine incorporation in the MAPI perovskite matrix to improve the stability of 

perovskite against UV radiation. The results of this study will be discussed in Chapter III (Part 

B). The UV irradiation was carried out with a CAMAG 4 UV lamp at a fixed wavelength of 

392 nm with an intensity of about 350 mWcm-2 (figure II.5). It should be noted that UV light 

(at wavelengths less than 400 nm) is only 4.61 mWcm-2 under STC conditions: AM1.5, solar 

irradiation of 100 mWcm-2 and a temperature of 25°C [45]. Therefore, the intensity of the UV 

device used in our study is 70 times higher than that of solar UV irradiation. The UV 

irradiation process was carried out at room temperature. 
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Figure II.5: UV irradiation device « CAMAG 4 ». 

II.4. Characterization techniques 

II.4.1. X-ray diffraction 

X-ray diffraction (XRD) is a characterization technique used to study the crystallographic 

properties such as degree of crystallinity, orientations and size of the crystallites, lattice 

parameters, Etc. 

The principle of this technique is to send a monochromatic x-ray beam onto a sample 

deposited on a flat sample holder at an angle θ to the incident beam, as shown in figure II.6. 

This X-ray beam will be scattered in all directions by the atoms of the sample. Indeed, the 

scattered rays will be interfered alternately in a constructive and destructive way depending 

on the angle 2θ. The constructive interference condition of scattered rays occurs when they 

have a phase difference of nλ (n is an integer), called «in phase». Whereas the condition of 

destructive interference occurs when the rays have a phase difference of nλ/2, called 

«completely out of phase». In addition, as shown in figure II.7, Diffraction peaks can be 

observed in certain specific directions when the difference in path between two rays reflected 

by two consecutive plants is equal to an integer n of wavelength λ. This leads to the Bragg 

law which reads: 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆 (II-1) 

Where dhkl is the interreticular distance of the planes of the family (hkl), θ is the angle of 

incidence taken from the surface of the planes (hkl), n is the diffraction order and λ is the 

wavelength of the X-rays. 
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Figure II.6: Operating diagram of an X-ray diffractometer. 
 

 

 

 

 

 

Figure II.7: Schematic representation of atomic planes in diffraction position. 
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X-ray diffraction patterns on thin layers of hybrid perovskites were performed by the X-ray 

Diffractometer (PANalytical Expert Pro) and the Diffractometer (PANalytical EMPYREAN) 

at CNRST, using a Cu K-alpha radiation source with a wavelength of 1.5406 Å. The figure 

II.8 shows the images of the used diffractometers. 

 

 

a) b) 
 

Figure II.8: X-ray diffractometers a) Panalytical Expert Pro and b) PANalytical 

EMPYREAN. 

II.4.2. Scanning electron microscope (SEM) 

The SEM scanning electron microscope is a technique that uses the principle of matter 

electron interactions to visualize and produce high-resolution images of the surface of a 

sample. The SEM images presented in this manuscript were taken by the CNRST-owned 

"QUATTRO S FEI" (figure II.9). 
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Figure II.9: Scanning electron microscope QUATTRO S FEI. 

This SEM is equipped with an electron gun (FEG) which consists of the use of a metal 

cathode in the form of a very fine tip. A very intense electric field is thus produced at the tip 

end by applying a voltage of 2000 to 7000 V between the cathode and the anode. This will 

allow to remove the electrons from the tip with a very high efficiency by the tunnel effect. 

The electronic beam produced is accelerated by a very high potential difference of up to 30 

kV. As shown in figure II.10, at the exit of the electron gun, the electron beam enters the 

electron column under a very high vacuum, including electromagnetic lens systems: 

condenser lenses, objective lenses and scanning coils (or deflector coils). This 

electromagnetic system allows, by successive interventions, to control the beam size, to focus 

and scan the beam on the sample in a small spot. Diaphragms, of optimal aperture diameter, 

are placed to reduce or exclude the electrons from the scattered beam. 
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Figure II.10: Schematic of a scanning electron microscope. 

The sample to be analyzed is glued to a sample holder by means of a conductive carbon tape 

placed at an optimum working distance of 10 mm, corresponding to the best resolution. The 

incident electron beam (called primary electrons) scans a rectangular area of the surface of the 

sample to be analyzed, line by point and line by line. 

These primary electrons collide (interact) with the atoms of matter, while giving rise to 

various signals that carry information about the sample from which they are derived: 

secondary electrons, back-diffused electrons, auger electrons and X-rays (figure II.11). The 

secondary electrons are ejected from the sample surface in an inelastic manner. Therefore, 

these low-energy secondary electrons are attracted by a detector called (SED: secondary 

electron detector) to form a topographic image of the sample surface whose contrast is 

determined by the reliefs. Whereas the back scattered electrons, generated in a quasi-elastic 

way, which come from the deep levels of the atoms of the matter are detected by means of a 

detector called (BSED, back scattered electron detector) for the formation of a contrast image 

of chemical elements, i.e. areas containing light atoms (weak Z) appear darker. The SEM is 

coupled with an energy dispersive analysis spectrometer (EDS or EDX) which allows 

qualitative and semi-quantitative analyses of the analyzed sample. 
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When an incident electron ejects an electron from an inner layer of an atom, the electron is 

excited to a higher state, this returns to its ground state by an electronic transition, while 

ceding part of its energy by emitting an X-ray. The set of electronic transitions defines a 

discrete spectrum of lines whose energies are characteristic to the excited chemical elements. 

By analyzing the x-ray spectrum, we can identify the chemical nature of the atoms present. 
 

Figure II.11: Schematic of the analysis pear defining the generation volumes of the different 

types of electronic emission signals. 

II.4.3. UV-Vis spectrophotometry 

UV-Vis spectrophotometry is a technique that we used to measure optical properties: 

transmission, reflectance and absorbance of thin films or powders in the UV-Visible range. 

Measurements of these optical properties are made at room temperature using a CNRST- 

owned UV-Vis (Perkin Elmer Lambda 1050+) spectrophotometer with an integrative sphere 

covered with Barium Sulfate (BaSO4) (figure II.12). 

https://upload.wikimedia.org/wikipedia/commons/4/49/Electron_Interaction_with_Matter.svg
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Figure II.12: Perkin Elmer Lambda 1050+ UV-Vis Spectrophotometer. 

The principle of this UV-Vis spectrophotometry consists in using a light source which 

contains two lamps: one made of deuterium to cover the ultraviolet range (190-400 nm) and 

the other made of tungsten used for the range from 400 to 1100 nm (visible range). As shown 

in figure II.13, a monochromator selects a monochromatic ray, in the range of 190 to 1100 

nm, directed at the sample placed in front of the aperture of the integrating sphere. Part of this 

radiation will be absorbed by the sample and another part will be transmitted and detected by 

the integrating sphere connected to a computer system to obtain the transmittance spectrum as 

a function of the wavelength. 

The transmittance T is determined from the ratio of the measured beam intensity I to the 

incident beam intensity I0: 

𝑇(%) = 
𝐼 

∗ 100 (II-2) 
𝐼0 

 

The part absorbed A by the sample is calculated automatically by the software "UV WinLab" 

according to the Beer-Lambert law: 

𝐴 = log(
 100 

) (II-3) 
𝑇(%) 
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Figure II.13: Diagram of the UV-Vis spectrophotometer with an integrative sphere. 

 

 

II.4.4. Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy, also known as FTIR Analysis or FTIR 

Spectroscopy, is an analytical technique used to identify organic, polymeric, and, in some 

cases, inorganic materials. The FTIR analysis method uses infrared light to scan test samples 

and observe chemical properties. Measurements of these optical properties were made at room 

temperature using a CNRST-owned FTIR (NICOLET iS50 FT-IR) spectrophotometer (figure 

II.14). 
 

Figure II.14: NICOLET iS50 FT-IR Spectrophotometer. 
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The FTIR instrument sends infrared radiation of about 10,000 to 100 cm-1 through a sample, 

with some radiation absorbed and some passed through. The absorbed radiation is converted 

into rotational and/or vibrational energy by the sample molecules. The resulting signal at the 

detector presents as a spectrum, typically from 4000 cm-1 to 400cm-1, representing a molecular 

fingerprint of the sample. Each molecule or chemical structure will produce a unique spectral 

fingerprint, making FTIR analysis a great tool for chemical identification. 

FTIR spectroscopy is an established technique for quality control when evaluating industrially 

manufactured material, and can often serve as the first step in the material analysis process. A 

change in the characteristic pattern of absorption bands clearly indicates a change in the 

composition of the material or the presence of contamination. If problems with the product are 

identified by visual inspection, the origin is typically determined by FTIR microanalysis. This 

technique is useful for analyzing the chemical composition of smaller particles, typically 10 - 

50 microns, as well as larger areas on the surface. 

FTIR analysis is used to: 

• Identify and characterize unknown materials (e.g., films, solids, powders, or liquids) 

• Identify contamination on or in a material (e.g., particles, fibers, powders, or liquids) 

• Identify additives after extraction from a polymer matrix 

• Identify oxidation, decomposition, or uncured monomers in failure analysis 

investigations 

Today, however we have the ability to not only use transmission techniques, but reflectance 

techniques as well. Because of the ability to focus and manipulate the incident beam with 

optics, we generally rely on variations of ATR (Attenuated Total Reflectance) techniques to 

introduce and observe the energy. ATR involves using a phenomenon of internal reflectance 

to propagate the incident energy. 

ATR has largely surpassed transmission and is now the primary measurement technique used 

as this method involves minimal sample preparation and is non-destructive. To use ATR, the 

sample is simply placed on top of a crystal which is typically made of diamond, germanium, 

or zinc selenide. The IR light is directed through the crystal where it is partially absorbed by 

the sample. The IR light then passes through the crystal again and is detected (figure II.15). 
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Figure II.15: ATR IR spectroscopy. 

 

 

II.5. Conclusion 

In this second chapter, we describe the synthesis procedures adopted for the preparation of 

thin films based on hybrid perovskites MAPbX3. Indeed, the techniques of spin coating was 

used to synthesize the perovskite films. We then presented the different processes applied to 

the synthesized thin films, such as: UV irradiation and thermal blowing. The second part of 

this chapter was devoted to the description of the principal and interest of the different 

characterization techniques used to study structural (X-ray diffraction), morphological (SEM) 

and optical properties (UV-Vis spectrophotometry and FTIR spectrophotometry) of our 

samples. The following chapter III is mainly intended for the exposure of experimental 

results. 
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Chapter III: 

Experimental results and discussions 
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III. Introduction 

Hereafter, this chapter gathers the fruit of our work and projects the experimental results 

which will be divided in two parts: the first one where the effect and advantages of 

temperature and distance of hot airflow on the quality of MAPbCl3 thin films grown by Sol- 

gel deposition was studied. The applied Hot airflow impacts the structural, morphological and 

optical properties of the of the prepared films, according to the experimental results, the 

temperature and airflow position clearly affect the physical characteristics of the perovskite. 

Increasing the airflow temperature from 50°C to 150°C, for instance, improves the produced 

films' continuity and crystallinity overall. The direct band gap energy also shifted from 2.98 to 

2.94 eV. For low distances (5 cm), continuous MAPbCl3 layers with good homogeneity 

(germination process) were thus produced. At this distance, SEM images reveal a high 

homogeneous nucleation, with the airflow temperature reaching 100°C and the surface almost 

completely covered. These latter settings (5 cm/100°C) are thought to be ideal for producing 

continuous MAPbCl3 films of superior quality. Meanwhile, the stability issue remains a 

persistent difficulty known with perovskite-based solar cells which is brought on by their 

vulnerability to deterioration from moisture and UV light. Where comes the motivation for the 

next study, depicted in the second part, where the Chloride incorporation was investigated as a 

solution to improve the stability in the MAPI hybrid perovskite. The degradation of 

CH3NH3PbI3 perovskite thin films is investigated, along with the effects of UV light on their 

optical, morphological, and structural properties. The primary result of this investigation 

shows that integrating a sufficient concentration of chloride into the perovskite structure can 

enhance the stability of MAPbI3 under UV radiation. Indeed, experimental data unequivocally 

confirm that a chloride doping concentration of greater than 20% greatly enhances the 

stability of CH3NH3Pb(I1-xClx)3 perovskite. The XRD study also makes it abundantly evident 

that a structural change from the tetragonal to the more stable cubic phase is directly 

responsible for the observed improvement in UV stability. 
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The effect of temperature and distance 

of hot airflow on the quality of MAPbCl3 

thin films grown by Sol-gel deposition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Part A 
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III.A.1. Introduction 

The MAPbCl3 perovskite, which exhibits a strong stability in ambient atmosphere [146], has 

been successfully used as a hole carrier layer for efficient organic light-emitting diodes, 

thanks to its transparent property in the visible domain [147]. In addition to that, doping the 

perovskite is also an effective solution to improve the crystallinity, the stability and to adjust 

the bandgap of the material [148]. 

In order to synthesize the perovskite thin films, there are various methods, for instance: the 

vapor-assisted solution processing [149], the vacuum deposition [150] and the atomic layer 

deposition [151]. 

The spin-coating technique associated to the hot airflow step has been recently used to 

synthesize successfully homogeneous and compact MAPbI3 layers [152]. 

In this part of the third chapter, we will present the experimental results and their discussions 

concerning perovskites to hybrid halides. Indeed, we are interested in the characterization of 

MAPbCl3 perovskite hybrids in thin layers and powder that we have synthesized. The process 

is the synthesis technique that was presented in the previous chapter. For this, we used several 

characterization methods such as: XRD, SEM and UV-Vis spectrophotometry. We show 

through the characterizations that the MAPbCl3 perovskite adopts a cubic structure. The films 

obtained are dense and homogeneous, with high absorbance and an optical gap of about 2.94 

eV. In the present work, we study the advantage and effect of hot air flow parameters 

(temperature and distance) on the physical properties of MAPbCl3 thin films. For this, many 

MAPbCl3 films were synthesized by spin-coating by varying the parameters of the hot air 

flow, namely temperature and distance. Thus, the effect of these two parameters on 

morphological, structural and optical properties was examined. Experimental analyses show a 

significant improvement in crystallinity, surface coverage and optical absorbance of thin films 

when the temperature and distance from the hot air flow are optimized. 
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III.A.2. Sol-gel deposition under hot air flow: towards better quality of 

MAPbCl3 perovskite films 

III.A.2.1. XRD analysis 

The XRD pattern of the prepared MAPbCl3 powder, presented in figure III.1.b, matches well 

the pure perovskite defined in the JCPDS card N° 96-723-1906 (figure III.1.a), which consists 

of a cubic crystal system (a=5.675 Å) and a Pm3m as space group. 

(a) 
 

(b) 

 

 

Figure III.1: (a) The standard XRD patterns of MAPbCl3, (b) the X-Ray diffractogram of 

MAPbCl3 synthetized powder. 
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III.A.2.2. The airflow temperature effect 

The XRD diffractograms of the unheated and the heated MAPbCl3 thin films at various 

airflow temperatures (50°C-150°C) are presented in figure III.2. For each temperature, only 

three principal peaks are observed and indexed as (001), (002) and (003) indicating a strong 

orientation in the c-axis direction. As the airflow temperature increases from 50°C to 150°C, 

the diffraction peaks become increasingly intense and sharp, with a decrease in the Full Width 

at Half Maximum (figure III.3), indicating the improvement of the crystallinity. Notice that, 

when the hot airflow temperature reaches 150°C, another peak appears at the angular position 

of 19.85°, which is attributed to the (002) PbCl2 phase. This result shows that 100°C is the 

best airflow temperature to synthesize pure and homogeneous MAPbCl3 perovskite without 

any secondary phase formation. 

 

 

 

 

Figure III.2: The X-Ray diffractograms of the unheated and heated MAPbCl3 films at 

different temperatures (50°C-150°C), the distance of the hot air flow was fixed at 5cm. 
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Figure III.3: Variation of the (001) peak FWHM versus the airflow distance at various 

temperatures. 

 

 

III.A.2.3. The hot airflow distance effect 

In this study, the airflow temperature was fixed at the optimized value of 100°C and the 

distance has been varied from 5cm to 15cm. The X-ray diffraction patterns presented in figure 

III.4, show that the best crystallinity, which manifested by the highest intensity peaks, is 

obtained when the airflow distance is equal to 5cm. This observed phenomenon could be 

explained by the fact that, at low distance, the hot airflow enhances the mobility of the 

chemical species at the substrate surface and as a result the grains growth kinetic is enhanced 

[153]. 
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Figure III.4: X-Ray diffractograms of the heated MAPbCl3 films using airflow at 100°C for 

different distances. 

 

 

The crystallite size (D) is estimated using the Scherrer formula [154]: 

D = 
  K  

 cos 

 

 

(III-1) 

where D is the average crystallite size,  is the x-ray wavelength,  is the width of the x-ray 

peak on the 2 axis, normally measured as full width at half maximum (FWHM) after the 

error due to instrumental broadening has been properly corrected (subtraction of variances),  

is the Bragg angle, and K is the so-called Scherrer constant [155]. Further, microstrain in the 

crystallite or nanocrystal also affects the width . More discussion can be found in [156]. 

The variation of the obtained crystallite size as a function of the airflow distance for different 

temperatures is illustrated in figure III.5. It's clear that the airflow distance affects strongly the 

crystallite size. The latter becomes larger when the distance is decreased and/or the 

temperature is raised. To more explain the observed effect, the high growth kinetic of the 

crystallite, observed at high temperature (and/or low distance), could be originated from a 

higher evaporation rate of the DMSO solvent making the supersaturation degree of the 

perovskite solution to be increased. Consequently, this enhances the formation of the 

nucleation sites which closely connect tightly each other to form large crystallite sizes [152, 

157]. 
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Figure III.5: Variation of the MAPbCl3 crystallite size, estimated from (001) peak, as a 

function of the airflow distance for different temperatures. 

 

 

III.A.2.4. The SEM surface analysis 

The following SEM characterizations of thin films, elaborated without and under airflow at 

different temperatures and distances, are presented in the figure III.6. These micrographs 

show grains of rectangular shape in conformity with the MAPbCl3 cubic structure, as revealed 

by the XRD study. However, a non-continuity of the phase associated to a lack of 

homogeneity is observed in the unheated sample (micrograph a). Both the homogeneity and 

continuity are strongly improved as the airflow temperature is increased and/or the distance is 

reduced. Besides, at 150°C, the SEM micrographs indicate a fusion of the grains which is 

attributed to the apparition of a PbCl2 secondary phase as revealed by the XRD results. 
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Figure III.6: The SEM micrographs of unheated and heated MAPbCl3 thin films at different airflow temperatures and distances. 
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Subsequently, figure III.7 illustrates the variation of the surface coverage, deduced from the 

SEM micrographs, as a function of the airflow temperature and distance. One can notice that 

regardless the distance, when the temperature is increased from 50 to 150°C, the surface 

coverage becomes strongly improved (from 71% to 92%), attesting of a nucleation rate 

enhancement. The same behavior but less marked is also observed when decreasing the 

airflow distance. 

 

 

 

 

Figure III.7: The surface coverage estimated by the ImageJ software as function of the 

airflow temperature. 

III.A.2.5. The optical characterization 

The optical properties of the prepared MAPbCl3 powder and films are determined from the 

absorption measurements. The bandgap energy (Eg) is extracted from the absorption 

measurements using the Tauc’s equation [158]: 

 

(αhν) = A (hν-Eg)1/2 (III-2) 

 

 

Where hν represents the photon energy and A is a constant. 
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The Plotting of (αhν)2 versus the photon energy (hν) gives a straight line in a specific region. 

The extrapolation of this straight line will intercept the (hν) axis to give the value of the direct 

optical gap energy (Eg). 

Thereafter, the measured UV-VIS absorbance spectrum of the MAPbCl3 powder, illustrated in 

figure III.8, exhibits a high absorbance at low wavelengths and the band gap value is 

estimated to 2.79 eV. 

 

 

 

Figure III.8: UV-Vis absorbance spectrum of the obtained MAPbCl3 powder. 

The absorbance spectra, illustrated in figure III.9, show a significant improvement of the 

absorbance in the studied region when increasing the temperature and/or reducing the 

distance. This observed effect is directly attributed to the improvement of the surface 

coverage and the crystallinity. In fact, SEM micrographs presented at figure III.7 show a clear 

increase of the surface coverage (from 71% to 92%) when the temperature is increased from 

50 to 150°C. In another hand, figure III.3 indicates a net decrease of the (001) peak FWHM, 

as the airflow temperature varies from 50°C to 150°C, which attests of a clear improvement of 

crystalline quality of the obtained films. Both these two effects are the origin of the observed 

absorbance improvement. 
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Note also that, when the temperature increases up to 150°C, a dramatic absorbance reduction 

between 300 and 396 nm can be observed with an absorption edge at 315 nm, indicating the 

PbCl2 phase formation. In fact, when the hot airflow temperature becomes higher than 150°C, 

the ultra-rapid evaporation of the DMSO solvent (the boiling point is 189°C) leads to an 

immediate crystallization followed by a relative sublimation of the MACl organic compound 

(the MACl sublimation point is about 227°C) during the hot airflow process. As a 

consequence, a partial decomposition of perovskite structure to PbCl2 phase occurs [159, 

160]. This latter result is in good agreement with the XRD results previously presented. 

 

 

 

 

 

 

 

Figure III.9: UV-Vis absorption spectra of MAPbCl3 films using the airflow at different 

temperatures (50°C-150°C) at various distances (5cm-15cm). 
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To more elucidate the dependence of the physical properties on the hot airflow parameters; 

the figure III.10.a illustrates the variation of the band gap energy value and crystallite size as a 

function of the airflow temperatures at a fixed distance (5cm). From these graphs, it’s clear 

that as the air flow temperature is varied from 50 to 150°C, the band gap energy decreases 

from 2.98 to 2.94 eV while the crystallite size increases from 38 to 41 nm. Consequently, the 

smallest gap energy (2.94 eV) value is obtained for the highest crystallite size (41 nm) 

indicating that a clear blue shift in the band gap energy appears as the particles diameter 

become smaller. This behavior is inversely proportional in figure III.10.b where one varies the 

distance of the flux, increasing the distance, the size of the crystals decreases while the gap 

increases. This obtained cross experimental curve, is a clear illustration of the quantum 

confinement phenomenon, known as the exciton Bohr radius, which corresponds to a 

principal shift in optical and electronic properties [161]. 
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Figure III.10: a) Variation of the band gap energy and the crystallite size versus the 

temperature at 5cm, b) Variation of the band gap energy and the crystallite size versus the 

distance at 100 °C. 

III.A.3. Conclusion 

Stable MAPbCl3 perovskite thin films were synthetized using a hot airflow step performed 

during the spin-coating process. The effect of the airflow position and temperature on the 

structural, morphological and optical properties of the prepared films has been studied. The 

experimental results show that increasing the airflow temperature from 50°C to 150°C and/or 

reducing the distance from 15 to 5 cm results in a net improvement of the continuity and 

crystallinity of the films. At 150°C the observed partial decomposition of the perovskite is 

attributed to an excessive evaporation of the DMSO solvent. These results show that the 

temperature 100°C and the distance 5cm are the best airflow parameters to synthesize pure 

and homogeneous MAPbCl3 perovskite without any secondary phases. The reduction of the 

band gap energy is firmly related to the increase of the crystallite size, as confirmed by the 

cross experimental curve, which is a clear illustration of the quantum confinement 

phenomenon. 
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Part B 
 

Chloride incorporation for the stability 

improvement of the CH3NH3PbI3 hybrid 

perovskite 
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III.B.1. Introduction 

The methylammonium lead halide perovskites CH3NH3PbX3 (with CH3NH3 denoting MA and 

X representing a halogen) offer considerable potential for improving solar cell efficiency. In 

this context, halide perovskites like MAPbCl3, MAPbBr3, MAPbI3, and composite-halide 

MAPb(I1-xBrx)3 play pivotal roles as noteworthy contributors to the field [162]. On the other 

hand, hybrid perovskites have excellent properties, which include low recombination rate, 

strong absorption in the visible region, tunable bandgap, low effective mass and, most 

importantly, low manufacturing costs [163–169]. 

In this context, MAPbI3 is a hybrid perovskite which is widely used in the industry. 

Unfortunately, these perovskites are notorious for losing their stability when exposed to air, 

moisture, UV irradiation and/or high temperatures. These issues are the subject of current 

research, which aims to develop a more straightforward synthetic technique that can be 

produced on a large scale to produce a stable, highly efficient and affordable perovskite-based 

solar cell [170,171]. 

We are particularly interested in the effect of the incorporation of chloride atoms into the 

MAPb(I1-xClx)3 perovskite matrix on morphological and optical structural properties and also 

on stability against UV irradiation. We show that it is possible to make this perovskite more 

stable when chloride is incorporated into the matrix with a rate greater than 20%. We worked 

at a temperature of 100°C and a distance of 5 cm from the air flow imposed during the 

centrifugation coating process [172]. 

III.B.2. Results and Discussions 

III.B.2.1. XRD analysis of MAPbI3 and MAPbCl3 films 

The X-ray diffraction patterns of unencapsulated MAPbI3 and MAPbCl3 films, before and 

after 12 hours UV exposition, are displayed in figure III.11. Before UV irradiation, the XRD 

pattern for MAPbI3 (figure III.11.a) reveals three major peaks, corresponding to the (110), 

(200), and (220) plans, at 14.20°, 20.18°, and 28.48°. These patterns support the JCPDS Card 

No. 97-025-2413 [173] primary tetragonal phase of MAPbI3 perovskite. On the other hand, 

according to JCPDS card N° 96-723-1906 [172], (figure III.11.b) shows that the fresh sample 

MAPbCl3 has two significant peaks at 15.90° and 31.88° that fit well with the (001) and (002) 

planes, respectively, and suggest the presence of a cubic phase. 
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Simultaneously, following a 12-hour exposure of MAPbI3 films to UV irradiation, figure 

III.11.c displays striking alterations in both the XRD patterns and the sample color (turning 

from black to yellow). The findings show that exposure to UV light causes a structural 

decomposition from a tetragonal MAPbI3 perovskite to a hexagonal PbI2, which is in a good 

agreement with previous reported work [85]. On the other hand, figure III.11.d shows the 

XRD patterns of MAPbCl3 after 12 hours of UV exposure. Noting that no obvious change in 

the structure or colors has been noticed. For that, MAPbCl3 perovskite demonstrated higher 

stability against UV irradiation. In fact, the cubic structure of MAPbCl3 is recognized to be 

extra stable and denser compared to the tetragonal structure of MAPbI3, which helps to 

explain the observed differences in behaviors of the two examined structures. We think that 

the observed stability of MAPbCl3 perovskite is directly related to the strength of the Pb-I and 

Pb-Cl bonds being different. Indeed, the Pb-Cl bond is tougher and more stable than the Pb-I 

bond because Cl has a higher electronegativity (3.16) than I (2.66). 

 

 

 

 

 

 

Figure III.11: XRD patterns and colors of the as-deposited MAPbI3 (a) and MAPbCl3 (b) 

perovskites before and after 12 hours exposure to the UV irradiation (c) and (d). 
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III.B.2.2. XRD analysis of MAPb(I1-xClx)3 films 

The structural change in the MAPI perovskite caused by partial iodine substitution with 

chloride under UV irradiation is the topic of interest in this paragraph. In order to illustrate 

this, figure III.12 displays the XRD patterns of the MAPb(I1-xClx)3 perovskite before and after 

a 12-hour UV exposure, for x= 0%, 10%, 15%, 20%, 30%, 40%, 50%, and 100%. To enhance 

clarity, the XRD patterns of MAPb(I1-xClx)3 films are exclusively displayed inside the 2θ 

interval, which extends from 12° to 17° and highlights the primary structural alteration. 

Figure III.12.a, which represents the XRD study of MAPb(I1-xClx)3 that was not exposed to 

UV light, makes it clear that when the chloride ratio rises from 0 to 30%, the diffraction 

patterns change towards higher angles. This type of shift has a well-established relationship 

with the I and Cl elements differing ionic radii [174]. There is a morphotropic structural shift 

from tetragonal (I4/mcm) to cubic (Pm3m) structure when the chloride fraction exceeds 30%, 

and this transition is linked to a greater reduction of the lattice parameter. 

In fact, figure III.12.b displays the XRD analysis of MAPb(I1-xClx)3 perovskite (x=0%, 10%, 

15%, 20%, 30%, 40%, 50%, and 100%) after 12 hours of UV exposure. When the chloride 

ratio is less than 20%, these XRD patterns clearly demonstrate that the PbI2 phase 

predominates, showing an induced perovskite deterioration that is directly proportional to the 

chloride ratio. Nevertheless, no peak associated with the PbI2 phase is seen in the XRD 

patterns when the chloride ratio exceeds 20%, indicating that the produced perovskite 

becomes more stable and does not degrade. It should be noticed that at 30% of chloride 

content the structural dominance changes from tetragonal phase to the more stable cubic 

phase. These results show, unequivocally, that 20% of chloride is considered as the optimal 

content value for producing a MAPb(I1-xClx)3 perovskite more resistant to UV irradiation. 
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Figure III.12: XRD diffractograms of MAPb(I1-xClx)3 films deposited with different chloride 

ratios (0, 5, 10, 15, 20, 30, 40, 50 and 100 %), before (a) and after (b) exposure to the 12 

hours of UV irradiation. 

 

 

III.B.2.3. SEM surface analysis 

The SEM investigation is conducted to examine the influence of Cl incorporation on 

perovskite morphology. For that, figure III.13 presents top view SEM images of the MAPb(I1- 

xClx)3 perovskite thin films deposited on glass substrates with different fractions (x=0%, 10%, 

15%, 20%, 30%, 40%, 50%, and 100%), before and after 12 hours of exposure to UV 

irradiations. The MAPb(I1-xClx)3 films have a denser and homogenous morphology with 

crystal-like fibers in the case of MAPbCl3 (figure III.13.q), the micrograph shows grains of 

rectangular shape in conformity with the MAPbCl3 cubic structure. Additionally, changing the 

chloride portion from 5% to 50% results in a change in the grain morphology and size (figure 

III.13.c, e, g, i, k, m and o). Noticing that SEM micrographs show the dependence of the 

grain size on Cl content (x). In Fact, the resulting films exhibit varying morphology, size, and 

form depending on the amount of chloride present. Commonly, as the composition x 

increases, the aggregation of gains increases accordingly. 

However, following UV exposure, the samples show a comparatively low degradation, as 

seen in (figure III.13.b, j, l, n, p and r), compared with (figure III.13.d, f and h), which is 
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indicated by the existence of fiber-like crystals attributed to the presence of PbI2 phase. More 

significantly, when the chloride fraction is between 20 and 50%, no appreciable alterations in 

the surface and/or grain morphology were noticed (figure III.13.j, l, n and p). Once again, our 

findings demonstrate that the perovskite may be produced in this chloride fraction range with 

a better UV stable shape. 

Alternatively, after exposure to UV irradiation, the specimens with Cl contents (x=0, 0.2, 0.3, 

0.4, 0.5, and 1) demonstrated comparatively minimal degradation, as depicted in figure 

III.13.b, j, l, n, p, and r, in contrast to those with chlorine contents (x=0.05, 0.1, 0.15) depicted 

in figure III.13.d, f, and h. This disparity is evident through the presence of crystal-like 

structures resembling fibers. More importantly, no remarkable changes in the surface and/or 

the grain morphology were observed when the chloride fraction is between 20 and 50% 

(figure III.13.j, l, n and p). Once again, these results show that a better UV stable morphology 

of the perovskite can be achieved within this chloride fraction range. 
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Figure III.13: SEM images of MAPb(I1-xClx)3 perovskite films prepared with different Cl 

content x (0% ≤ x ≤ 100%) before (a, c, e, g, i, k, m, o and q) and after (b, d, f, h, j, l, n, p 

and r) 12 hours of the UV exposure. 

 

 

III.B.2.4. Optical characterizations 

In order to evaluate the degradation effect on the optical properties of the perovskite films 

under the UV irradiation, figure III.14. (a, b, c and d) present the Uv-Vis absorption of 

samples of MAPb(I1-xClx)3 before and after 1, 2 and 12 hours of UV exposure. In that way, as 

the Cl content increases, the absorbance edge shifts to short wavelength values, indicating the 

increase of the band gap energy related to the prepared perovskite thin films. Note that, the 

onset band gap of mixed Chloride iodide perovskite thin films is located in intermediate 

values between 1.56 eV (MAPbI3) and 2.93 eV (MAPbCl3), meaning that the band gap can be 

tuned by varying the composition of the ratio I/Cl (figure III.15). The structural deformation 

brought on by the shift in Pb-I bond stress following the Cl inclusion, as well as the UV 

irradiation effect, are both responsible for this rise in band gap energy. Interestingly, no 

noteworthy change in the absorbance spectra is seen after one hour of UV irradiation when 

the chloride component is above 20%. Consequently, by substituting a 20% percentage of the 

chloride atoms for the iodine atoms, MAPb(I1-xClx)3 can be made to have greater optical 

stability. 
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Figure III.14: UV−VIS absorption spectra of MAPb(I1-xClx)3 before (a), after 1 hour (b), 2 

hours (c) and 12 hours (d) of exposure to the UV irradiation. 

 

 

 

Figure III.15: Variation of the absorption edge with the chemical composition of chloride for 

MAPb(I1-xClx)3 (0%≤ x ≤100%) before and after exposure to the UV irradiation. 



73  

III.B.2.5. Fourier transforms infra-red spectrophotometer 

The FTIR spectroscopy was used to study the influence of light exposure, as it is sensitive to 

the presence of hydroxyl groups, which play a crucial role in the photovoltaic process by 

limiting charge injection and transfer, as well as energy transfer from perovskite crystallites to 

OH vibrational states. Figure III.16 shows a comparison of IR spectra between a freshly 

prepared sample and a degraded sample exposed to 12 hours of UV irradiation. 

The comparison of IR spectra between freshly prepared and degraded samples demonstrates a 

decrease in the intensity of the band corresponding to the stretching vibrations of hydroxyl 

group. This may indicate desorption or dissociation of hydroxyl group within the sample. 

Consequently, the dissociation of H2O molecule under the influence of light can compromise 

the efficiency and stability of the absorptive layer due to the formation of defects [175]. A 

more pronounced peak, corresponding to asymmetric N–H bending vibrations, is observed 

with a shift in position from 1568 cm-1 to 1590 cm-1. Besides, pronounced peaks at 905 cm-1, 

corresponding to rocking oscillations of CH3NH3
+, are also observed, indicating the 

degradation of the perovskite film. Noticing that a strong changes in the absorption intensity 

of the characteristic frequencies corresponding to the NH and CH functional groups were 

revealed in the range (3136 cm-1 and 3200 cm-1) after UV exposure. We attribute these 

changes to the degradation, of the perovskite structure, which affects especially the NH and 

CH functional groups [176]. 

 

Figure III.16: IR spectra of MAPb(I1-xClx)3 (x= 0%, 30% and 100%) freshly prepared (a) 

and after exposure to the UV irradiation (b). 
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III.B.3. Conclusion 

In conclusion, this research centered on the degradation of CH3NH3PbI3 perovskite thin films 

and precisely investigated the effects of UV irradiation on their structural, morphological, and 

optical properties. The key discovery of this study highlights the potential for enhancing the 

stability of MAPbI3 against to UV light through a strategic introduction of chloride atoms into 

the perovskite structure. In fact, our experimental results clearly show that, once the chloride 

doping concentration is above the 20% threshold, CH3NH3Pb(I1-xClx)3 perovskite films 

become significantly more stable. By means of XRD analysis, we have clarified that this 

improved stability is directly linked to a structural change from the more robust cubic phase to 

the tetragonal phase. On the other hand, the FTIR analysis of the CH3NH3Pb(I1-xClx)3 

perovskite at different level contents show clearly that the UV degradation affects especially 

the NH and CH functional groups. The main finding of this work is to show that it is possible 

to improve the stability of the perovskite against UV irradiation by a judicious choice of the 

chlorine content. 
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General Conclusion 

 
This thesis work is structured around two main axes. In a first axis, we developed a synthesis 

process to deposit the thin films of MAPbCl3 which is to establish a hot air flow during the 

growth of the film MAPbCl3 by the soil gel (spin-coating) process. The experimental results 

show that the properties of the MAPbCl3 perovskite strongly depend on the temperature of the 

hot air flow. We have shown that 100°C is the optimal temperature and 5 cm is the optimum 

distance which allows a high coverage area (92%), good crystallinity with better optical 

absorption. In a second axis, we studied physical properties, UV stability and the compactness 

of thin films based on hybrid perovskites MAPb(I1-xClx)3. Thin layers based on the 

perovskites MAPb(I1-xClx)3 were also developed by the sol-gel (spin-coatting). Various 

characterization techniques have been deployed to evaluate the structural and microstructural 

properties, as well as the optical properties of the samples obtained. 

In the first chapter we have presented some general concepts on solar energy and the state of 

the art of hybrid perovskite components used for photovoltaic applications. The first chapter 

was devoted to a bibliographical study on the latest developments reported on the physical 

properties of thin films of hybrid perovskites used in solar cells. In the second chapter, we 

presented the procedures for synthesis and characterization of thin layers based on MAPbX3 

perovskites. We described in a first part all the synthesis processes that we used: the soil gel 

by centrifugation (spin-coatting) and the hot air flow added to the process. In a second part, 

we presented a description of the post-deposition processes, namely: thermal blowing and UV 

irradiation, carried out on the thin films developed. The last part was devoted to the 

presentation of the different characterization techniques used. 

In the first part of the third chapter, we presented first the properties of MAPbCl3 perovskite 

elaborated in powder and thin film. The results of structural characterizations obtained 

confirm that the perovskite MAPbCl3 has a cubic structure belonging to the space group 

(Pm3m). The morphological analysis of the surface of the samples shows that the powder 

MAPbCl3 consists of interlaced cubic crystals. However, the morphological characterization 

of the thin-film perovskite deposition showed that the MAPbCl3 film is denser and more 

homogeneous with a compactness of about 92%. Experimental results show that film 

continuity and crystallinity are generally improved when the air flow temperature is increased 
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from 50°C to 150°C and/or the distance is reduced by 15 to 5 cm. The observed partial 

degradation of perovskite to 150°C is attributed to an overabundance of solvent evaporation 

from DMSO. These results show that a temperature of 100°C and a distance of 5 cm are the 

best flow parameters for synthesizing a pure, homogeneous MAPbCl3 perovskite without 

secondary phase. The reduction of gap energy is strongly related to the increase in size of the 

crystallites, as confirmed by the cross-experimental curve that clearly illustrates the 

phenomenon of quantum confinement. 

In the second part of chapter III, the study of the instability of the perovskite MAPbI3 vis-à- 

vis UV irradiation is also presented in this part of chapter III. The problem of UV instability 

was solved by the incorporation of chloride atoms in the MAPbI3 perovskite matrix. An 

experimental study based on structural, morphological and optical characterizations clearly 

shows that the photo-degradation of perovskite is strictly related to its crystalline structure. 

Indeed, a better UV stability is observed for the MAPbCl3 perovskite with a cubic structure. 

Noting that the MAPbI3 perovskite has a tetragonal structure which is very sensitive to UV. 

The XRD results of MAPb(I1-xClx)3 perovskites show that as the chloride fraction increases, 

there is an emergence of a structural transition from the tetragonal structure (I4/mcm) to the 

cubic structure (Pm3m) when the chloride fraction reaches 20%. This transition is 

accompanied by a clear improvement in the UV stability of the MAPbI3 perovskite. These 

results can be directly exploited in the manufacture of solar cells based on the UV-stable and 

better yielding MAPb(I1-xClx)3 perovskite. 
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Résumé 
L’énergie joue un rôle majeur dans le monde moderne et contribue de manière significative au développement de l’humanité. 

Pour répondre à la croissante demande d’énergie et surmonter le problème du réchauffement climatique, de nombreux 

chercheurs se sont concentrés sur le développement des sources d’énergie renouvelables telles que l’énergie solaire. Dans 

cette optique plusieurs matériaux ont été étudiés pour être insérés dans les cellules photovoltaïques. Actuellement, les 

pérovskites hybrides d’halogénures de plomb utilisés comme absorbeurs de lumière dans les cellules photovoltaïques ont 

suscité un grand intérêt en raison de leurs propriétés optoélectroniques impressionnantes et de leur rendement élevé. 

Cependant, ils ont également montré certains inconvénients, tels que leur forte dégradation vis-à-vis des conditions 

climatiques (température, humidité, UV, …) qui influence leur performance. 

L’objectif principal de ce travail de thèse est de synthétiser et d’étudier les propriétés physiques, la stabilité aux UV et la 

compacité des films minces à base de pérovskites hybrides MAPbX3. Nous avons ensuite étudié l’intérêt d’associer un flux 

d’air chaud au procédé de spin-coating durant de la croissance du film MAPbCl3. Les résultats obtenus dans ce contexte 

montrent que l’optimisation de la température et de la distance du flux permet de produire des structures cristallines de 

pérovskite MAPbCl3 ayant un taux de couverture très élevée avec une nucléation homogène et significative. 100 °C et 5 cm 

sont donc la température et la distance optimales du flux d’air chaud pour une meilleure cristallinité et absorbance associée 

à une faible concentration de défauts non radiatifs. Dans la deuxième partie, nous avons aussi montré expérimentalement 

qu’il est possible d’améliorer significativement la stabilité contre les radiations UV de la pérovskite MAPbI3 en modifiant sa 

composition chimique. Dans ce contexte, l’étude de l’effet de l’incorporation des atomes de chlorure dans la matrice 

pérovskite MAPb(I1-xClx)3 sur les propriétés structurales, morphologiques et optiques a clairement montré qu’il est possible 

de rendre cette pérovskite plus stable par rapport à l’irradiation UV lorsqu’au moins 20% du chlorure sont incorporés dans 

la matrice. A partir de ce taux de chlorure, la structure pérovskite transite de la structure quadratique vers la structure 

cubique plus stable. Cette transition est à l’origine de la nette amélioration de la stabilité UV de la pérovskite MAPbI3. 

 

 

Mots-clefs (5): Perovskite; films minces MAPbCl3; flux d'air chaud; revêtement par centrifugation; films 

minces MAPb(I1-xClx)3. 

Abstract 

Nowadays it becomes more and more clear to the eye this Major role that Energy plays in the modern world.It contributes 

significantly to the development of humanity. Hence, to meet the increasing demand for energy and overcome the problem of 

global warming, The Majority of researchers have set their focus on the development of renewable energy sources such as 

solar energy. In this regard, several candidate materials have been studied to be implemented into photovoltaic cells. 

Currently, lead halide hybrid perovskites used as light absorbers in photovoltaic cells have attracted great interest due to 

their impressive optoelectronic properties and high efficiency. However, they have also shown some drawbacks, such as their 

strong degradation with respect to climatic conditions (temperature, humidity, UV, …) which influences their performance. 

This leads to the main objective of the current thesis, which is to synthesize and study the physical properties, UV stability 

and its improvement beside the compactness of thin films based on MAPbX3 hybrid perovskites. We then studied the interesting 

effect of associating a hot air flow with the spin-coating process during the growth of the MAPbCl3 film. In this context, the 

obtained results show that the optimization of the temperature and the distance of the flow makes it possible to produce 

crystalline structures of MAPbCl3 perovskite having a very high coverage rate with a homogeneous and significant nucleation. 

Also, it was shown that 100 °C and 5 cm are therefore the optimal temperature and distance of the hot air flow for a better 

crystallinity and absorbance associated with a low concentration of non-radiative defects. In the second part, we also 

experimentally proved that it is possible to significantly improve the stability against UV radiation of the MAPbI3 perovskite 

by modifying its chemical composition. In this regard, the study of the effect of the incorporation of chloride atoms in the 

MAPb(I1-xClx)3 perovskite matrix on the structural, morphological and optical properties has clearly shown that it is possible 

to make this perovskite more stable with respect to UV irradiation when at least 20% of the chloride is incorporated into the 

matrix. Starting from this Chloride content, the perovskite structure transitions from the tetragonal structure to the more 

stable cubic structure. This transition is at the origin of the clear improvement in the UV stability of the MAPbI3 perovskite. 

 

Keywords (5): Perovskite; MAPbCl3 thin films; Hot airflow; Spin-coating; MAPb(I1-xClx)3 thin films. 
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