Preamble

In this manuscript, significant results of my thesis I have done under the supervision of Dr. Jacky Even and with Dr. Laurent Pedesseau as co-adviser in the institute Fonctions Optiques pour les Technologies de l'informatiON (FOTON) are presented.

As explained below, I have performed my research at two different levels: a theory level using computational quantum mechanical modeling and an experimental level subsequent to a new collaboration of the institute FOTON.

I have first performed computational modeling using density functional theory (DFT) to study the fundamental properties of halide perovskites and more particularly to quantify their dielectric properties. These results were obtained in collaboration with the Institut des Sciences Chimiques de Rennes (ISCR). Additional DFT calculations concerning perovskite interfaces with titanium oxide TiO 2 and thin oxide SnO 2 materials were obtained in collaboration with the Italian laboratory Computational Laboratory for Hybrid and Organic Photovoltaics (CLHYO PV) of Prof. Filippo De Angelis. I have visited this laboratory two times in 2015 and 2016 for a total duration of 2 months. I had then the opportunity to process perovskite solar cells as a result of the emerging collaboration between the laboratory FOTON and the team of Dr. Aditya Mohite of the Los Alamos National Laboratory (LANL). I have visited Dr. Aditya Mohite's group two times in 2016 and 2017 for a total duration of 9 months. There were several objectives to these visits. One was to develop a method of spray pyrolysis to prepare oxide thin layers used as transport material in perovskite solar cells. To this end, I had to set up the equipment as well as operating procedures. Another objective was to process standard structure perovskite solar cells since the LANL team had only experiences in inverted structures. In addition to this work, I had to maintain the glovebox I was using and had also to set up it as well as the associated equipment after this one was moved to another building. Agreement's central aim is to limit the global warming by reducing the release of greenhouse gas into the atmosphere. The development of renewable energies such as solar energy is a challenge to meet these requirements.

Today, fossil energies represent more than 80% of the world energy consumption when renewable energies only provide 2% [1]. The levelized cost of electricity (LCOE) is often used to compare the competitiveness of the different energy generating technologies [2][3][4].

It includes the initial investment, the operating, and the maintenance costs for an assumed utilization rate. It also takes into account the lifetime of the power plant. For example, the LCOE for photovoltaic (PV) was between 0.078 and 0.142 Euro/kWh in Germany in 2013.

As a reference, coal power plants had lower costs between 0.038 and 0.080 Euro/kWh [4].

PV market is currently dominated by crystalline silicon-based solar panels which provide satisfactory solar to electricity power conversion efficiencies of 20-24% [5]. However, these panels are expensive to produce. Developing alternative PV materials are necessary to increase the competitiveness of PV.

The emerging PV technologies which include dye-sensitized, organic, quantum dot, CZTSSe and perovskite solar cells, aim at providing low cost PV panels with decent efficiencies [6,7]. These technologies have a big potential even if they cannot compet yet on the market. Recently, hybrid halide perovskites of general formula RMX 3 (R = MA, FA; R = Pb, Sn ; X = Cl, Br, I) have attracted wide research interests owing to their direct bandgaps, long-range electron and hole transport lengths, and high absorption coefficients. In few years, xix their energy conversion efficiency has rapidly increased from 3.8% in 2009 to 22.7% in 2017, hence approaching efficiencies of crystalline silicon based-devices [6].

Perovskites solar cell devices usually consist in a photoactive material (the perovskite itself) and two charge carrier selective layers (interfacial layers) which allow the separation and collection of charge carriers. Good quality of the perovskite and interfacial layers are essential to obtain high-efficiencies.

In the present work, we investigate the fundamental properties of hybrid halide perovskites and study several interfacial layers used in perovskite solar cell devices.

In the first chapter, the perovskite material family is first introduced, followed by generalities about solar cells with a brief history of photovoltaics, the state of the art of the field and a description of their working principle. Other applications of hybrid halide perovskites such as light-emitting diodes (LEDs) and photodetectors are then reported.

The next two chapters focus on hybrid halide perovskite materials with an ab-initio study of their optoelectronic properties using density functional theory (DFT) and the SIESTA computer program. In the chapter 2, the DFT, the Kohn-Sham method and the SIESTA code used for the simulations are first outlined. Then, structural properties (i.e., tolerance factor, phase transitions, cation dynamical disorder and layered structures) of hybrid halide perovskites are presented. The electronic band structures, the spin orbit coupling (SOC) and the Rashba effects are also described. Finally, quantum confinement effects are explored for superlattices and nanoplatelets of hybrid halide perovskites.

In the chapter 3, the methods used to compute dielectric constant and self-energy profiles are first presented. The methods are then illustrated with the study of the dielectric confinement in nanoplatelets of CsPbX 3 and CH 3 NH 3 PbX 3 and also various layered hybrid halide perovskites. The interface between the CH 3 NH 3 PbI 3 perovskite and the TiO 2 interfacial layer is then detailed. Preliminary results on interfaces with other interfactial layers: NiO and SnO 2 are also given.

The chapters 4 and 5 concern the interfacial layers which are investigated experimentally xx for the fabrication of perovskite solar cell devices. The two main device architectures (i.e., the standard and the inverted structures), various methods to grow halide perovskite and the fabrication processes used in this work are described in the chapter 4. The spray coating technique used to deposit NiO and TiO 2 interfacial layers is also depicted.

In the last chapter, several electron and hole interfacial layers are investigated. The architecture based on the TiO 2 interfacial layer is first scrutinized with a study of the Spiro-OMeTAD preparation, followed by a preliminary study concerning the use of SnO 2 . The preparation of NiO layer with spray pyrolysis method is also investigated. Finally, preliminary results about the use of graphene as interfacial layer are provided.

Chapter 1 Introduction

In this first chapter, the family of perovskite materials is first introduced. This family gathers a lot of materials and applications and hybrid halide perovskites are part of it. Afterwards, generalities about solar cells which is the main application of hybrid halide perovskites, are given. Starting with a brief history and the state of the art of photovoltaics, the working principle of solar cells is then described. Finally, other applications of hybrid halide perovskites such as photodetectors and LED are mentioned.

Perovskite materials 1.Oxide Perovskites

Perovskite is originally the name of the calcium titanium oxide (CaTiO 3 ), a mineral which was discovered in 1839 by Gustav Rose in the Ural Mountains in Russia. The mineral was named after the russian mineralogist and minister of internal affairs Lev Aleksevich von Perovski who first characterized it. Thereafter, perovskite has given its name to a family of compounds which have the same crystal structure than CaTiO 3 .

The perovskite structure is adopted by many oxides. For example, (Mg,Fe)SiO 3 , the predominant constituent of the deep mantle adopts the perovskite structure. The general formula of oxide perovskites is AM O 3 where O is an oxygen, M a cation and A also cation but larger. To simplify, the negative or positive charges in the ion notation are not denoted in 1. INTRODUCTION the following. A cation can be an alkali metal (e.g., Li, Na, K), an alkaline-earth metal (e.g., Ca, Ba, Sr) or a rare-earth element (e.g., La, Pr, Nd) whereas M cations are mainly transition metals (e.g., Ti, Ni, Fe, Co, Mn). If the choice of atoms is vast, all the combinations are not possible: it depends essentially of the relative size of the atoms. A tolerance factor introduced by Goldschmidt is generally considered to deduce the formability [1]. This parameter will be described with more details in the next chapter.

The general structure of oxide perovskites is presented in Fig. 1.1.a. It shows that M cation is 6-fold coordinated to oxygen atoms, forming an octahedron. The larger cation A is located in the cuboctahedron space between the octahedra MO 6 and is surrounded by 12 equidistant oxygen ions. The ideal structure is cubic but distorted structures (e.g., with tetragonal, orthorhombic, rhombohedral, monoclinic symmetries) are also observed. In addition, oxide perovskites, and more generally perovskites, often undergo one or several phase transitions with the temperature [1].

Their rich chemistry leads to a vast variety of compounds having different physical and chemical properties and, therefore, applications. For example, oxide perovskites can exhibit interesting properties such as ferroelectricity, piezoelectricity and catalytic properties and are used for applications such as capacitors, transducers and photoelectrolysis [1][2][3][4]. However they seldom present interesting optoelectronic properties.

Besides oxide perovskites, other perovskite materials adopt the perovskite structure: carbide (e.g., MgCNi3 [5]), nitride (e.g., TaThN 3 [6]), hydrogen (e.g., NaMgH 3 [7]) and halide (e.g., NaMgF 3 [7]) perovskites. In this work, we focus on halides perovskites and more precisely on hybrid halide perovskites.

Halide Perovskites

In the case of halide perovskites, oxygen atoms are replaced by halogen atoms (Fig. 1.1).b. Thus, the general formula is AM X 3 where X is an halogen (F,Cl,Br or I), M a divalent cation (e.g., Mg, Mn, Fe, Cu, Cd, Co, Pb, Sn, Ge) and A is a monovalent cation (e.g., K, Rb, 1. INTRODUCTION

Hybrid Halide Perovskites

In hybrid halide perovskites, the monovalent cation is an organic cation (Fig. 1.1.c). Their general formula is therefore RM X 3 where X is an halogen (F,Cl,Br or I), M a divalent cation (e.g., Mn, Pb, Sn, Ge) and R an organic cation (e.g., CH 3 NH 3 , CH 2 (NH 2 ) 2 ). The term "hybrid" refers to the presence of both an inorganic part (i.e., M X 3 ) and an organic part (i.e.,

R).

The first hybrid halide perovskites were synthesized by Weber in 1978: CH 3 NH 3 SnBr x I 3-x [25] and CH 3 NH 3 PbI 3 (X=I, Br, Cl) [26].

Since then and especially in the 1990s, layered 2D hybrid halide perovskite-type compounds essentially drew more interest of the scientific community [27][28][29][30][31][32][33][34][35][36][37][38][39] Indeed, their strongly bound excitons give a strong photoluminescence. They became interesting for applications such as light-emitting diodes (LEDs) [40,41] In addition, Sn-based compounds have been also attractive for field-effect transistors (FETs) thanks to their high carrier mobilities while being easy-processable and low-cost [40,42].

Since 2009 [43] and especially in 2011 [44] and 2012 [45], their 3D counterparts start to appear as promising materials for photovoltaics. Subsequently, very active research has been performed on these materials leading to a huge increase of their efficiency to reach today more than 22% [46,47]. More details are given in the Chapter 4 where the different solar cell architectures are described. The next section is devoted to solar cells.

Solar cells 1.2.1 Brief history of photovoltaics

The photovoltaic effect was discovered in 1839 by the French physicist Edmond Becquerel, the father of Henri Becquerel who made pioneer discoveries in radioactivity sixty years after.

He observed that an electric current could be generated between two AgCl coated platinum electrodes immerged in an acidic solution upon light exposure [48]. Some decades after,

Solar cells

Adams and Day demonstrated for the first time the photovoltaic effect in a solid-state system using the Selenium semiconductor [49]. In 1905, Albert Einstein published a theory to explain the photoelectric effect and for this work received the Nobel Prize in Physics in 1921 [50].

From the 1950s, significant efficiency solar cells started to be obtained. In 1954, D.

Chapin, C. Fuller and G. Pearsonthe developed the first silicon solar cell based on a silicon p-n junction and achieved 6% of efficiency [51]. The same year, D. C. Reynolds observed the photovoltaic effect from cadmium sulfide (CdS) cristals [52].

First concrete applications of solar cells were in aerospace: the artificial satellite Explorer 6, lauched in 1959, and the first telecommunication satellite, Teslar 1, launched in 1962, were powered by silicon-based solar panels. At that time, solar technology was too expensive to be commercially viable. It is only since the 1970s and the first oil crisis, that photovoltaics has emerged as a credible alternative energy source thanks to drastic cost reductions.

In 1971, the soviet team of Z. Alferov reported the first solar cell based on III-V semiconductors materials using gallium arsenide [53]. Seven years later, H.J. Hovel and J.M. Woodall demonstrated 20% of efficiency for a GaAlAs-GaAs based solar cell [54]. In 1976, D. E.

Carlson reported a thin-film solar cell based on amorphous silicon and achieved 2.4% [55].

The first monolithic tandem solar cells was demonstrated by Ludowise et al. in 1982 [56]. This type of device will allow later to beat the efficiency Shockley-Queisser limit [57].

In 1985, 20% of efficiency was reached with crystalline silicon based solar cells [58].

Today, this technology represents the majority of the solar market production [59].

The first organic solar cells was reported by C. W. Tang in 1986 [60]. Few years later, a high-efficiency Dye-sensitized based solar cells (DSSC) was reported by B. O'Regan and M. Grätzel. [61]. Much more recently, Kojima et al. demonstrated the first solar cells using hybrid halide perovskites as photoabsorbers [43]. These three types of solar cells are part of the emerging photovoltaic field that could lead, in the future, to inexpensive large-scale production.
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State of art of the photovoltaic field and NREL Chart

Regularly, the National Renewable Energy Laboratory (NREL) publishes a chart recording the evolution of the best achieved efficiencies in photovoltaics (Fig. 1.2). All the major photovoltaic technologies are represented: silicon and GaAs based solar cells, thin-films, multijunctions and emerging solar cells. The chart is an international reference for the best efficiency cells. To that end, the chart is co-authored by the NREL, the Fraunhofer Institude for Solar Energy (ISE) and the National Institute of Advanced Industrial Science and Technology (AIST). The best efficiencies are indicated as a function of the year for each photovoltaic technology and also indicating the institutions that produced the results. It shows that universities, research institutes and companies have contributed to these advancements: NREL, EPFL, UNSW, Spectrolab (Boeing), Sharp, Soitec, Sanyo, etc. 

Working Principle

The role of a solar cell is to convert the energy of the sunlight into an electric energy. To that purpose, semiconductors which present a band gap are used to absorb the light. To ensure the energy conversion, several steps are needed: absorption of photons, charge separation, charge transport and finally charge collection. A brief description of these basic processes are given in the present section.

Absorption

The first step is the absorption of the sunlight by the semiconductor (called the photoactive material). The sun emits light of different frequencies that can be discretized as particles, called photons. The photon's energy E ph depends on its wavelength λ:

E ph = hν = hλ c (1.1)
Where h is the Planck's constant, c the speed of light in vacuum and ν the frequency.

Photons that strike the semiconductors, with sufficient energy, may be absorbed. Their energy is then used to excite electrons from the valence band to the conduction band.

The absorption depends on the photoactive material band gap energy E g :

(i) If E ph < E g , the photon is not absorbed.
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(ii) If E ph = E g , the photon have enough energy to be absorbed by the material.

(iii) If E ph > E g , the photon is absorbed but the excess energy is lost by thermalization.

In addition to this band gap constraint, the absorption depends also on the absorption coefficient of the material. This coefficient is a function of the incident wavelength and determines which material thickness is required for an optimal absorption of the light. For example, the reference photoactive material, crystalline silicon, is a poor absorber because of its indirect band gap [62]. Thus, several hundred µm thick silicon layers are necessary for a suitable absorption. In contrast, organic semiconductors are strong absorbers giving high absorption for hundred nm thick layers [63].

Charge Separation

When an electron is promoted to the conduction band, it leaves behind an electron vacancy in the valence band. This electron vacancy is called hole and has a positive charge. Due to Coulombic interaction, the electron and the hole may form a bound state which is called an exciton. The step following the photon absorption is the charge separation of these two particles.

Two aspects need to be considered: the Coulombic interaction between these two particles and the driving force for the separation. The first aspect depends on the material properties through the dielectric constant. In the case of the crystalline silicon, electrons and holes are considered as free charges due to a very low exciton binding energies [64]. However, organic semiconductors have a lower dielectric constant leading to binding energies about 300-500 meV much more higher than the room temperature thermal energy (25.7 meV) which may localize charges [65]. To circumvent this problem of charge separation in organic materials, there are some strategies. For example in bulk-heterojunction (BJH) solar cells, the charges are separated by means of a charge transfer between an electron donor and an electron acceptor. The second aspect is the charge separation and then the collection, a driving force is thus required. It can be created by an electric field or by a gradient in the electron density. For 1.2. Solar cells silicon solar cells it is achieved by the use of a PN junction which creates a depletion region.

In the case of organic and perovskite solar cells, the workfunction contrast of the interfacial layers sandwiching the photoactive material, is the driving force.

Charge Transport and Collection

After the separation, the electrons and holes must be transported and then collected at opposite electrodes. This is insured by the driving force leading to the charge separation. The electrons (holes) are transported to the anode (cathode) where they are collected. The transport takes place in some cases in the photoactive material. In dye sensitized solar cells, the charges generated by the photoabsorber dye are rather transported through an oxide and an electrolyte to the electrodes. In most cases, the photoactive material should be a good conductor (to avoid resistive loss) and have a good carrier lifetime. Indeed during the transport, carriers may recombine. This is generally measured by the diffusion length which is the average distance of a carrier before recombining.

Shockley-Queisser Efficiency Limit

As explained in the previous section, only the photons having an energy close to the material band gap energy are absorbed efficiently. In other words, a low band gap allows absorbing a large part of the solar spectrum but leads to important energy losses by thermalization of the high energy carriers. For this reason the band gap is the most important parameter driving the solar cell efficiency. Others limitations operate on the efficiency such as the blackbody radiation, unavoidable radiative recombinations and the Carnot factor [66].

The Shockley-Queisser limit for a single junction solar cell is commonly considered to define the maximum theoretical efficiency as a function of the band gap energy [57].

According to this model, the maximum efficiency that can be expected is 33.7% and is obtained for a band gap energy of 1.37 eV. Several methods or concepts allow going beyond this limit such as multi-junctions solar cells and hot-carrier solar cells [67]. Multi-junction 1. INTRODUCTION solar devices yield a better conversion of the solar spectrum and leads, today, to an impressive record efficiency: 46% which has been demonstrated by Soitec and CEA-Leti in 2014.

Current-Voltage Characteristics

The electrical behavior of solar cells are usually determined by measuring the current-voltage characteristic. This is achieved by applying a bias voltage V between the two terminals of the device and measuring, at the same time, the current I that flows through these two terminals.

It is usual to consider the current density J instead of the current since it allows a direct comparison between solar devices with different areas.

In dark condition, an ideal solar cell behaves like a diode and its characteristic is given by the Shockley diode equation [68]:

J = J 0 exp( qV ηkT -1 (1.2)
Where J 0 is the saturation current density, η is the ideality factor (η = 1 for an ideal diode) , k is the Boltzmann constant, q is the elementary charge and T is the temperature.

When the solar cell is illuminated, the diode characteristic is shifted negatively by the photo-current density generated by the solar device [69].

An example of density current-voltage characteristics in dark condition and under illumination is represented in Fig. 1.3. Several important parameters can be extracted from the J-V curve under illumination: the short-circuit current density J sc , the open-circuit voltage V oc and the fill factor F F .

The V oc is the voltage measured across the two terminals of the solar cells when the device is in open-circuit condition (i.e., the terminals are not connected to an external circuit).

The J sc is the current density measured through the two terminals when the device is in short-circuit condition (i.e., the terminals are connected without any electrical load). The F F measures the "squareness" of the J-V characteristic and is given by:

F F = P max P th = P max V oc .J sc (1.3) 1. INTRODUCTION

Other Applications of Hybrid Halide Perovskites

In addition to the photovoltaic energy conversion, researchers have explored new applications for hybrid halide perovskites such as LEDs, lasers and photodetectors [70][71][72][73][74][75][76]. In this section, several important papers from the literature are mentioned to illustrate some of these alternative applications.

Light-emitting diodes

As early as the 1990s, Light-emitting diodes (LEDs) have been proposed using layered hybrid halide perovskites [40,77]. It is only more recently that 3D-hybrid halide perovskite-based multicolor LEDs have been demonstrated with CH 3 NH 3 PbX 3 [70,[78][79][80][81][82][83]. As an example, Kim et al. reported in 2014, a LED based on CH 3 NH 3 PbBr 3 with a high luminance of 417 cd.m -2 at room temperature [83].

Light-emitting electrochemical cells

Light-emitting electrochemical cells (LEECs) are electroluminescent devices and potential alternatives to organic LEDs thanks to their simple structure, easy processing and the use of air-stable electrode materials [84,85]. Aygüler et al. demonstrated in 2015 a LEEC with stable luminance of 1-2 cd.m -2 using FAPbBr 3 nanoparticles [86]. The device consists in a blend of perovskite nanoparticles with an ionic-based polyelectrolyte sandwiched between two electrodes.

Laser

Lasers are other potential applications of hybrid halide perovskite. 

Field-effect transistors

Field-effect transistors (FETs) using layered hybrid halide perovskites have been demonstrated by Mitzi et al. at the end of the 1990s [40,42]. In 2015, CH 3 NH 3 PbI 3 light-emitting fieldeffect transistors have been demonstrated as well [91].

Conclusion

Perovskite compounds have been introduced through a presentation of oxide perovskites, halide perovskites and hybrid halide perovskites. Solar cells, the main application of hybrid halide perovskites, have been also described with a brief history of photovoltaics, a description of the state of art with the NREL chart and a description of their working principle. Finally other applications of halide perovskites, such as LED, FET and photodetectors has been mentioned.

Chapter 2

Fundamental Optoelectronic Properties of Hybrid Perovskites

In this second chapter, the fundamental optoelectronic properties of hybrid halide perovskites are presented. The chapter starts by a brief description of the density functional theory (DFT), Kohn-Sham method and the SIESTA code used for the simulations. Structural properties (i.e., tolerance factor, phase transitions, cation dynamical disorder and layered structures) of hybrid halide perovskites are then presented. The electronic band structures, the spin orbit coupling (SOC) and the Rashba effects are described. Finally, quantum confinement effects are explored for superlattices and nanoplatelets of hybrid halide perovskites.

Density Functional Theory (DFT)

Since the 1980s, the density functional theory (DFT) has been the most successful approach for the quantum mechanical calculations of periodic systems. From the 1990s, it has also been widely used in quantum chemistry. In this section, we introduce the basic concepts of DFT with a description of the Kohn-Sham method and of the SIESTA code.

Brief History of DFT

In the quantum mechanics theory, all the information of a given system is included in the system's wave function. This information can be obtained by solving the Schrödinger 2. FUNDAMENTAL OPTOELECTRONIC PROPERTIES OF HYBRID PEROVSKITES equation:

ĤΨ = EΨ (2.1)
where Ĥ is the Hamiltonian operator, Ψ is the wave function and E is the energy. Exact solutions can be obtained for the simplest systems such as the hydrogen atom. However, the equation cannot be solved analytically for more than two particles. Approximations and numerical methods allow to circumvent this issue with acceptable solutions of the Schrödinger equation. One of the first procedures to calculate approximate wave functions and energies for a large system was introduced by Hartree in 1927 [1]. Within this method, the electrons are considered independent and interact only by the average static field due to the other electrons.

Few years later, Fock introduced the Pauli Exclusion Principle by means of a representation of the wave function with a Slater determinant to overcome the non-consideration of the antisymmetry principle [2]. In the same year, another approach was proposed by Thomas [3] and Fermi [4] and then improved by Dirac [5], in which a many-body system is not described by its wave function but by its density. It allows decreasing significantly the number of variables and therefore simplifying the problem. Indeed, for a N-body system, the wave function has 3N degrees of freedom when the density has only three variables. The question was then to know if the density was sufficient or not to describe the electronic structure of a system. This was demonstrated by Hohenberg and Kohn in 1964 [6]. One year later, Kohn and Sham formulated a practical method to calculate the density [7]. DFT simulations became thus consistent and feasible. It is now one of the most successful methods to compute the electronic structure of matter.

Kohn-Sham Approach

The Kohn and Sham method is based on an fictitious reference system of non-interacting electrons that generates the same ground state electron density than the real system of interacting electrons [7]. This trick allows to avoid direct approximation of electron-electron interactions. The minimum of energy obtained with this method corresponds to the ground 2.1. Density Functional Theory (DFT) state energy of the real system. The Kohn-Sham density is a function of the N non-interacting particle pseudo-wave functions:

ρ KS (r) = N i |ϕ i (r)| 2 (2.2)
As the particles are independent, their wave functions are orthogonal and the Hamiltonian is symmetric. For clarity, the reduced Planck Constant h, the electron mass m e , the elementary charge e and 4πǫ 0 (ǫ 0 is the vacuum permittivity) are considered to be equal to one in order to simplify equations. The total-energy functional of Kohn-Sham is given by:

E KS [ρ] = T KS [ρ] + E H [ρ] + E xc [ρ] + V ext (r)ρ(r)dr (2.3)
Where T KS [ρ] is the kinetic energy (of N non-interacting electrons):

T KS [ρ] = 1 2 N i | ∇ϕ i (r)| 2 (2.4) E H [ρ]
is the Hartree energy (electron-electron repulsion):

E H [ρ] = 1 2 ρ(r)ρ(r') |r -r'| drdr' (2.5) E xc [ρ]
is the exchange and correlation energies and the last term is the energy from the external potential V ext acting on the system (e.g., the electron-nuclei interaction).

In the Hartree energy only the electron-electron repulsion is described. However the electron-electron interaction is more complex, for example, it depends of the spin of the electrons (Pauli Exclusion Principle). Thus another term, the exchange and correlation energy, is added to take into account quantum effects. All the terms of the Kohn-Sham functional are known except the exchange-correlation term E xc [ρ]. Thus we need to introduce an approximate exchange-correlation functional. The quality of the description of the electronic structure of a system will depend of the choice of this functional and how close it comes to the exact value. The most common approximations are the local-density approximation (LDA)

and the generalized gradient approximation (GGA). These two functionals are described below.
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Exchange and Correlation Approximations

Local-Density Approximation (LDA)

In the local-density approximation, the density is considered locally uniform [8][9][10]. The exchange-correlation energy at every position is assumed to be the same as it would be for a uniform electron gas having the same density.

E LDA xc [ρ] = ρ(r)ǫ xc [ρ(r)]dr (2.6)
Where ǫ xc [ρ(r)] is the exchange-correlation energy per particles for an uniform gas density of density ρ(r)

Generalized Gradient Approximation (GGA)

In the generalized gradient approximation, the non-homogeneity of the local density is taken into account. Indeed at a point r, the gradient of the charge density ∇ρ(r) information is added to the charge density [11].

E GGA xc [ρ] = f (ρ(r), ∇ρ(r))dr (2.7)
In this work the GGA approximation was used.

Self-Consistent Field Procedure

The Kohn-Sham formulation used in the DFT calculations can be obtained by the application of the variational principle. A Lagrange multiplier is also introduced to ensure the orthonormalization of the wave functions [7]. The Kohn-Sham equations are then:

- 1 2 ∇ 2 ϕ i (r) + V KS (r)ϕ i (r) = ǫ i ϕ i (r) (2.8)
Where V KS (r) is the Kohn-Sham effective potential given by:

V KS (r) = ρ(r') |r -r'| dr' + V xc [ρ(r)] + V ext (2.9)
2. FUNDAMENTAL OPTOELECTRONIC PROPERTIES OF HYBRID PEROVSKITES the stability of the materials but do not participate directly to bondings. For this reason pseudopotentials are used to mimic the behavior of these electrons [12]. The electron density is then calculated using the Eq. 2.2. Kohn-Sham algorithm proceeds by the following steps:

(i) Initial guess of the wave functions ϕ 0 i (r)

(ii) Calculation of the electron density using the Eq. 2.2.

(iii) Calculation of the Kohn-Sham effective potential using the Eq. 2.9.

(iv) Solving the Eq. 2.8.

(v) A new set of wave functions is obtained giving a new electron density.

(vi) If the previous electron density is close enough to the new one, the system has converged.

Otherwise a new cycle is started using the new electron density.

The next step is then another algorithm for the optimization of the structure geometry.

SIESTA Code

In this work, DFT calculations were performed with the SIESTA code (Spanish Initiative for Electronic Simulations with Thousands of Atoms) [13,14]. This program allows to perform efficient electronic structure calculations and ab initio molecular dynamic simulations of molecules and periodic systems. It gives access to the ground-state properties but does not implements directly the many-body GW correction for the band gaps (see the Self-Energy section). However it exists a computer package, BerkeleyGW, which can be used in conjunction to SIESTA code to compute the quasiparticle energies [15]. SIESTA is also efficient for calculations of large bulk systems or slabs due to its representation of wave functions with localized atomic orbitals.

Density Functional Theory (DFT)

Basis Set

In DFT, it is convenient to represent wave functions using basis sets:

ϕ i (r) = α c iα f α (r) (2.10)
where f α (r) are the basis functions and c iα are the related coefficients.

Two types of basis sets are generally used: plane-wave functions and localized atomic orbitals. The first one is used, for example, in ab initio program such as VASP [16], ABINIT [17] and Quantum ESPRESSO [18]. In the case of SIESTA, the basis set is based on localized atomic orbitals [13,14]. This representation has some advantages, especially for slabs calculations were the vacuum description is almost costless by comparison to a plane wave representation [19].

Bloch functions

In crystals, atoms are arranged in a periodic way. The smallest repeating units are called the primitive unit cells. To simulate crystals, it is therefore, efficient to take advantage of this periodicity and to apply periodic boundary conditions. Consequently, only atoms of a single unit cell need to be considered. In the reciprocal space, the primitive unit cell corresponds to the Brillouin zone.

The periodicity of the lattice is taken into account by using Bloch functions to describe the electronic states:

ϕ k (r + R) = e ik.R ϕ k (r) (2.11)
Where k is a vector of the Brillouin zone and R is a translation vector of the lattice.

ϕ k (r) = e ik.r u k (r) (2.12)
Where u k (r) is a periodic function which has the same periodicity as the crystal lattice.
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Self-Energy

A major limitation of DFT is that it fails to predict the electronic band gap energies [20]. It is inherent to the approximation of the exchange-correlation functional which restricts the DFT to a description of the ground state. The many-body perturbation theory provides an approach to describe one-particle and two-particle excitations that goes beyond this limitation.

Indeed, it allows calculating the electron addition and removal energies (i.e., the quasi-particle energies). The many-body perturbation theory is based on the Green's functions which are used to describes the propagation of an extra or a missing electron:

(i) In the GW approximation: one-particle Green's functions are used to describe electron addition and removal [21].

(ii) In the Bethe-Salpeter equation (BSE): two-particle Green's functions are used to describe the electron-hole interaction (i.e., exciton) [22].

The quasi-particle energies are calculated by a perturbation method from the Kohn-Sham wavefunctions and eigenvalues by means of a nonlocal self-energy operator. In the GW approximation, the self-energy can be described as a product of the one-particle Green's function (G) and the screened Coulomb interaction (W):

Σ(r, r', ω) = i 2π dω ′ G(r, r'; ω + ω ′ )W (r, r'; ω ′ )e iω ′ δ (2.13)
where δ is a positive infinitesimal.

In the many-body perturbation theory, the starting point is the DFT calculation which gives the ground state electronic structure by solving the Kohn-Sham equation for a non-interacting system. Then, in the GW approximation, the self-energy is used to correct the Kohn-Sham eigenvalues and therefore obtained the quasi-particle energies. This first level of calculation compares well with the experimental band gap energies [20]. 

Structural Properties of Halide Perovskites

In this section, structural aspects (i.e., tolerance factors, phase transitions, cation dynamical disorder) of hybrid halide perovskites are presented. Then, 2-dimensional (2D) layered hybrid halide perovskites are introduced.

3D Perovskites

The general chemical formula of hybrid halide perovskite is RM X 3 where R is an organic cation, M is a divalent metal and X is a halide. Typically R is CH 3 NH 3 + , CH 2 (NH 2 ) 2 + , M is Pb 2+ , Sn 2+ and X is Cl -, Br -, I -. Ideally, they adopt the cubic structure shown in Fig. 2.2.a.

Each metals M forms with 6 halogen (X) an octahedron where M occupies the center and X the corners. In addition, each halide is shared by two octahedra, making a three-dimensional network (hence the designation of 3D structure). The electroneutrality is ensured by the cation R, lying in the cubo-octahedral cavity.

The relative radii of the R, M and X species are crucial parameters for the stability of the perovskite structure. To evaluate this stability, a tolerance factor t introduced by Goldschmidt and an octahedral factor µ are generally considered [23,24]:

t = r R + r M √ 2(r M + r X ) (2.14) µ = r M r X (2.15)
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However structural distorsions may lead to non-perovskite structures. For example, the cubic perovskite structure is stable for CsPbI 3 at temperature above 634 K (black phase), but at lower temperatures, a non-perovskite orthorhombic phase is observed (yellow phase) [34,35].

As shown in Fig. 2.2.c, the structure contains double chains of edge-sharing PbI 6 octahedra and is no longer a Pb-I three-dimensional network. This difference with CsPbCl 3 can be related to the halogen size difference. Thanks to a smaller halogen CsPbCl 3 has a higher tolerance factor (0.818) than CsPbI 3 (0.805) [27]. Therefore the perovskite structure formability and stability are greater for CsPbCl 3 than for CsPbI 3 .

In the case of hybrid halide perovskites, an organic cation R is used to replace the atomic cation. The choice of R is very limited because it must be small enough to fit into the cubo-octahedral cavity. Methylammonium CH 3 NH Table 2.1: Symmetries and lattice parameters of the halide perovskite CsPbI 3 and several hybrid halide perovskites in function of the temperature.

The effective ionic radius of MA and FA (i.e., 2.17 and 2.53 Å, respectively [38]) are higher than the one of Cs + (i.e., 1.88 Å [39]). Consequently higher tolerances factors are expected. For MAPbX 3 and MASnX 3 compounds, tolerance and octahedral factors have been estimated to be in the 0.83-0.87 and 0.45-0.65 ranges, respectively [40].

As shown in Tab. 2.1, MAPbI 3 displays two phase transitions. Three crystallographic structures adopted by MAPbI 3 are presented in Fig. 2.3. A cubic [36] or pseudo-cubic
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at lower temperatures: 236.9 and 178.8 K, respectively versus 327.4 K (Tab. 2.1). It is consistent with the decrease of the halogen size leading to higher tolerance factors closer to the ideal value of 1 [40]. In the same way, replacing Pb by an atom with lower ionic radius (e.g., Sn [39]) lead to an increase of the tolerance factor (Eq. 2.14) and can explain why the pseudo-cubic phase exists at room temperature for MASnI 3 .

Layered Perovskites

Layered (2D) perovskites are grown with large molecules for the organic part compared to the 3D structures. Basically, they consist in infinite 2D slabs of inorganic layers separated by large organic cations. Three types of phases excist for classical 2D perovskites: Aurivillius phases [44], Ruddlesden-Popper phases [45] and Dion-Jacobson phases [46,47]. In the case of layered hybrid halide perovskites, crystal structures of the Ruddlesden-Popper type have been observed [48,49], and more recently other structures close to the Dion-Jacobson case [50].

Furthemore, the number of inorganic layers can be monitored for these materials. For 

Electronic Properties of 3D Halide Perovskites

Electronic Band structure

The description of the electronic properties of the 3D hybrid halide perovskite MAPbI 3 is not straightforward because of the orientational disorder of the cations which is highly depending on the temperature. Indeed, in the case of the pseudo-cubic Pm3m phase observed at high temperature (Tab. 2.1), atomic positions of the methylammonium are dynamically averaged on special Wickoff positions [52]. Thus, the high-symmetry is related to the cation dynamical disorder. Indeed, the space group symmetry should be reduced for frozen positions.

One way to circumvent this problem is to consider the all-inorganic analogue, CsPbI 3 , where the atomic cation Cs + can be located [52]. In addition, CsPbI 3 also exhibits a Pm3m A triply degenerated electronic states is also observed but at the valence band maximum (VBM) located at the Γ point.

Another way to investigate the electronic properties of MAPbI 3 is to consider its low orthorhombic temperature phase. In this phase, as already mentioned, the organic cations are 2. FUNDAMENTAL OPTOELECTRONIC PROPERTIES OF HYBRID PEROVSKITES CsPbCl 3 to 1.73 eV for CsPbI 3 .

Furthermore, the band gap energy of MAPbI 3 and CsPbI 3 is fairly well reproduced with the GGA functional and the SIESTA code [61,65]. However as stated previously, in principle, band gap energies are not well described at the DFT level. In fact, a spin-orbit coupling operates on the CBM leading to a decrease of the band gap energy. On the other hand, the many-body effects are expected to increase the band gap energy. Finally, these two effects lead to a compensation. However, the curvature of the band structure is dramatically affected.

Spin Orbit Coupling

The calculated band gap energy of MAPbI 3 was found initially to be very close to the experimental one [61,65]. Mosconi et al. reported a band gap energy of 1.66 eV, calculated by DFT-GGA, and noticed that it could be overestimated because of the non-inclusion of relativistic effects which are very strong in lead compounds [65][66][67]. In fact, in 2012, the presence of a giant spin-orbit coupling (SOC) has already been reported for 2D hybrid perovskites [58]. Later, this effect was predicted for MAPbI 3 [61]. SOC has been found to be three time smaller for MASnX 3 than for MAPbX 3 which is consistent when going to lighter atoms in the group-14 of the periodic table [66,68,69]. (ii) A reduction of the band gap energy in Γ.

(iii) Very close effective mass values (i.e., band curvatures) for both the VBM and CBM at the Γ point leading to well balanced carrier transport for both electrons and holes.

When including the SOC, the calculated band gap energy is much more lower than the experimental one. This can be corrected by including many-body effects using the 

Rashba and Dresselhaus Effects

The Rashba and Dresselhaus effects correspond to the energy band spin splitting that was observed for the first time in würtzite [71] and zinc-blende [72] structures. The role of SOC in hybrid halide perovskites combined with specific symmetries and time reversal symmetry was highlighted and following this initial study, these effects were predicted for several materials [68,[73][74][75][76][77].

To reveal the presence of Rashba and Dresselhaus effects in DFT simulations, it is mandatory to take into consideration the SOC effect. For that, it is common to introduce a spin-orbit interaction term as a perturbation of the Hamiltonian operator [77]. The new solutions are then the spinors functions with corresponding eigenvalues ǫ i↓ (k) and ǫ i↑ (k).

The time reversal symmetry leads to conditions on the eigenvalues:

Quantum Confinement

As an example, the high-temperature phase of FASnI 3 belongs to the orthorhombic space group Amm2 which is non-centrosymetric [37,76]. It corresponds to a translation of ions of the ideal cubic phase along the x and y directions. Thus, band energy splittings should be observed for this phase. The corresponding band structure dispersions computed by DFT including SOC effect are shown in the Fig. 2.8 [78]. It shows that a band splitting operates on both CB and VB bands and is stronger in the case of the CB.

Control over spin-dependent band structures is very attractive for potential applications in spintronics [80][81][82][83]. With this in mind, Kepenekian et al. have shown, using DFT calculations, that the band splitting could be controlled with temperature or by an electric field for some hybrid halide perovskites [77].

Quantum Confinement

Quantum effects can be attractive to tune the properties of materials such as the band gap energy and the exciton binding energy [84][85][86][87][88]. In the section, quantum confinement is first investigated in CH 3 NH 3 PbI 3 /CH 3 NH 3 PbBr 3 superlattices. Then, quantum confinement effects are studied for nanoplatelets of CsPbX 3 and MAPbX 3 .

MAPbI 3 /MAPbBr 3 Heterostructures

As seen previously, the band gap energy of halide perovskites can be tuned by changing the halogen. For this reason, superlattices built from MAPbX 3 (X=I,Br,Cl) may afford interesting properties such as band gap energy tuning due to quantum confinement [52,89].

The hypothetical structures of these two superlattices built from one CH 3 NH 3 PbI where E g,bulk,DF T is bulk band gap energy calculated by DFT, Σ bulk is the self-energy corrections due to many-body effects, δE g,DF T (N ) and δΣ(N ) are the band gap energy variation and the self-energy correction variation due to quantum and dielectric confinement effects.

For Lead-based perovskites, SOC effects should be included. As seen previously for MAPbI 3 , the band gap energy calculated by DFT is in good agreement with GW-SOC values due to error cancellation. Therefore δE g,DF T (N ) computed without SOC and GW should lead to a first approximation of the quantum confinement effect.

Due to limited available computational resources, the δΣ(N ) variation cannot be evaluated directly from GW corrections. An alternative semi-classical evaluation of δΣ(N ) is given in the next chapter within the dielectric confinement theory.

Experimentally, quantum confinement effects were reported for CH 3 NH 3 PbI 3 and CH 3 NH 3 PbBr 3 nano-objects [88,93,96]. Furthermore, Sichert et al. noticed that for colloidal nanoplatelets the optical band gap energy evolution was strongly overestimated by simple quantum well models which underestimated the exciton binding energy [96]. This support an increase of the exciton binding energy when reducing the nanoplatelet size. In the next chapter the dielectric confinement would be investigated.

Conclusion

In this chapter, we have first introduced the DFT method and the numerical SIESTA code used for ab initio simulations. We have then described the structural properties of hybrid halide perovskites: tolerance factors, phase transitions, cation dynamical disorder and 2D structures.

The electronic band structures for these materials have been thoroughly analyzed: presence of a direct band-gap, importance of SOC and Rashba effect. Finally, we have investigated the quantum confinement effect in superlattices and nanoplatelets.

Chapter 3 Dielectric Confinement in Hybrid Halide Perovskites

The dielectric constant of a material is a crucial parameter for its optoelectronic properties such as charge transport. It determines the magnitude of the Coulomb interaction stabilizing the electron-hole pairs (i.e., exciton binding energies). In the case of solar cells, low exciton binding energies are required to obtain high efficiencies.

It has been shown, that in the room temperature phases of 3D hybrid halide perovskites (e.g., CH 3 NH 3 PbI 3 ), excitons are almost entirely screened by polar vibrational modes and disordered configurations of the organic cations, giving rise to low exciton binding energies [1][2][3][4]. Conversely, stronger exciton binding energies have been reported for 2D and nanostructures of hybrid halide perovskites due to dielectric confinement effects [5][6][7][8][9]. In this chapter, a method to obtain dielectric profiles is applied to hybrid halide perovskite slabs and heterostructures to investigate the dielectric confinement. In addition, an evaluation of the dielectric self-energy correction profiles is proposed.

Firstly, generalities about the dielectric constant concept are provided, followed by a description of the method used to compute dielectric constant profiles and then the self-energy profiles. These methods are then applied to nanoplatelets of CsPbX 3.1 Dielectric Constant and Dielectric Self Energy

Dielectric Constant

There are two main types of materials: conductors and insulators (also called dielectrics).

For conductors, electrons can flow freely throughout the material (free charges) while in dielectrics, electrons are attached to specific atoms or molecules (bound charges). If electrons are bounded in the latter, they can, however, be displaced within an atom or a molecule.

When a dielectric is placed in an external electric field E, the positive and the negative charges get separated which leads to a dipole. This effect is called dielectric polarization. In addition, many dielectrics present already some dipoles, called permanent dipoles. In that case the permanent dipoles tend to get aligned in the same direction as the external field.

The macroscopic effect is represented by the polarization density vector P. In a linear and isotropic dielectric, P is proportional to the applied electric field E:

P = χ e ε 0 E (3.1)
where ε 0 is the vacuum permittivity and χ e is the electric susceptibility of the dielectric.

The electric susceptibility is the response of a material to an external electric field. Then, the greater the electric susceptibility is, the greater the ability of a material to polarize will be.

The polarization density P and the electric displacement field density D lead to the definition of the macroscopic dielectric constant:

D = ε 0 E + P = ε 0 (1 + χ e )E = ε 0 ε r E = εE (3.2)
Where ε r is the relative permittivity, also called the dielectric constant and ε is the material permittivity.

Dielectric Constant and Dielectric Self Energy

Symmetry Number of independent components Permittivity tensor 3.1: Tensors and number of independent components for the permittivity for various crystal symmetries.

ε 0 0 Cubic 1 0 ε 0 0 0 ε Tetragonal ε 1 0 0 Hexagonal 2 0 ε 1 0 Trigonal 0 0 ε 3 ε 1 0 0 Orthorhombic 3 0 ε 2 0 0 0 ε 3 ε 11 0 ε 31 Monoclinic 4 0 ε 22 0 ε 31 0 ε 33 ε 11 ε 21 ε 31 Triclinic 6 ε 21 ε 22 ε 32 ε 31 ε 32 ε 33 Table
For anisotropic dielectric materials, the permittivity is not a scalar but a second ranksymmetric tensor. As shown in Tab. 3.1, the number of independent components of the permittivity tensor depends on the material crystalline symmetry.

In addition, the applied electric field E can be time dependent. It is inherent to the existence of different polarization mechanisms which exhibit different inertia and therefore, different response times [10].

The frequency dependence of the dielectric constant and the different polarization mechanisms are shown in Fig. 3.1. In the high frequency range (ω > 10 14 Hz), the polarization results from the displacements of the electron cloud and the high-frequencies dielectric constant ε ∞ is equal to the square of the refractive index:

ε ∞ = n 2 .
When the frequency decreases to ω < 10 13 Hz, the dielectric constant increases and reaches a new value coming from the ionic part (i.e., displacements of the nuclei) of the polarization.

Another contribution appears for frequencies on the order of 10 9 Hz and originates from the orientation of the dipoles present inside the materials.

For the lowest frequencies, a last contribution is present as well: the interface or space and polyethylene polymers exhibit low dielectric constants which is a good illustration of organic polymer dielectric properties.

Dielectric Profiles

The dielectric description of heterostructures is often achieved with a crude continuum modeling of the dielectric constant by abrupt interfaces using the bulk dielectric constant values of each material [14][15][16]. In such approach, the interfacial effects are not taken into account which leads to unphysical divergence of the self-energy profile at the interface [15].

However, for heterostructures, nano-objets and heterojunction, the dielectric properties are strongly influenced by the surface or interface effect. More realistic descriptions based on DFT and taking into consideration the dielectric responses in the interface region have also been proposed [17][18][19]. As an example, Giustino et al. have developed a procedure based on the computation of the microscopic polarization induced by an electric field to estimate the dielectric profile of a material along a given direction. It was studied for silicon slabs of finite thicknesses and also Si-SiO 2 interfaces [18]. These approaches rely on periodic supercells and plane wave descriptions of the electronic wavefunctions which are

DIELECTRIC CONFINEMENT IN HYBRID HALIDE PEROVSKITES

included in the self-consistent part of widely used first-principles codes such as VASP [20] or Quantum ESPRESSO [21]. Later, using the same scheme to calculate dielectric profiles, Shi et al. proposed another approach using strictly localized basis set representations of the electronic wavefunctions and calculated dielectric profiles of Si-SiO 2 and polymer-SiO 2 heterojunctions. [22,23] Such an approach, included in the SIESTA code, is computationally cheaper, is parameter free and have a costless representation of vacuum which is a significant advantage for simulations of slabs [24,25]. Recently, this method was also used to study electronic surface states of nanoplatelets of CdSe [26].

In this work, the method is applied to 3D and 2D hybrid halide perovskite slabs and to TiO 2 /Perovskite heterojunctions [7]. The dielectric constant profile is obtained along only one direction avoiding the description of the whole dielectric tensor and therefore, reducing the computational time [18,23,26]. SOC effect was not included to reduce the computational effort and as we will see later, the computed bulk dielectric constants compare well with experimental values.

The initial step is to induce a variation to the electron density by applying a transverse electric field E ext on the slab along the z direction. The induced variation of the planar averaged electron density δρ ind (z) is given by δρ ind (z) = ρ(z)| Eext -ρ(z)| 0 . A longitudinal nanoscale average is performed to derive nanoscale dielectric properties and therefore ensure a proper connection with the macroscopic dielectric constant of the bulk materials [22,23,26].

In supercell simulations, slabs are reproduced periodically along the z direction. It is therefore, important to take into consideration the unphysical interactions between the slab and its periodic images. Shi et al. have shown that the total induced dipole moment along the z-axis m z (L) calculated by SIESTA for an inter-slab distance L is related to the true dipole moment of an isolated slab (infinite inter-slab distance) by:

1 m z (L) = 1 m z (L → ∞) - 1 ε 0 E ext 1 L (3.4)
Hence, the true dipole moment m z (L → ∞) is simply obtained by extrapolating 1/L to 0. The m z (L → ∞)/m z (L) ratio is then used to correct the induced polarization from the
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field E ext along the direction z. The electron densities are then averaged in the plane perpendicular to the stacking axis and smoothed using a nanoscale averaging along z axis [27]. The length of the filter function employed for the nanoscale averaging was chosen from the study of the Hartree potential profile. For example, it is equal to the distance between two adjacent octahedra for the perovskite systems investigated here.

(ii) The induced electron density is then obtained from the difference of the planar averaged electron densities with and without E ext :

δρ ind (z) = ρ(z)| Eext -ρ(z)| 0 (3.5) (iii)
The induced polarization p ind (z) is computed from the partial integration of the induced electron density:

dp ind (z) dz = -δρ ind (z) (3.6) 
The induced polarization p ind (z) is then corrected from the inter-slab interactions using the m z (L → ∞)/m z (L) ratio. m z is the total induced dipole along the direction z given by:

m z = z -∞ dp ind (z)dz (3.7) 
(iv) Finally, the dielectric constant profile ε(z) is obtained from the corrected induced polarization by:

ε ∞ (z) = ε 0 E ext ε 0 E ext -p ind (z) (3.8) 
As already mentioned, the dielectric constant depends on the frequency and has the form of a tensor for anisotropic systems. To obtain the different dielectric components, slabs were constructed in the different crystallographic orientations. Concerning the frequencydependence, high-frequency dielectric constant profiles ε ∞ (z) were obtained by taking into considerations only the induced electron density contribution to the induced polarization as shown in the Eq. 3.6. To obtain a pseudo-static dielectric constant profiles ε s , the ionic 3.1. Dielectric Constant and Dielectric Self Energy displacements induced by the applied electric field E ext along the direction z were added to the induced polarization. The calculated ε s does not include the dipolar polarization contributions which are taken into account for bulk static dielectric constant reported in literature. Finally, thanks to a local description, the method gives a good insight into the interfacial effects related to the polarization.

Self-Energy Corrections

In the case of heterostructures, the interactions between two materials can have a drastic impact on the electronic properties such as the band gap energy. Thus, it is important to be able to evaluate these effects. As referred in the previous chapter, the electronic band structure calculated by DFT can be corrected using self-energy contributions. However, if these corrections can be calculated for small systems, the calculations are beyond available computational resources for large systems such as heterostructures. Taking advantages of the dielectric profiles, it is possible to obtain an approximated evaluation of the self energy corrections δΣ(N ) for layered heterostructures. The planar average of the self-energy profile δΣ(z 0 ) can be evaluated from the transverse Fourier transfrom of the electrostatic potential produced at the position z by a charge e 0 located at the position z 0 [7,26]:

δΣ(z 0 ) = e 0 4π ∞ 0 (V (q, z, z 0 ) -V bulk (q, z, z 0 )) z→z 0 qdq (3.9)
Where V bulk (q, z, z 0 ) is the electrostatic potential for a bulk homogeneous material given by:

V bulk (q, z, z 0 ) = e -q|z-z 0 | 2qǫ (3.10)
And V (q, z, z 0 ) is the electrostatic potential for an inhomogeneous material which can be obtained from the inhomogeneous Poisson equation:

∂ ∂z (ǫ(z) ∂ ∂z (V (q, z, z 0 ))) -q 2 ǫ(z)V (q, z, z 0 ) = -ǫ 0 δ(z -z 0 ) (3.11)
As shown in Eq. 3.11, the dielectric constant profile ǫ(z) is required for the calculation of the self-energy correction δΣ(N ).
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3D Nanostructures and Layered Perovskites

In the previous chapter, we have investigated the quantum confinement in CsPbX 3 and MAPbX 3 slabs. In this section we investigate the dielectric confinement in these structures.

Slabs of various layered hybrid halide perovskites are also studied. Finally, self-energy corrections are given for MAPbX 3 slabs as a function of the thickness.

High-Frequency Dielectric Profiles

The high-frequency dielectric profiles ε ∞ (z) of CsPbI 3 slabs (Fig. 2.12) are shown in Fig. 3.3.a. In the case of the largest slab (i.e., 8 layers), the bulk dielectric constant is already recovered at its center and is equal to 5.0. The same is observed for CsPbBr 3 and CsPbCl 3

with bulk dielectric constants of 3.8 and 3.2, respectively (see Appendix B). In the case of CsPbCl 3 , the high-frequency dielectric constant has been experimentally measured and ranged between 3.6 and 3.7 [28] which is in fair agreement with the value calculated here.

Moreover, the reduction of the slab thickness leads to a decrease of the dielectric constant which tends to converge to the vacuum relative permittivity equal to 1 (Fig. 3.3.a and Fig.

3.4)

. Dielectric properties which are significantly different from those of bulk materials are observed for slabs thinner than 4 layers where interface effects are dominating. In addition, this decrease is more pronounced when going from chlorine to iodine halogen (Fig. 3.4).

The substitution of the inorganic cation Cs + by the organic cation CH 3 NH 3 + in the 3D hybrid halide perovskite MAPbI 3 leads to an enhancement of the dielectric constant (Fig.

3.3.b).

From the previous chapter, the low temperature phase of MAPbI 3 is orthorhombic, therefore three components are required to describe the whole dielectric tensor.

For slabs constructed along the [010] direction, the dielectric constant converges to 5.6 at the center of the thicker slab (Fig. 3.3.b). We obtained 4.9 and 4.8 for dielectric constant values of slabs oriented along the [100] and [001] directions, respectively (see Appendix B).

The average value of 5.1 compares reasonably with the experimental value of 6.5 measured for the orthorhombic phase [29] and very well with previous calculated value obtained by The dielectric profile of a 2D/3D multilayered (n = 2) perovskite is shown in Fig. 3.3.f.

As expected, the dielectric constant in its inorganic region (i.e. 

Influence of Lattice Relaxation and Static Dielectric profiles

The electronic polarization is only one of the polarization processes. For static dielectric profile simulations, atoms are allowed to move in order to take into consideration ionic contributions. Fig. 3.5 shows atomic displacements observed for a 6-octahedra thick MAPbI 3 slab in response to an electric field. It highlights the bulk and surface phonon contributions and the loss of inversion symmetry of the structure.

The main induced distortion observed is the shrinking and the stretching of the lead-iodine bond. In the stacking direction, the lead-iodine bonds alternate between long and short lengths.

Consequently, each octaedron displays an asymmetry and therefore an induced dipole that participates to the global induced polarization of the slab. This can be related to the bulk phonon contribution. In addition, to this effect, organic cations at the surfaces tend to be aligned with the electric field leading to an additional contribution from surface phonons.

The static dielectric profiles ε s of 6-layer and 1-layer slabs of CsPbI 3 are shown in the Fig. 3.5.a. The dramatic impact of the ionic contribution on the dielectric constant value can 3. DIELECTRIC CONFINEMENT IN HYBRID HALIDE PEROVSKITES 2.5, from ε ∞ (0) = 3.9 to ε s (0) = 9.5. In addition the ε s (0) = 9.5 is significantly lower than the value of ε s (0) = 14.1 obtained for the 1-layer MAPbI 3 slab. This reinforces the idea that layered perovskites are composite materials with specific properties, including mechanical properties with a region of hard and soft elastic constants [36]. As reported for quantum confinement, 2D perovskites cannot be solely approximated by single standalone layers derived from each 3D materials [36].

As shown in Fig. 

Self-Energy Corrections

In this section, self-energy corrections were evaluated for various slabs of MAPbI 3 using the dielectric profiles and the Eq. 3.9. The self-energy profiles δΣ(z 0 ) are shown in Fig. 3.7.a. As expected, the self-energy corrections are maximum in the region close to the interface with the vacuum. Furthermore, δΣ(z 0 ) in the center of the slab increases when reducing the size of slabs which is due to the dielectric confinement effects (Fig. 3.7.b); for less than 6 layers, the dielectric confinement effects start to be significant.

The electronic band gap is therefore expected to increase for thinner slabs. However, this increase has to be tempered in the case of the optical band gap which is measured from optical absorption and which is the meaningful energy for device operation. Indeed, the optical band gap corresponds to the electrical band gap minus the exciton binding energy [7,16,36]. And, as seen previously, the later is also increasing when decreasing the slab thickness which, therefore, compensates the increase of the electrical band gap.
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The (101)-oriented anatase is generally used in hybrid perovskite cells and leads to the best efficiencies. But the (001)-oriented anatase nanosheets have been also used yielding efficiencies of about 12-13% [47,51,52].

Dielectric Properties of TiO 2 Anatase

Anatase adopts a tetragonal symmetry (I41/amd, a=b=3.78 and c = 9.51 Å [53]), therefore, its dielectric tensor has only two independent components: ǫ xx and ǫ zz . To compute these dielectric constants, slabs oriented along the [100] and [001] directions were constructed (Fig.

3.8). In addition, a slab in the [101] direction was also constructed, to investigate the surface effects of the most stable facet of anatase: the (101) one. In anatase structures, Ti atoms are coordinated to 6 neighboring oxygens via two long
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values from the literature. As expected, the dielectric constant along the [101] direction is between the two values (ǫ ∞,xz = 6.39).

Moreover, it can be seen, that the interface with vacuum leads to a decrease of the dielectric constant for both the (100) and (101) surfaces that is not observed for the (001) surface where ǫ ∞,zz increases (Fig. 3.9). In fact, the bond breaking at the interface leads to a change of the surface atom coordination (Fig. Two different terminations for the perovskite layer at the interface were considered (Fig.

3.10):

(i) The MAI termination: the perovskite is terminated with a complete inorganic octahedra (PbI 6 ) and MA cations. In that case, 2 MA and 2 iodine atoms per unit cell can interact (ii) The PbI termination: the perovskite is terminated by half of the inorganic octahedra (PbI 4 ) and no MA cations. In this other case, 2 Pb and 4 iodine atoms per unit cell can interact.

In Tab. The projected density of states (PDOS) for these 4 heterostructures are reported in Fig. 3.11. It is instructive to distinguish the contributions of the atoms from the surface region or the bulk region: the solid and dashed lines refer to the bulk and surface contributions, of Pb atoms and 5p-orbitals of I atoms), in good agreement with previous studies [60,63].

In addition, we can see that for the PbI interface, a better band alignment between Ti and Pb states is obtained than for the MAI interface. In the case of PbCl and MACl interfaces, 3p-orbitals of Cl atoms also participate to the VB but have deeper states than I atoms. For both interfaces, Cl atoms lead to a better alignment between Pb and Ti states, and the best alignment is obtained for the MACl interface.

Dielectric Profiles of the Heterostructures

High frequency dielectric constant profiles were computed for these heterostructures. Only one interface TiO 2 /MAPbI 3 (Cl) is represented (Fig. 3.12). At the center of the slabs, the bulk dielectric constant of MAPbI 3 is almost recovered (ǫ ∞ (M AP bI 3 ) = 5.3) compared to the value computed, previously, with the orthorhombic phase. In the case of TiO 2 , the bulk A dielectric contrast is observed for all these heterostructures between the high dielectric constant of anatase and the lower dielectric constant of the MAPbI 3 . Furthermore, a minimum of the dielectric constant is observed at the interface that is higher in the case of the MAI termination than the PbI termination. Replacing I by Cl atoms, further decreases the minimum which is consistent with the lower dielectric constant we already observed for the smaller halogens compared to I atoms.

Self-Energy Profiles

The self-energy profiles δΣ(z) calculated from the dielectric constant profiles are shown in Fig. 3.13.

The self-energy corrections between the two bulks (i.e., the difference between the two plateau values) are almost the same for the 4 interfaces and amounts to about 50 meV. However, the interface configuration have an impact on the self-energy profile at the interface: again a minimum is observed and is more pronounced for chlorine terminations. 

Other Heterostructures

In this section we present preliminaries results about heterojunctions of MAPbI 3 with SnO 2 and NiO. SnO 2 is another ETM used in perovskite cells that give high efficiencies [65]. NiO is an HTM used in inverted structure perovskite solar cells [66]. More details about these ETM and HTM can be found in the next chapters.

SnO 2 /CH 3 NH 3 PbI 3 Heterostructures

SnO 2 adopts a tetragonal rutile symmetry P42mnm (a=4.74 Å and b=c=3.19 Å) [67]. Each Sn atoms are coordinated to six oxygen atoms forming distorted octahedron. The (110) surface is the most stable surface of SnO 2 [68,69]. In this section heterostructures of MAPbI 3 with (110)-oriented SnO 2 are studied. 

Conclusion

To conclude this chapter, we have presented generalities about the dielectric constant which is an important parameter for optoelectronic applications. Indeed, it is an important parameter for the exciton binding energies which are expected to be low in order to favor free-charge transport. Then, methods to compute dielectric constant profiles and an evaluate dielectric self-energy profiles were presented. These methods were then applied to nanoplatelets and layered hybrid halide perovskites. We have then investigated the CH 3 NH 3 PbI 3 /TiO 2 heterostructure starting from a description of the interface and computing the dielectric and self-energy profiles. Finally, we have presented preliminary results for CH 3 NH 3 PbI 3 /SnO 2 and CH 3 NH 3 PbI 3 /NiO interfaces.

Chapter 4 Photovoltaic Device Architectures and Fabrication Processes

This chapter is the first of two chapters devoted to experimental results about halide perovskite photovoltaic cells. It aims at giving the basis about perovskite solar cell architectures and fabrication processes before broaching experimental results concerning the use of interfacial layers in the next chapter. The various device architectures (i.e. standard and inverted structure configurations) will be first described. Then, various methods employed in the literature for halide perovskite thin film deposition will be depicted, followed by a description of the fabrication and the characterization methods of halide perovskite cells reported in this thesis.

The last section will concern the spray-pyrolysis technique which is the fabrication method for the NiO and TiO 2 transport materials presented in the last chapter.

Device Architectures

Halide perovskite devices have benefited a lot from processes already developed for dyesensitized and organic solar cells and their structures bear a lot of similarities with them.

Indeed, device structures of halide perovskite solar cells can be divided into two main branches: the regular standard structure and the inverted structure. As further described below we will see that the former is issued from dye-sensitized solar cells (DSSC) when the later 4. PHOTOVOLTAIC DEVICE ARCHITECTURES AND FABRICATION PROCESSES is issued from organic solar cells. One main difference between these two structures is the relative position of the hole and electron transport materials: standard structures have the ETM first deposited on the substrate and have the HTM on the top of the cell while for the inverted structure, it is the reverse.

Standard Structure

Initially, halide perovskite-based solar cells were fabricated in the standard structure configuration [1]. Standard structures can be divided into two categories: the mesoscopic and the planar structures. They differ by the use of a mesoscopic mesoporous ETM or a planar ETM.

Mesoscopic Standard Structure

Earliest perovskite solar cells were in fact dye-sensitized solar cells with the perovskite acting as a dye absorber. A schematic structure of a typical dye-sensitized solar cells is shown in Fig. If maximum efficiencies of 12-13% can be obtained for liquid DSSC, these devices present a drawback in their intrinsic design: the use of a liquid electrolyte which is temperature sensitive and then makes the sealing and the stability of DSSC more difficult. For this reason,
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were: V oc of 888 mV, a J sc of 17.6 mA/cm 2 and a FF of 62% [6]. The low FF obtained can be explained by the poor charge transport of the spiro-MeOTAD. Later, Noh et al.

increased the FF by doping the Spiro-MeOTAD using the mixture of Tris[2-(1H-pyrazol-1yl)-4-tert-butylpyridine)cobalt(III)tris(bis(trifluoromethylsulfonyl) imide)] (FK209), lithium bis(trifluoromethylsulfonyl)imide (Li-TFSI), and 4-tert-butylpyridine (TBP) as p-dopants and improved the performance to 10.4% with a higher FF of 66% [7]. The solar cell was using a 750 nm thick meso-TiO 2 . An efficiency of 14.1% was then reported by Burschka et al. using a similar cell configuration but with a thinner meso-TiO 2 (350 nm) and a different perovskite preparation involving two steps by immerging a pre-deposited PbI 2 film into a MAI solution in isopropanol [8]. The low V oc (993 mV) can be explained by the lack of a halide perovskite capping layer on the top of the meso-TiO 2 . Indeed, this increases the possibility of direct contact between TiO 2 and the Spiro-OMeTAD. Then, due to interfacial recombination, the V oc and the FF are reduced. In 2012, Etgar et al. demonstrated that the 3D perovskite MAPbI 3 can be considered as well as a HTM by obtaining an efficiency of 5.5% with a HTM free solar cell [9]. Therefore, it was possible to add a perovskite layer on the top of the mesoporous layer. Using a 200 nm perovskite capping layer avoiding contact between the TiO 2 and the HTM, Jeon et al. gained 16.5% efficiency with a J sc of 16.46 mA/cm 2 , a higher FF of 76% and a higher V oc of 1.08 V [10]. This type of cell configuration depicted in Fig. 4.1 can be called the standard mesoscopic structure.

More improvements were then achieved by using mix-cation perovskites. In 2015, Jeon et al. reported an efficiency of 17.9% using a mixture of the MAPbBr 3 and FAPbI 3 perovskites to promote the J sc to 22 mA [11]. Indeed the efficiency can be increased by reducing the band gap energy of the 3D perovskite MAPbI 3 (1.5-1.6 eV) which allows collecting a broader solar spectrum. FAPbI 3 has a lower band gap energy than MAPbI 3 thanks to the higher ionic radius of FA and has therefore a band gap energy closer to the optimum bandgap energy for a single junction. However, the FAPbI 3 phase is not stable. The mixture of the perovskite aims at stabilizing the FAPbI 3 phase. In 2016, Bi et al. obtained an efficiency of 20.8% using as well 4.1. Device Architectures a mixed-cation perovskite [12].

Furthermore, if TiO 2 is the characteristic ETM for standard structure-based perovskite cells, many HTM were tried out as alternative to the Spiro-OMeTAD [13][14][15]. For instance, Yang et al. reported an efficiency of 20.1% using the poly(triarylamine) (PTAA) as HTM [15].

Another important point to note is that the standard mesoscopic structure is generally subjected to hysteresis [10,16,17] but in the last reports with the best efficiencies, the solar cells exhibit negligible hysteresis [12,15,18,19].

Today, the best efficiencies are still obtained from the standard mesoscopic structure.

Planar Standard Structure

In the planar standard structure, the mesoporous TiO 2 is replaced by a planar ETM. The first planar perovskite solar cell was reported by Lee et al. in 2012 using a compact TiO 2 layer and a mesoporous Al 2 O 3 . They obtained an efficiency of 10.9% with a high V oc of 1.1 V. [20] Even if they employed a mesoporous Al 2 O 3 , the cell can be considered planar because the Al 2 O 3 was acting as an inert scaffold and not as an ETM. Indeed Al 2 O 3 was used to structure the perovskite and to force the electron to be transported through the perovskite.

The efficiency was then improved to 15% in 2013 by Liu et al. using the same device configuration but with the halide perovskite prepared with co-thermal evaporation of MAI and PbI 2 [21]. Later, solar cells using planar TiO 2 without Al 2 O 3 scafold were also reported.

For example, Zhou et al. reported an efficiency of 19.3% using Yttrium-doped TiO 2 (Y-TiO 2 )

to enhance the electron extraction and transport and also a perovskite film growth under controlled humidity conditions [22].

Besides TiO 2 , other oxides have been reported as well. For example, Liu et al. achieved 15.7% efficiency using pre-synthetized ZnO nanoparticles as planar ETM [23]. In addition, the ZnO deposition method does not require either sintering or annealing step which is a significant advantage compared to the mesoporeous TiO 2 which requires usually high temperature sintering steps. Planar standard structures are known to exhibit as well hysteresis, especially for TiO 2based cell [17,22,28] However, SnO 2 or C60-based devices seem to be less subject to hysteresis [25,27].

Inverted Structure

The inverted planar structure configuration is issued from organic solar cells. A schematic structure of a typical organic solar cell called bulk heterojunction (BHJ), is shown in Fig. 4.2.a: the cell consists of two electrodes, a planar hole selective material (PEDOT:PSS) and a mixture of an organic n-type material (PCBM) with a polymeric p-type material (P3HT). The light is mostly absorbed by the p-type material which is excited, then a charge transfer occurs to the n-type material. The p-type (n-type) material is generally called the electron donor (acceptor) material. This kind of cell is called bulk heterojunction (BHJ) solar cell because the photoabsorber layer is composed of a mixture of the acceptor and donor materials.

The perovskite inverted structure is based on the same configuration, except for the bulk heterojunction photo-active material which is replaced by a perovskite layer and an electron selective layer. Inverted structure offers a large choice of HTM: it can be an organic HTM
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annealing to increase the grain size of perovskite and reached 15.6% of efficiency [44].

Similarly, Nie et al. obtained 18% efficiency devices thanks to mm grain size grown using hot-casting deposition [32]. Another example, Dong et al. used multi-cycle coating to improve the grain size and the perovskite cristallinity and gained 18.9% efficiency [45].

Oxide HTM were as well reported for the inverted structure [46,47] 2% efficiencies for 1 cm 2 and 0.1 cm 2 area solar cell, respectively, using NiO deposited by electrochemical deposition [48]. Thanks to a better band alignment with 3D perovskites such as MAPbI 3 , NiO-based solar cells lead to higher V oc than PEDOT:PSS solar cell [48,49]. In addition, it also leads to more stable devices [34,50,51].

For inverted structures, fullerenes ETM (e.g., C60 and PCBM) are generally reported [32,45,48]. However, there are reports with other ETM such as ZnO. For example, You et al.

demonstrated in 2015 a 16.1% of efficiency perovskite-based solar cell with NiO and ZnO nanoparticles as HTM and ETM, respectively [52]. The device exhibited a better stability by using oxides for both transport materials compared to devices using organic transport materials.

Although, record perovskite-based solar cells are in the standard structure configuration, the inverted structure-based solar cells, have some advantages such as beeing less affected by hysteresis [32,48,53].

Perovskite Deposition Methods

One of the advantages of hybrid perovskites is the versatility in their growth techniques [54,55]. Perovskite thin films can be deposited using chemical or physical deposition methods or a combination of them. There are three main different film deposition methods: one-step precursor solution deposition [6], two-step sequential deposition [8] and dual-source vapor deposition [21]. This section will offer a description of these different methods. The 4.2. Perovskite Deposition Methods last part will be dedicated to other techniques that are low-cost and scalable.

One-step Precursor Deposition

The first halide perovskite solar cells were fabricated using halide perovskite layers deposited via a one-step spin-coating deposition [1]. For this method, a precursor solution is first prepared by mixing the powder of an organic cation (e.g., MAI, FAI and MACl) with an inorganic salt (e.g., PbI 2 , PbCl 2 and PbAc) into a high boiling point aprotic polar solvent (e.g., DMF, DMSO, NMP). The solvent choice is important because one needs to consider the solubility of each chemicals. In addition, a high boiling point solvent is preferable to achieve a good crystallization. The organic cation and inorganic salt can be mixed following the stoichiometry or not. Furthermore, several organic cations or inorganic salts can be mixed in order to obtain mixed-halide, mixed-cation or alloy perovskites. For this technique, the nature and the temperature of the substrate, the composition, the concentration and the temperature of the solution and the spin-coating parameters such as the rotating speed are relevant parameters. For example, the layer thickness can be controlled by changing the speed, the concentration of the solution, or the substrate temperature. Another example, lead acetate requires a lower temperature than lead iodine to form the perovskite.

Therefore a reduce temperature can be employed for the deposition or the annealing step [57].

Perovskite Deposition Methods

during the spin coating to promote the formation and crystallization of the perovskite. Jeon et al. reported in 2014, an efficiency of 16.2% by using this method. They dropped the toluene anti-solvent while spinning a precursor solution containing MAI and PbI 2 [10]. Later they improved the efficiency to 18.5% using the mixed FAPbI 3 /MAPbBr 3 perovskite [11].

Another method was proposed by Nie et al. in 2014: the hot-casting method [32].

Millimeter-scale grains and pin-hole free perovskite films could be obtained by pre-heating the substrate to 160-190 • C right before the spin-coting of the precursor solution which was also preheated to 70 • C. The hot-casting method is the deposition method used for the experimental results presented in the next chapter.

Sequential Deposition Method

The two-step sequential deposition method was first developed by Then, the film was taken out of the solution and rinsed with the same solvent to remove the organic cation excess. For instance, to grow MAPbI 3 , pre-deposited PbI 2 film was dipped into a MAI isopropanol solution. Subsequently, after the dipping, the film turned black indicating the formation of the perovskite. One to three hours were necessary for a complete reaction instead of one to three minutes for the 2D halide perovskites. After the dipping, the film is dried in vacuum for 10 min to remove the solvent. An alternative way is to anneal it on a hot plate.

This technique is simple to set up: the only parameters are the choice of the solvent, the organic cation chemical concentration and the time. The solvent should dissolve well the organic cations but not the inorganic salt. Sometimes a mixture of solvents may be needed to fulfill this criteria. For instance, a mixture of isopropanol/toluene was required to grow 

Dual-Source Vapor Deposition

Perovskite deposition by thermal vacuum evaporation was first reported by Era et al. in 1996 [61]. Layered perovskite films were grown by dual-source vapor deposition with the simultaneous deposition of the lead salt PbI 2 and the organic CH 5 C 2 H 4 NH 3 I cation. In this article, they also demonstrated the formation of the 3D perovskite MAPbI 3 using the same method. Fig. 4.5 shows a schematic illustration of a dual-source thermal evaporation system.

Later, in 1999, Mitzi et al. proposed to synthesize layered perovskite thin films with only one source using single source thermal ablation (SSTA) technique [62]. The chemical compounds were heated at high temperature (e.g., 1000 • C) which enabled their simultaneous evaporation by ablation and then the formation of a perovskite film on the substrate. It had the advantage that there is no need to balance deposition rates from multiples evaporation source.

The first solar cell with vapor-deposited perovskites was reported by Liu et al. in 2013 [21].

Dual-sources of MAI and PbCl 2 were used to grow uniform perovskite films on compact TiO 2 with a best efficiency of 15.4%.

Later, Malinkiewicz et al. demonstrated inverted structure-based perovskite cells using the same technique given an efficiency of 12% [43].

The co-evaporation technique has several advantages: the thickness and the smoothness can be monitored. However, it is difficult to balance the evaporation rates of each chemical TCO are mostly deposited on glass substrates but can be also deposited on polymer substrates such as polyethylene terephthalate (PET) or polyethylene naphthalate (PEN) to prepare flexible solar cells [77].

Here, one by one inch pre-patterned ITO and FTO glass substrates were used. FTO substrates were used for solar cells involving spray coating and ITO for the other solar cells.

Substrate Cleaning and pre-Treatment.

Cleaning is an essential step to provide a good wetting for the next deposited layers and also avoid pinholes. Substrate cleaning was done by bath sonication for 15 min in aqueous soap, distilled water (DI Water), acetone and isopropanol, respectively. After the sonication in one solvent, substrates were rinsed with the next solvent.

Substrates were then dried on a hot plate at 90 • C. This cleaning process allows to remove the residual glass particles, the grease, the organic particles and other particles present at the surface of substrates.

Just before the deposition of next layer, an UV/ozone treatment was carried out for 3 min.

The UV/ozone treatment allows a better cleaning of the substrates by removing a variety of contaminants present at the surface [78] and helps to improve the wettability of the surface.

Bottom Transport Material Deposition

Prior to the perovskite deposition, a transport material layer was deposited: an ETM (e.g., TiO 2 , SnO 2 ) for the standard structure-based devices and an HTM (e.g., PEDOT:PSS, NiO)

for the inverted structure-based devices.

Substrates were then transferred to an Argon-filled glove-box prior to the perovskite deposition.

Solar Cell Fabrication Processes

NiO

NiO is a metal oxide HTM. Two different precursors were employed: nickel(II) chloride hexahydrate and nickel(II) acetate tetrahydrate. In addition, a small amount of lithium perchlorate was used as doping agent. The precursor solution was prepared from dissolution of a nickel precursor with the dopant into water. The solution was then sonicated for 15 min.

NiO layers were deposited using the spray-pyrolysis technique. A 0.001 M precursor solution was spray-coated onto a 280-450 • C heated substrate. Then, a sintering step was eventually performed.

A more detailed description of the spray-coating technique is given in the next section.

TiO 2

TiO 2 is a metal oxide ETM. The precursor solution was prepared from dissolution of titanium diisopropoxide bis(acetylacetonate) in ethanol.

TiO 2 layers were then deposited using the spray-pyrolysis technique. A 0.01 M precursor solution was spray-coated onto a 500 • C heated substrate.

A more detailed description of the spray-coating technique is given in the next section.

SnO 2

SnO 2 is a metal oxide ETM. The precursor solution was prepared from the dissolution of tin(II) chloride in ethanol.

SnO 2 layers were deposited in air by spin-coating a 0.1 M precursor solution with speed of 2000-5000 rpm during 30 seconds. The layers were then annealed in air for 1 hour at 180

• C.
Graphene Oxide and Reduced Graphene Oxide 5-10 nm thick graphene oxide and reduced graphene oxide were prepared following the method described by Hisato et al. [79]. Reduction was carried out using hydrazine. See the 

Perovskite Layer Deposition

The precursor solution was prepared by dissolving 250 mg of lead(II) iodide (PbI 2 ) with 86.2 mg of methylammonium iodide (MAI) in 0.5 mL of anhydrous DMF and 0.5 mL of DMSO.

The solution was then mixed at room temperature at least 24 hours prior to the deposition.

The deposition was carried out inside the glovebox using the hot-casting method. The substrate and the precursor solution were preheated to 160 • C and 80 • C, respectively. The preheated substrate was then transferred to the spin-coater and subsequently the precursor solution was dropped onto the substrate using a pipette followed by the spinning. The spinning speed was 5000 rpm.

Few seconds after the drop-casting of the solution, the perovskite film start to form and the temperature quenches rapidly. A change of color was observed from the yellow to a dark brown color which is the characteristic color of MAPbI 3 .

After spinning, the substrate was removed from the spin-coater and then annealed for 10 min at 100 • C to remove the residual solvent.

Top Transport Material Deposition

After the perovskite deposition, another transport material layer was deposited: an HTM (e.g., Spiro-MeOTAD, P3HT) for standard structure and an ETM (e.g., PCBM, C60) for the inverted structure.

This deposition was carried out inside a glove-box or an evaporation chamber.

PCBM

PCBM acts as an ETM (see the chemical formula in Appendix D). 20 mg of powder of PCBM was dissolved in 1 mL chlorobenzene to prepare the PCBM solution. The solution was then mixed at room temperature for at least 24 hours.

Solar Cell Fabrication Processes

The PCBM layer was deposited by spin-coating. A first step at 500 rpm for 5 sec was followed by a second step at 1000 rpm for 30 sec.

Samples were then ready to be transferred to an inbuilt thermal evaporation chamber for the contact deposition.

C60

C60 is an organic ETM (see the chemical formula in Appendix D). 80 nm of C60 were deposited using thermal evaporation. Samples were transferred to an inbuilt thermal evaporation chamber. The chamber was then pumped down to at least 1e-7 Torr. An approximate rate of 0.5 Ang/s was used.

Spiro-OMeTAD

Spiro-OMeTAD is an organic HTM (see the chemical formula in Appendix D). Spiro-OMeTAD solution was prepared by dissolving 40 mg of Spiro-O-METAD, 28.8 µL of 4-tertbutylpyridine and 17.5 µL of a 400 mg/mL concentrated lithium bis(trifluoromethylsyfonyl)imide salt in acetonitrile solution, in 1 mL of chlorobenzene. Other Spiro-OMeTAD concentration solutions were prepared respecting this stoichiometry.

The solution was then spin-coated by rotating the substrate at 2000 rpm during 30s inside the glovebox. An air or an O 2 exposure in light or in dark was then used for the oxidization of Spiro-OMeTAD as described in the next chapter.

P3HT

P3HT is an polymeric HTM (see the chemical formula in Appendix D). P3HT solution was prepared by dissolving 15 mg of P3HT in 1 mL of anhydrous chlorobenzene.

The film was then deposited by spin-coating at 1500 rpm speed for 30 s.

Contact Evaporation

The deposition of the contacts was performed by thermal evaporation. The samples were transferred to an inbuilt thermal evaporation chamber. The chamber was then pumped down to at least 1e-7 Torr for the deposition of the metal. A shadow mask was used to defined 10 solar cells of active area 0.03 cm 2 for each substrate.

For the standard structure, 120 nm of silver were deposited. For the inverted structure 120 nm of aluminium were deposited. After the contact deposition, the chamber was brought back to atmospheric condition and the substrates were removed.

A rate of 0.2 Ang/s was used for the first 20 nm and was then increased to 2-3 Ang/s.

Encapsulation

After the contact evaporation, samples were encapsulated to prevent degradation from oxygen and moisture expositions [80]. Indeed solar device characterizations were performed in atmospheric condition.

Encapsulation was carried out using an epoxy glue and a 18 by 18 mm microscope cover glass to cover the solar cell contacts. The epoxy was then dried by exposition to UV during about 30 min.

Spray Coating Technique

The chemical spray pyrolysis technique (SPT) has been one of the major techniques to produce thin films during the last forty years [81].

The SPT was first developed to deposit thin films of sulfides and selenides for applications such as photoconductors and thin film solar cells [82]. For instance, in 1966, Chamberlin et al.

reported a 4% efficiency solar cell using CdS-Cu 2-x S as an active layer which was prepared using SPT [83]. Since then, the technique has been applied to deposit a wide variety of thin films such as:

Spray Coating Technique

• Oxides: SnO 2 [84,85], ZnO [86,87], TiO 2 [88,89], MoO 3 [90], NiO [91], MgO [92].

• Mixed oxides: KTiOPO 4 [93], Pb[Zr x Ti 1-x ]O 3 PZT [94].

• Chalcogenides: CdS [83,95], CdSe [96].

• Ternary and quaternary chalcogenides: CuInSe 2 [97], Cu 2 ZnSnS 4 [98].

• Superconducting oxide: Y-Ba-Cu-O [99].

Working Principle

In the spray pyrolysis deposition process, a precursor solution is being sprayed onto a heated substrate where the chemical compounds within the solution react to form the final chemical product.

To ensure a good uniformity, the precursor solution needs to be atomized to obtain micrometer and submicrometer size droplets. To achieve the atomization, several techniques have been developed. Among them there is the pneumatic spray where the precursor solution is pulverized by means of a neutral gas. Another technique, which is used in this work, is the ultrasonic nebulized atomization which uses high frequency sound vibrations to achieve atomization.

In Fig. 4.6 is shown a schematic illustration of the SPT system, called spray-coater, used to deposit NiO and TiO 2 films which are presented in the next chapter. It consists of a spray nozzle mounted on a 3-axis robot which allows spraying over substrates of different areas and varying the distance between the nozzle and the sample. Different types of nozzles can be used depending of the application needed. Here, the nozzle used was the Impact Ultrasonic Nozzle from the Sono-tek company which allows uniform coatings. With this type of nozzle, the spraying is conical with an elliptic surface shape. More information about the spray-coating system and the Impact Ultrasonic Nozzle can be found in Appendix C.

The nozzle was supplied with a solution to spray from an inlet connected to a syringe which contains the precursor solution. The precursor flux was controlled by a syringe pump. To assure atomization by sonication, the nozzle was also connected to a power supply. In addition, the nozzle was also relied to a compress gas which played the role of a carrier gas (i.e., focusing the atomized spray on the sample). In our case, nitrogen was used as a carrier gas.

The substrate was located on a hot plate which maintained the substrate temperature selected for the whole process. All the set-up was in a fully enclosed box which was ventilated to protect users from exposure to nanoparticles and chemical vapours. More information about the system and the nozzle used can be found in the appendices.

Spray Coating Technique

Spray-Coating Parameters

Film quality depends strongly on the spray process variables and parameters. Therefore, it is important to understand the impact of each variables and parameters on the coating to reach optimal performances. The essential parameters can be listed:

• The precursor solution: solvent, chemical precursors and dopants, temperature and concentrations.

• Nozzle parameters: power, precursor solution rate and gas carrier pressure

• Nozzle position: path, path speed, distance between the substrate and the nozzle and number of cycles.

• Gas atmosphere: carrier gas type.

• Substrate: type and temperature.

• Post-treatment: sintering and other treatments.

For example, the spray rate and the solution concentration are parameters which can be used to control the uniformity of the film. They also impact the final thickness. Another example is the choice of precursor and of the substrate temperature which influences the quality of the final product (e.g., composition, cristallinity).

All these parameters have been optimized in order to obtain an oxide film (i.e., NiO and TiO 2 ) that could lead to working perovskite solar devices. Some parameter optimizations such as the substrate temperatures, the choice of precursor or the thickness are shown in the next chapter.

Precursor Solution

The choice of the chemical precursor depends on the expected final product. Indeed, the chemical and the degradation reactions of the precursor during the process should lead to 111 4. PHOTOVOLTAIC DEVICE ARCHITECTURES AND FABRICATION PROCESSES this final product. In addition its quality is important because the impurities contained in the precursor solution will impact the film purity.

The solvent choice is primordial: It should well dissolve the chemicals (i.e., precursor and dopants) and the solution obtained should be stable. Its boiling point has also an influence on the spray and on the quality of the films. Indeed, it affects directly the amount of solvent present in the spray when it reaches the substrate and also how fast the solvent will evaporate on the substrate. Solvents such as water and ethanol are likely to be chosen instead of isopropanol, toluene or acetone for being less toxic.

The concentration of the precursor is one of the main parameter of the SPT. Indeed, it influences the roughness, the thickness and the crystals size of the film [100][101][102][103].

Moreover, dopants can be added to the solution to tune the physical and optical properties of the final compound.

In this work, nickel(II) chloride hexahydrate and nickel(II) acetate tetrahydrate were used as precursors to obtain NiO thin films. 0.001 M solutions in water were prepared and 5w% of lithium perchlorate were added as dopant. Concerning TiO 2 films, titanium diisopropoxide bis(acetylacetonate) precursor was employed without any dopant and 0.01 M solution in ethanol were prepared.

Nozzle Parameters

The Nozzle power acts on the degree of atomization: here a power of 1.5 Watt was enough.

The gas carrier pressure was chosen in order to ensure that the atomized spray reaches the substrate. But it was possible to increase it for a high velocity impact of the spray onto the substrate.

The precursor solution rate controlled by a syringe pump influences directly the amount of solution sprayed on the substrate. Therefore, it impacts the thickness and the smoothness of the film. The flow rate should be in the flow rate range of the nozzle. In addition it should be low enough to avoid a solvent accumulation on the substrate.

Spray Coating Technique

For both TiO 2 and NiO deposition, a precursor flux of 1 mL/min was selected.

Nozzle Position

The nozzle was mounted on a 3-axis robot to assure a complete coverage of the sample. The distance between the sample and the nozzle was set to 6 cm. At this distance the elliptic spray pattern was large enough to cover the 1 by 1 inch substrate in one direction (Fig. 4.6).

Therefore, the nozzle was moved only in the x-direction and was then moved in back and forth to cover all the substrate. The path speed was selected to 20 mm/s. One cycle consisted of several back and forth motions (around 15) for a total time of 1 minute.

Typically, for one sample, 10 cycles were employed. It corresponds to a deposition time of 10 min and 10 mL of precursor solution.

Gas Atmosphere

Atmospheric conditions during the process can have an influence on the properties of materials such as oxide [81]. In our case, the setup enclosed box was in air. However, it was possible to locally control the atmosphere with the carrier gas that transport the spray to the solution. In our case, nitrogen was used as gas carrier.

Substrate Conditions

The nature of the substrate can influence properties of the film deposited by spray pyrolysis [101,104]. In our case, glass substrates was used for XrD measurements and FTO-coated glass substrates for the solar devices.

The temperature of the substrate is also one of the main parameters as we will see in the next chapter. It influences the crystallinity and also the quality of the films [102,105,106].

Here temperatures of 280 • C or 450 • C were used for NiO deposition and a temperature of 500 • C for TiO 2 deposition.
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Post-Treatments

Several post-treatments can be employed after the deposition such as sintering, O 2 -exposure and UV-ozone treatment [81,100]. Here only sintering was explored for NiO samples as shown in next chapter.

Advantages of the Technique

SPT has a number of advantages:

• All the elements necessary are contained in the solution. It is also an easy way to dope materials.

• No vacuum is required.

• Moderated temperatures are used (up to 500 • C).

• The deposition rate and the thickness are easily controlled.

• No high quality substrate is required.

• Large areas can be produced which is a great advantage for future industrialization.

• Various chemical compounds can be deposited.

Characterization Techniques

JV Electrical Characteristics

Current-voltage curves were collected using a Keithley 2100 source meter under simulated air mass 1.5 irradiation (100mW/cm 2 ) using a xenon lamp which was calibrated by a reference silicon diode. The scan rate was 10 ms.

Conclusion

EQE Measurements

External Quantum Efficiency (EQE) measurements were performed using a NIST calibrated monochromator (QEX10, 22562, PV measurement INC.) in an AC mode. The light intensity was calibrated with a NIST calibrated photodiode (91005) prior measurement. The monochromater was chopped at a frequency of 150 Hz. The integrated software calculated the quantum efficiency using the photocurrent measured for the perovskite device and for the standard reference cell.

X-ray Diffraction

X-ray Diffraction measurements were made on the Rigaku Ultima III diffractometer that uses a fine line sealed Cu tube Kα (λ= 1.5406 Ang) X-rays. The generator is a D/MAX Ultima series with a maximum power of 3 kW. The samples were mounted on a background-less Silicon slide that was placed on top of a Thin-Film stage that was aligned for maximum sample height and X-ray intensity. Data were collected in continuous scan mode in parallel beam slit geometry over the 2-theta range.

Other Techniques

AFM images were collected from a Veeco EnviroScope atomic force microscope with the tip in tapping mode.

Transmittance measurements were performed using the double-beam V-730 UV-Visible Spectrophotometer from Jasco. The range was set from 200 nm to 1000 nm.

Optical microscope images were collected using an Olympus BX51M microscopy.

Thicknesses were measured with a profilometer.

Conclusion

The different device configurations of perovskite solar cells were presented: the standard structure and the inverted structure. Several methods to deposit the perovskite layer were also Chapter 5

Interfacial Layers for Perovskite-Based Solar Cells

In the previous chapter, we illustrated various ways to deposit perovskite materials, to fabricate solar cells as well as the various device architectures. We saw that these structures require a hole and an electron transport materials.

To obtain a good efficiency, perovskite solar cells required the use of an electron and an hole transport layers. These interfacial layers that sandwich the perovskite photoabsorber between two electrodes are known under several denominations in the literature: electron (hole) transport layer (ETL, HTL), electron (hole) transport materials (ETM, HTM) and electron (hole) blocking layer.

At the interface between the perovskite and the ETL (HTL), electrons (holes) are collected and holes (electrons) are blocked. This process allows the separation and the collection of the photo-generated charge carriers. After collection, the carriers then need to be transported (CB) or valence band (VB). As mentioned previously in the introduction, the rich chemistry of perovskites allows tuning their band gap energy and therefore the positions of their CB and VB. Consequently, the transport layers that are well adapted to one perovskite photoabsorber will not necessarily match with another perovskite.

In Fig. 5.1, the energy levels of several perovskite photoabsorbers are shown for different HTMs and ETMs. As we can see, perovskite devices offer a large variety of interfacial layers from different nature such as organic/polymeric (e.g., PCBM, PEDOT:PSS) or oxide (e.g., TiO 2 , NiO) materials. For example, NiO (HTM) is well aligned with the VB of MAPbI 3 , which is not the case for P3HT. The combination of P3HT and MAPbI 3 leads to a lower V oc .

Besides the work function, other parameters are crucial for suitable interfacial layers such as optical and electrical properties. Indeed, the photoabsorption of these interfacial materials should be as low as possible in order to maximize the light power that can be absorbed by the perovskite layer. In addition, good carrier mobilities are required to transport the charge carriers to the electrode for extraction. If the transport is hindered, the current that can be extracted from the solar device is lower. It may also create charge accumulations that can change the electrical properties at the interface and lead to surface recombination. Hence, the work function, the electrical and the optical properties are all important parameters to take into account when choosing an interfacial layer. Moreover, doping or surface treatments may be used to change the material properties.

Another important point, especially for flexible devices or more complex structures such as tandem cells [2], is the interfacial layer deposition process. For instance, tunnel junctions used in Si-perovskite tandem are not stable at high temperatures [3]. Therefore, the choice of interfacial layers is limited in practice. Oxide interfacial layers can raise problems because they generally required high temperatures. The process choice matters as well for upscaling.

In the future, for the manufacture of perovskite panels, the deposition techniques should be inexpensive and also on large scale. Spray-pyrolysis is used to deposit NiO and TiO 2 interfacial layers in the present work.

In this chapter, several electron and hole interfacial layers are studied. Firstly, we focus on the TiO 2 ETM deposited with spray pyrolysis method and the problematic linked to the preparation of the Spiro-OMeTAD HTM. Then, preliminary results concerning the use of an alternative ETM SnO 2 are presented. Afterwards, we investigate the preparation of NiO with spray pyrolysis and its use as HTM for inverted structure devices. Finally, the use of graphene as interfacial layer is also presented.

Titanium Oxide as Electron Transport Layer

Titanium oxide has been extensively used for dye sensitized solar cell, notably for its n-type electronic properties [4][5][6]. Indeed, in the operation mechanisms of DSSC, following the photo-excitation of the dye sensitizer, excited electrons are injected into the conduction band of the TiO 2 before being transported to the anode for extraction. Both anatase and rutile TiO 2 polymorphs have been studied in DSSC [7,8].

Concerning perovskite solar cells, even though some papers have reported the use of rutile [9], anatase is the more commonly used polymorph of TiO 2 because of a better band alignment with perovskites: anatase conduction band is about 4.0-4.1 eV [10][11][12][13] which aligns well with the conduction band of perovskites such as MAPbI 3 and FAPbI 3 [10,12,13],

whereas the rutile conduction band is estimated to be 0.2 eV below that of anatase [14]. Lee et al. have indeed compared perovskite-based devices made with both polymorphs and found that rutile lead to a lower V oc [9].

As explained in the previous chapter, TiO 2 is the reference ETM for perovskite cells in the standard configuration, both for the mesoscopic and planar structures.

In this section, we report results concerning planar standard structure devices made from TiO 2 anatase prepared with spray-pyrolysis. In addition, doping of Spiro-OMeTAD HTM is investigated as well.

Anatase Deposition via Spray Pyrolysis

Compact planar TiO 2 layers can be prepared by various methods, such as spray-pyrolysis [15][16][17][18][19][20][21][22][23][24][25][26], spin-coating [27][28][29][30] and atomic layer deposition (ALD) [31].

For perovskite solar cells, the spray pyrolysis technique is generally used to deposit a dense TiO 2 blocking layer to prevent direct contact between the FTO and the perovskite or the HTM in mesoscopic devices. For example, Saliba et al. deposited 30 nm of compact TiO 2 via spray pyrolysis at 450 • C from a precusor solution of titanium diisopropoxide bis(acetylacetonate) in anhydrous ethanol, followed by a sintering step at 450 • C for 45min [17].

Titanium Oxide as Electron Transport Layer

However, for planar devices, the TiO 2 is usually deposited using spin-coating. For instance, Liu et al. reported the use of a compact TiO 2 layer prepared by spin-coating an acidic solution of titanium isopropoxide in ethanol followed by an annealing step at 150 • C for 10 min before a sintering step at 500 • C for 30min [30].

Several precursors can be used to prepared anatase via spray pyrolysis such as titanium(IV)bis(acetylacetonate) diisopropoxide [16,17], titanium acetylacetonate [19], titanium tetrachroride [21] and titanium diisopropoxide [20]. However, they also observed the apparition of a rutile peak which may be explained by the used of O 2 as gaz carrier [20]. In our case, neutral gas nitrogen has been used.
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mechanism is not fully understood yet.

On one hand, Snaith et al. attributed the conductivity improvement to an increase of the disorder in the film while adding the LiTFSI: the hole transport takes place via hopping between sites which were previously acting as traps [38].

On the other hand, Cappel et al. linked the presence of oxidized Spiro-MeOTAD to its doping. They indicated that the doping of the Spiro-MeOTAD (i.e. presence of oxidized Spiro-MeOTAD) was necessary for a working ss-DSSC [39,40]. They showed that the doping process required the presence of both oxygen and LiTFSI: they built a ss-DSSC in a nitrogen-filled glovebox and obtained an efficiency close to 0% whereas the same device made in air reached 4% of efficiency. In addition, they observed that the absence of LiTFSI led to a poor doping level of Spiro-OMeTAD.

Similar results were also reported by Abate et al.: they showed that Spiro-OMeTAD with and without Li-TFSI deposited in N 2 exhibited approximately the same conductivity. Once exposed to air, the Spiro-OMeTAD with Li-TFSI displayed a fast increase of its conductivity before reaching the same value as the sample processed in air. Instead, the sample without Li-TFSi exhibited no improvements [41].

Another interesting paper reported that exposition to H 2 O or O 2 lead to an improvement of the LiTFSI-doped Spiro-OMeTAD conductivity by one order or two orders of magnitude, respectively [42]. They also demonstrated using XPS that exposure to moisture leads to an irreversible redistribution of the LiTFSI across the spiro-OMeTAD. This is not observed for O 2 exposition where conductivity improvement was explained by O 2 doping.

As a conclusion, it appears that exposure to O 2 or air is necessary to improve the conductivity of LiTFSI-doped Spiro-OMeTAD. It also explains the poor efficiency reported in the 

Spiro-OMeTAD Treatments

The results presented above suggest the influence of O 2 , air and light on performances of LiTFSI doped Spiro-OMeTAD. In this section, different treatments were examined in order to elaborate a Spiro-OMeTAD preparation procedure for future experiments. As we can see, air-exposure without light was enough to improve the efficiency as compared with the device made in N 2 (Fig. 5.4.a and Fig. 5.4.c). In addition, the increase of air exposure time from 1 to 12 hours led to an improvement of the efficiency from 2.2% to 6.4% mainly due to the rise of the J sc from 15.1 to 20.4 mA/cm 2 . This observation is in agreement with Abate et al. who reported that an air-exposure of 3-4 hours was at least necessary to obtain a conductivity improvement for Spiro-OMeTAD [41].

Furthermore, both curves presented a s-shape deformation which was more pronounced for the device with only 1 hour-air exposure. S-shape deformation of JV characteristics was observed several times for organic solar cells and was attributed to surface dipoles [44,45].

Tress et al. showed by drift-diffusion simulations that S-shaped JV curves can be caused by a strong imbalance between hole and electron mobilities in planar heterojunction organic solar cells [46]. Moreover, Wagenpfahl et al. showed, by using numerical device simulation as 133
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In addition, both devices exposed to air in the dark, exhibited an improvement of their V oc which was not the case for the device exposed to air under illumination that already had a high V oc before 2 hours light-soaking. This pointed out the influence of the light on the perovskite-TiO 2 interface.

The best efficiency was obtained with an overnight air exposure in the dark with an increase of V oc and FF to reach 9.3%. An efficiency close to 8.6% was obtained after 1 hour air-exposure in the light. However, the later device exhibited a strong hysteresis with a reverse curve with S-shape. The exposure of Spiro-OMeTAD to light and air seems to lead to less stable devices.

In conclusion, a 12 hours air exposure in the dark leads to acceptable performances. This procedure was used for the experiments presented in the next part.

Transport Materials Thickness Optimizations

The thickness of interfacial layers is a significant parameter to optimize: if the film is too thick, the carrier transport resistance of the layer is high. On the other hand, if the film is too thin, the coverage may be poor leading to direct contacts between the electrode and the perovskite, thus leading to a higher surface recombination and a lower V oc . In addition, the thickness plays an important role regarding optical cavity effects [47,48].

In our case, both the TiO 2 and Spiro-OMeTAD thicknesses were optimized. At first, the variation of the thickness of Spiro-OMeTAD was obtained by using different concentrations of precursor solutions while keeping the spin-coating parameters unchanged. Fig. 5.6 displays the solar cell characteristic parameters (i.e., V oc , J sc , FF and efficiency) as a function of the Spiro-OMeTAD thickness. In every case, 10 solar cells, made from the same substrate, were measured in order to have an idea about the influence of the film inhomogeneity. It then appears clearly that a 90 nm Spiro-OMeTAD thickness gives the best performances thanks to higher J sc , FF but also V oc , even though the highest V oc was obtained with a thicker film. In addition, a better film uniformity was obtained for this film thickness. The solar cells obtained with the thinnest films exhibit the worst characteristics with a strong spread in the results. This can be improved by using a faster spin-coating speed instead of a lower concentration which typically leads to a better film quality. In the literature, film thicknesses of about 200-300 nm are generally used [18,28,49,50]. In the present work, a 180 nm Spiro-OMeTAD film thickness has a lower performance as compared to a 90 nm Spiro-OMeTAD. Such a difference can be inherent to the process used in this work for Spiro-OMeTAD. The film was prepared in N 2 atmosphere before being exposed to O 2 .

Obviously, the O 2 penetration inside a thicker film is more difficult.

Following the Spiro-OMeTAD thickness optimization, we also investigated the influence of the TiO 2 thickness. In the latter case, the thickness was monitored by changing the number of cycles during the spray-pyrolysis process. The solar cell characteristic parameters as a function of the TiO 2 thickness are shown in Fig. 5.7. There appeared to be a correlation between the J sc and the thickness: the thinner the film, the higher was the J sc current. As the thickness of the film decreases, the transport throught the film becomes easier. However, for very thin films, a decrease of V oc is observed which is likely to be explained by an incomplete coverage.

The best uniformity was obtained for the thicker films, which is consistent with the TiO 2 deposition process: a higher uniformity is expected by increasing the number of cycles. Best efficiencies were obtained with a 50 nm layer. This is in agreement with previous studies reported in the literature [51,52]. Zhou et al. investigated the influence of the TiO 2 thickness
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Hysteresis Issue

Anomalous current density-voltage (JV) hysteresis for perovskite solar cell was first reported by Dualeh et al. in 2014 [55] and then by many others [16,56]. The origin of the hysteresis has been investigated extensively. Several mechanisms have been proposed: Ferroelectricity with the polarization of perovskite dielectric domains [57][58][59], ion migrations [60][61][62][63][64][65] and the presence of charge trap states at the interfaces [66][67][68].

Interestingly, inverted structures which involved generally PCBM or C60 as ETM are less subject to hysteresis [69][70][71]. Shao et al. attributed the origin of hysteresis to the presence of trap states on the surface and grain boundaries of the perovskite. They showed that PCBM deposited on top of perovskite can reduce the trap density and therefore decrease the hysteresis [66].

There are several reports concerning the use of fullerenes as a passivation layer at the TiO 2 perovskite interface for perovskite solar cells in the standard configuration. Wohciechozski Fullerenes have been also used directly as ETM in replacement of TiO 2 . Ke et al.

demonstrated the benefit of vacuum-deposited C60 as ETM for planar standard configuration and obtained 15.1% efficiency with low hystereris [73]. A higher efficiency of 19.1% with negligible hysteresis was obtained afterwards by Yoon et al. also by using C60. Finally, they reported a 16.0% efficiency for a solar cell on flexible substrates [50].

A thin C60 layer on top of TiO 2 prior to the perovskite deposition has been added to decrease the hysteresis of our optimized device. The JV-characteristic of the best device is shown in Fig. 5.8.b. As we can see, the device displays a negligible hysteresis. However, 5.2. SnO 2 as Electron Transport Layer reduced performances are also observed due to a much more lower V oc . This could be explained by a poor band alignment between C60 and TiO 2 .

To conclude this section dedicated to TiO 2 -based planar devices, we demonstrated the use of spray-pyrolysis to deposit TiO 2 anatase for perovskite solar cells. In addition, we discussed about difficulties in preparing good quality Spiro-OMeTAD. We believe that in addition to the hysteresis issue, it represents another aspect that deserves further studies.

Indeed, Spiro-OMeTAD doping relies not only on several parameters such as the choice of dopant and its concentration but also on the process, the characterization and the storage conditions.

For that reason, some researchers have tried to find alternatives for Spiro-OMeTAD to the Spiro-OMeTAD precursor solution [74]. There are other reports using cobalt Co(III) complexes as p-type dopants [49,75]. This alternative leads to the best efficiencies reported with Spiro-OMeTAD as HTM. Alternatively, the Spiro-OMeTAD could be replaced by another HTM, for example, an oxide that would be more robust. In the next section, an ETM oxide is investigated, the SnO 2 .

SnO 2 as Electron Transport Layer

Tin oxide (SnO 2 ) is another transparent metal oxide that has been investigated as ETM, allowing reaching high efficiency planar perovskite-based devices in standard configuration [49,[76][77][78][79][80][81][82]. SnO 2 has some advantages over TiO 2 : it exhibits higher bulk crystal mobilities and it has a wider band gap which makes it more robust under UV illumination and also reduces photocurrent losses due to a lower absorption of higher energy photons by the ETM [83].

SnO 2 as Electron Transport Layer

ALD deposition has also allowed the employment of SnO 2 in monolithic tandem solar cells with a-Si as bottom-cell under the low temperature processing of SnO 2 that avoid damages to the stack [3].

Furthermore, the best efficiency was obtained by Anaraki et al. who proposed a two steps solution-process method to deposit SnO 2 . During the first step SnCl 4 in an alcoholic solution was spin-coated on the substrate, which was then dried at 100 • C for 10 min and then annealed at 180 • C for 1h. During the second step, samples were immerged in an acidic solution of SnCl 2 at 70 • C for 3 hours. By using a mixed cation and mixed halide perovskite material (MAFACsPbIBr), they obtained 20.7% of efficiency with a high V oc of 1.21 V. The devices also exhibit very low hysteresis [49].

In this section, we present the preliminary results obtained with SnO 2 as ETM. The SnO 2 layer was prepared using the method proposed by Ke et al. [76]: a solution of SnCl 2 in ethanol was spin coated, followed by annealing in air at 180 • C during 1h. The x-ray pattern of SnO 2 deposited with this method on a glass substrate is shown in Fig. 5.9.b. The film seemed to present an amorpheous structure. Indeed, temperatures higher than 300 • C are usually requiered to obtain a crystalline SnO 2 [84,85]. However, Ke et al. have showed through selective area electron diffraction (SAED) that the nature of SnO 2 was in fact nanocrystalline.

We have not checked out this point. However, we followed thoroughly the same process method.

Solar devices with a FTO/SnO 2 /MAPbI 3 (350 nm)/LiTfSI doped Spiro(90 nm)/ Ag(120 nm) structure were then fabricated (Fig. 5.9.a). The spin-coating speed was modulated at 2000 rpm and 4000 rpm respectively to provide two different SnO 2 thicknesses. As shown, the higher efficiency of 5.4 % was obtained with the thinner layer, due to a better fill factor. Both devices presented hysteresis which was also observed by Ke et al. [76] but not by Anaraki et al. who reported low hysteresis for spin-coated SnO 2 . This result can be explained by the difference of precursors (i.e., SnCl 4 instead of SnCl 2 ) and also by the use of a mixed cation perovskite that may lead to a more passivated SnO 2 interface [49].

Nickel Oxide as Hole Transport Layer

vapor deposition (sputtering) [99], galvanostatic electrodeposition [100], spin coating [69,88,101,102], combustion chemistry [103], pulsed laser deposition [104], electrochemical deposition [98] and spray-pyrolysis [90].

In this section, we investigate the benefit of using NiO prepared by spray-pyrolysis as HTM for inverted structure-based perovskite solar cells.

Substrate Temperature Dependence

In the literature, there are many reports concerning the deposition of crystalline NiO by spray pyrolysis technique [105][106][START_REF] Patil | Preparation and characterization of spray pyrolyzed nickel oxide (NiO) thin films[END_REF][START_REF] Raid | Preparation and characterization of nanostructured nickel oxide thin films by spray pyrolysis[END_REF][START_REF] Kadam | Studies on electrochromic properties of nickel oxide thin films prepared by spray pyrolysis technique[END_REF][START_REF] Kamal | Characterization of nickel oxide films deposited at different substrate temperatures using spray pyrolysis[END_REF][START_REF] Mahmoud | Opto-structural, electrical and electrochromic properties of crystalline nickel oxide thin films prepared by spray pyrolysis[END_REF][START_REF] Rayappan | Spray coated nanostructured nickel oxide thin films for ethanol sensing[END_REF][START_REF] Sriram | Structural, optical and electrical properties of NiO thin films prepared by low cost spray pyrolysis technique[END_REF][START_REF] Xie | Deposition and microstructural characterization of NiO thin films by a spray pyrolysis method[END_REF][START_REF] Denayer | Surfactant-assisted ultrasonic spray pyrolysis of nickel oxide and lithium-doped nickel oxide thin films, toward electrochromic applications[END_REF][START_REF] Sajilal | Effect of thickness on physico-chemical properties of p-NiO (bunsenite) thin films prepared by the chemical spray pyrolysis (CSP) technique[END_REF][START_REF] Wang | Nickel and nickel oxide nanoparticles prepared from nickel nitrate hexahydrate by a low pressure spray pyrolysis[END_REF][START_REF] Desai | Spray pyrolytic synthesis of large area NiO x thin films from aqueous nickel acetate solutions[END_REF][START_REF] Romero | Synthesis and characterization of nanostructured nickel oxide thin films prepared with chemical spray pyrolysis[END_REF]. A large choice of chemical precursors can be used such as nickel(II) chloride hexahydrate (NiCl 2 ) [105,[START_REF] Patil | Preparation and characterization of spray pyrolyzed nickel oxide (NiO) thin films[END_REF][START_REF] Kadam | Studies on electrochromic properties of nickel oxide thin films prepared by spray pyrolysis technique[END_REF], nickel(II) acetate tetrahydrate (NiAc) [START_REF] Rayappan | Spray coated nanostructured nickel oxide thin films for ethanol sensing[END_REF][START_REF] Denayer | Surfactant-assisted ultrasonic spray pyrolysis of nickel oxide and lithium-doped nickel oxide thin films, toward electrochromic applications[END_REF][START_REF] Romero | Synthesis and characterization of nanostructured nickel oxide thin films prepared with chemical spray pyrolysis[END_REF], nickel(II) nitrate hexahydrate [105,[START_REF] Wang | Nickel and nickel oxide nanoparticles prepared from nickel nitrate hexahydrate by a low pressure spray pyrolysis[END_REF] and nickel(II) acetylacetonate [106,[START_REF] Xie | Deposition and microstructural characterization of NiO thin films by a spray pyrolysis method[END_REF].

Here, NiO films were prepared using nickel acetate as precursor. Other NiO films prepared from nickel chloride will be presented in a next section. In addition, to the chemical precursor, a dopant was added to the solution to improve the conductivity of NiO. We chose for lithium fluoride as Li is a common dopant [START_REF] Lany | Origins of the doping asymmetry in oxides: Hole doping in NiO versus electron doping in ZnO[END_REF][121][START_REF] Sugiyama | Electrical properties of undoped and li-doped NiO thin films deposited by RF sputtering without intentional heating[END_REF].

As mentioned previously, the substrate temperature is a crucial parameter for spray pyrolysis technique: the temperature should be high enough to degrade the precursor. Desai et al. reported that a temperature above 330 • C was required to form crystalline NiO using thermogravimetric analysis [START_REF] Desai | Spray pyrolytic synthesis of large area NiO x thin films from aqueous nickel acetate solutions[END_REF]. 

NiO Thickness Optimization

As seen in the previous section, NiO absorption in the visible range is not negligible leading to a lower current. This optical loss can be reduced by using thinner NiO layer. Moreover, the use of a thinner layer reduces its resistivity. Here, the thickness of NiO was varied between 20 and 200 nm by using different number of cycles during spray coating. Interestingly, the V oc slightly decreases for the higher thickness contrary to what one might expect. The current is also higher for the 100 nm sample as compared to the 20 nm sample. It is possible that the NiO quantity has an influence on the crystallization process during the sintering step and therefore on the size of crystals and also their orientation. In this case, it would have an impact on the electrical properties of the film.

The EQE was then measured for the best devices made from 20, 50 and 200 nm NiO (Fig. We corrected the EQEs by normalizing their EQEs at the same level at 750 nm assuming 5. INTERFACIAL LAYERS FOR PEROVSKITE-BASED SOLAR CELLS lower J sc of 16.8 mA/cm 2 (compared to 18.4 mA/cm 2 ). The higher FF could indicate a better conductivity of NiO or a better quality of the spin-coated perovskite. The sample prepared at 450 • C is not shunted as observed with Nickel Acetate precursor and displayed a better V oc of 1.04 V but a lower efficiency of 10.8% due to a lower FF and J sc .

We can draw a parallel between the difference of V oc and the observed preferred crystal orientation. It could indicate that a higher work function is obtained. Therefore, substrate temperature process of NiO, as well as the choice of the precursor, are significant parameters that can influence the NiO properties. In addition, other parameters such as precursor spray flux and concentration can also influence these properties.

NiO Nanoparticles for Low Temperature Process Deposition

The spray pyrolysis technique presents a major drawback because it requires high temperatures. This is also an issue for other techniques used to deposit NiO such as spin coating [88,101] where deposition is followed by a sintering step. Besides increasing production cost, high temperatures processes are a limiting factor for the use of flexible substrates [START_REF] Kaltenbrunner | Flexible high powerper-weight perovskite solar cells with chromium oxide-metal contacts for improved stability in air[END_REF][START_REF] Macdonald | Latest advances in substrates for flexible electronics[END_REF]. For example, the glass transition of the polyethylene terephthalate (PET), a polymer used for flexible substrates, occures at 80 • C and PET starts to melt at 250 • C [START_REF] Macdonald | Latest advances in substrates for flexible electronics[END_REF]. In addition, low temperature processes are also required for multi-junction structures such as monolithic tandems because of thermal stability of pre-deposited layers [3,[START_REF] Forgács | Efficient monolithic perovskite/perovskite tandem solar cells[END_REF].

There are different solutions to process NiO at lower temperatures. For example, Jung et al. Finally, the best efficiency was 6.5% for a concentration of 1% of NiO NP. These preliminary results are much lower than those reported in the literature. However, improvements can be brought: for example, by increasing the spinning speed for higher NP concentrations, which should tend to a thinner and also a smoother film as compared to the ones obtained with lower NP concentrations. In conclusion, the use of NP NiO dispersion could allow reducing the process temperature. It is also compatible with the spray-coating technique which allows reaching larger sample areas at lower temperatures.

Reduced Graphene Oxide as Transport Layer

Graphene-based materials have shown potential for solar cell devices [START_REF] Singh | Graphene-based dye-sensitized solar cells: A review[END_REF][START_REF] Singh | Graphene-based bulk-heterojunction solar cells: A review[END_REF]. For example, graphene oxide (GO) has been used as HTM in BHJ organic solar cells as an alternative to PEDOT:PSS [START_REF] Shao-Sian | Solutionprocessable graphene oxide as an efficient hole transport layer in polymer solar cells[END_REF]. There are many reports of graphene-based perovskite solar cells [START_REF] Acik | Graphene in perovskite solar cells: device design, characterization and implementation[END_REF][START_REF] Batmunkh | Nanocarbons for mesoscopic perovskite solar cells[END_REF].

Graphene nanoflakes have been mixed to HTM or ETM such as TiO 2 [START_REF] Wang | Low-temperature processed electron collection layers of graphene/TiO 2 nanocomposites in thin film perovskite solar cells[END_REF][START_REF] Gill | Reduced graphene oxide/mesoporous TiO 2 nanocomposite based perovskite solar cells[END_REF], PEDOT:PSS [START_REF] Liu | Fine-tuning optical and electronic properties of graphene oxide for highly efficient perovskite solar cells[END_REF] and Spiro-OMeTAD [START_REF] Luo | Iodidereduced graphene oxide with dopant-free spiro-OMeTAD for ambient stable and high-efficiency perovskite solar cells[END_REF]. For example, Wang et al. obtained a 15.6% efficiency standard structure perovskite device using a mixture of nanoparticles TiO 2 with pristine graphene nanoflakes as ETM [START_REF] Wang | Low-temperature processed electron collection layers of graphene/TiO 2 nanocomposites in thin film perovskite solar cells[END_REF]. Graphene has also been used directly as HTM [START_REF] Wu | Efficient planar heterojunction perovskite solar cells employing graphene oxide as hole conductor[END_REF][140][START_REF] Yang | Graphene oxide as an efficient hole-transporting material for high-performance perovskite solar cells with enhanced stability[END_REF].

Wu et al. achieved 12.4% efficiency using 2 nm of grapene oxide (GO) as HTM in inverted structure [START_REF] Wu | Efficient planar heterojunction perovskite solar cells employing graphene oxide as hole conductor[END_REF]. Conversely, Yeo et al. reported the used of 3 nm reduce graphene oxide (RGO) as HTM in inverted structure and obtained a 10.8% efficiency with a V oc of 0.95 V as compared to a device with GO where 3.6% efficiency and 0.89 V was obtained [140]. However, the best efficiency was reported for a 2 nm GO layer with 16.5% of effiency [START_REF] Yang | Graphene oxide as an efficient hole-transporting material for high-performance perovskite solar cells with enhanced stability[END_REF]. Besides, graphene has been employed as transparent electrode. 17.1% was achieved with graphene deposited by CVD as a bottom contact instead of the transparent conductive oxide [START_REF] Sung | Transparent conductive oxide-free graphene-based perovskite solar cells with over 17% efficiency[END_REF].

This represents an interesting perspective since TCO are usually more expensive and the use of graphene could allow decreasing fabrication costs. Top contact graphene based-device was also reported with a 12% efficiency [START_REF] You | Efficient semitransparent perovskite solar cells with graphene electrodes[END_REF] which would make it a good candidate for

INTERFACIAL LAYERS FOR PEROVSKITE-BASED SOLAR CELLS

V is lower than 10 mA/cm 2 indicating a poor extraction of carriers. For the standard structure device a lower efficiency of 4.0% is obtained with a lower V oc . In addition, the device displays a strong hysteresis. The lower V oc of 0.59 V obtained compared to the V oc of 0.89 V obtained for the inverted structure tends to demonstrate that work function of RGO is more suitable for the use as HTM. Moreover, for RGO-based inverted structure, reducing the thickness of RGO should lead to higher performances. Indeed, as reported by Yang et al., the GO thickness is very critical parameters: using a 2 nm GO they obtained 16.5% efficiency when the 4 nm GO lead only to 9.2%.

To conclude this section, we fabricated perovskite devices using RGO as HTM or ETM and also showed that RGO was more suitable as a HTM.

Conclusion

As a conclusion, to this chapter, several interfacial layers have been investigated: TiO 2 , SnO 2 and RGO as ETM and NiO, NiO NP and RGO as HTM. For each one, we have obtained functional perovskite-based solar devices. These results illustrate the diversity of transport material that can be used for perovskite solar cells. In addition, we use the spray-pyrolysis technique to deposit NiO and TiO 2 oxides.

Chapter 6 General Conclusion and Perspectives

The purpose of this thesis was to investigate the optoelectronic properties of hybrid halide perovskite materials and their use in solar cells.

We have first presented the perovskite coumpound family and the solar cells in the first chapter. Then in chapters 2 and 3, we have scrutinized the optoelectronic properties of hybrid halide perovskites using density functional theory (DFT) and the SIESTA code. The structural properties, electronic band structures as well as the spin orbit coupling (SOC) and Rashba effects were detailed in chapter 2. Quantum confinement was then illustrated for superlattices and nanoplatelets of hybrid halide perovskites. The results showed that these structures lead to different properties (i.e., band gap energy tuning) which may be interesting for applications such as light-emitting diodes (LEDs).

In chapter 3, we have investigated the dielectric confinement in hybrid halide perovskite nanoplatelets and various layered hybrid halide perovskites. This investigation showed the differences in terms of dielectric properties between 3-dimension (3D) and 2D hybrid halide perovskites and demonstrated that 2D/3D materials have intermediate characteristics. Interfaces between CH 3 NH 3 PbI 3 perovskite and the interfacial layer TiO 2 were also investigated and preliminary results for other interfacial layers, NiO and SnO 2 , were given.

In chapters 4 and 5, interfacial layers which are essential for perovskite solar cell devices were investigated. We have described the various device architectures and perovskite growth 

Abstract

In the future, the world has to face up to major challenges: increasing the energy production, reducing the environmental impact, moving towards sustainability in energy, etc. Renewable energies such as photovoltaics can meet these challenges. This thesis concerns hybrid halide perovskite materials and their use in solar cells. These materials have recently attracted a lot of attention owing to their direct bandgaps, strong light absorption, large carrier diffusion lengths, tunable optoelectronic properties, and their facile and low-cost fabrication. In few years, their energy conversion eficiency has rapid increased from 3.8 % in 2009 to 22.7 % in 2017, hence approaching eficiencies of crystalline silicon based-devices which represent 90% of commercial photovoltaic cells.

In the design of perovskite cells, the perovskite photoabsorber is generally sandwiched by two interfacial layers that yield selective charge collections: the hole and electron transport layers (HTM and ETM). Good quality and adapted interfacial layers are required to obtained high eficiency cells.

In this thesis, both the perovskite material and the interfacial layers are investigated.

In the irst chapter, the perovskite compound family is introduced and generalities on solar cells and their working principle are given.

The chapters 2 and 3 concern the ab-initio study of hybrid halide perovskite materials using density functional theory (DFT) and the SIESTA computer program.

Their structural and electronic properties are described in the chapter 2.

The importance of the spin orbit coupling (SOC) is highlighted and the Rashba effect is also illustrated. Quantum coninement in superlattices and nanoplatelets of hybrid halide perovskites is investigated as well. In the chapter 3, the dielectric coninement in nanoplatelets and 2-dimensional (2D) derivatives of hybrid halide perovskites is studied using a method to compute dielectric proiles. An evaluation of the selfenergy corrections for nanoplatelets is also proposed. Furthermore, the interface between the CH3NH3PbI3 perovskites and the TiO2 ETM is investigated.

Finally, preliminary results on interfaces with another ETM, SnO2, and a HTM, NiO, are given.

In the chapters 4 and 5, the interfacial layers are investigated experimentally with the fabrication of perovskite devices. The two main solar cell conigurations (i.e., the standard and the inverted structures), the perovskite deposition and solar cell fabrication processes are described in the chapter 4. The spray coating technique used to deposit several interfacial layers is also presented.

In the chapter 5, experimental results on perovskite devices using TiO2 or SnO2 as ETM in standard structure and NiO as HTM in inverted structure are presented. Preliminary results on the use of reduced graphene oxides as transport materials are also presented.
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 12 Figure 1.2: Research cell record efficiency chart. Published by the NREL the 10/30/2017.

  example, Mitzi et al. reported the synthesis of tin-based layered hybrid halide perovskites, (C 4 H 9 NH 3 ) 2 (CH 3 NH 3 ) n-1 SnI 3n+1 , with different number of inorganic layers, n[48]. They demonstrated the material resistivity can be controlled and depends on n, the resistivity decreases when n increases, reaching the one of the 3D material CH 3 NH 3 SnI 3 (n → ∞).

Fig. 2 .

 2 Fig. 2.4 presents examples of layered hybrid halide perovskites. It illustrates that the choice of organic cations is wider than for 3D structures: it can be related to long or short aliphatic cations (Fig. 2.4.a and b) or aromatic cations (Fig. 2.4.c). An example of layered hybrid halide perovskite with n = 2 is also presented in Fig. 2.4.d. For more than one inorganic layer, materials are also named 2D/3D or quasi 3D, because they generally exhibit intermediate properties between the mono layered perovskite (n = 1) and the 3D counterpart (n → ∞) [48, 49, 51].

  Fig. 2.5.d. Conversely to CsPbI 3 , the band gap energy is located at the high symmetry Γ point.

Fig. 2 .

 2 Fig. 2.7 shows the band structure dispersion of MAPbI 3 with and without SOC. The SOC inclusion operates mostly on the CB and leads to [52]:

2. 3 .Figure 2 . 7 :

 327 Figure 2.7: Band Structures of CH 3 NH 3 PbI 3 with and without SOC.

3 cell and three CH 3 NH 3

 33 PbBr 3 cells (SL1) and also from one CH 3 NH 3 PbI 3 cell and one CH 3 NH 3 PbBr 3 cell (SL2) are shown in Fig. 2.9. These structures were built from the low-temperature orthorhombic phases of CH 3 NH 3 PbI 3 and CH 3 NH 3 PbBr 3 and the superlattice stacking axes correspond to the (b) axis of the bulk perovskites.

  3 and CH 3 NH 3 PbX 3 and also various layered hybrid halide perovskites. The CH 3 NH 3 PbI 3 /TiO 2 heterostructure is then investigated with detailed descriptions of the interface and with the calculation of the dielectric 55 3. DIELECTRIC CONFINEMENT IN HYBRID HALIDE PEROVSKITES and self-energy correction profiles. Finally, preliminary results for other heterostructures are given with a description of the CH 3 NH 3 PbI 3 /SnO 2 and CH 3 NH 3 PbI 3 /NiO interfaces.

  , 4.8), is intermediate between the bulk MAPbI 3 and the 2D (n = 1) dielectric constant values. The value is again close to the value calculated for a 2-octahedra MAPbI 3 perovskite slab (Fig. 3.3.a).

  3.5.d, the (C 10 H 24 N) 2 PbI 3 CH 3 NH 3 PbI 4 2D/3D perovskite displayed a behavior in between the 2D perovskite and the 3D MAPbI 3 . The dielectric constant of the organic part remains again practically unchanged. But the inorganic part dielectric value shows an increase by a factor of 3 from ε ∞ (0) = 4.8 to ε s (0) = 15.

Figure 3 . 8 :

 38 Figure 3.8: Structures of TiO 2 slabs constructed along the [100] (a), [001] (b) and [101] (c) directions. Fivefold-coordinated Ti, sixfold-coordinated Ti, twofold-coordinated O and threefold-coordinated O atoms are depicted in green, blue, purple and red, respectively.

  3.8). If all surfaces have two and threefold-coordinated oxygen atoms, both the (100) and(101) surfaces have fivefold and sixfold-coordinated Ti atoms while the (001) surface has only fivefold-coordinated Ti atoms. After relaxation, the twofold-coordinated oxygen atoms are brought in the slab for the (100) and (101) surfaces but brought out for the (001) surface.Likewise, the reduction of the slab thickness leads to a decrease of the dielectric constant for both ǫ ∞,xx and ǫ ∞,xz but not for ǫ ∞,zz3.3.2 CH 3 NH 3 PbI 3 Interface with (001)-Oriented AnataseTo investigate, this interface we choose to consider the room temperature phase of MAPbI 3 . MAPbI 3 crystallizes in the tetragonal I4cm phase at room temperature (a=b=8.85 Å and c=12.64 Å)[58, 59]. As methylammonium cations (MA) are supposed to be disordered in this structure, they were located manually in order to have no global dipole for the unit cell[60].It is convenient to work with both the (001)-oriented anatase and the tetragonal phase of MAPbI 3 because it allows to construct a coherent interface and obtain a correct lattice matching for a small supercell, hence reducing computational resources. The experimental lattice parameters of the (001) anatase facet are a=b=3.78 Å and a unit cell of lattices a=b= 8.46 Å can be obtained after a rotation of the primitive axes. Hence a lattice mismatch of 4.8% is obtained only for TiO 2 . Interfaces between MAPbI 3 and the (001)-oriented anatase have been already reported in the litterature[61][62][63]. Feng et al. have studied this heterostructure but for larger lattice mismatches: 6% of compressive strain for MAPbI 3 and 6% of extensive strain for TiO 2[61]. Long et al. have also made similar simulations but considering only half 3.3. TiO 2 /CH 3 NH 3 PbI 3 Heterostructures octahedra of MAPbI 3 in their calculation[62].

Figure 3 . 10 :

 310 Figure 3.10: Structures of slabs of MAPbI 3 /TiO 2 heterostructures with Pb-I (a), Pb-Cl (b), MA-I (c) and MA-Cl (d) terminations. Pb, I, Cl, N, C, H, Ti and O atoms are in gray, purple, green, light purple, black, white, blue and red, respectively.

3 . 6 ,

 36 the chemical bonds observed after the relaxation of the heterostructures are indicated. It shows that the interactions with the PbI termination are higher: two Ti-I and one Pb-O bonds are formed when only one Ti-I and one H-O (H from MA cation) are observed for the MAI termination. Geng et al. reported similar interfaces but found that the MAI termination was more favorable than the PbI one[63]. In fact, their PbI surface was different with atom positions less favorable to interactions than the one reported here.Furthermore, we have also investigated the effect of the presence of Cl. Indeed, it has been reported that the presence of interfacial chlorine increases the charge transfer between MAPbI 3 and TiO 2 .[60, 64]. To that end, the interfacial iodine atoms were replaced by Cl atoms leading to MACl and PbCl terminations (Fig.3.10). Having Cl atoms at the interface reduces the Ti-halogen bond length for both terminations (2.42-2.57 Å instead of 2.82-2.96 Å, respectively) but no change is observed for Pb-O and H-O bonds. An additional Ti-Cl bond is also observed in the case of the PbCl termination but it induces a distortion of the lattice of PbI.

Figure 3 . 11 :

 311 Figure 3.11: Projected density of state pDOS of MAPbI 3 /anatase heterostructures for PbI (a), MAI (b), PbCl (c), MACl (d) terminations. MAPbI 3 , TiO 2 , Pb, I, Cl, Ti and O contributions are in black, blue, dark green, yellow, light green, orange and red, respectively. Solid and dashed lines correspond to atoms in the center and at the surface, respectively.

3 .

 3 DIELECTRIC CONFINEMENT IN HYBRID HALIDE PEROVSKITES dielectric constant is slightly higher (ǫ ∞ (T iO 2 ) = 6.3 versus 5.97). It can be explained by the extensive strain applied on TiO 2 due to the lattice mismatch with MAPbI 3 lattices.

Figure 3 . 12 :

 312 Figure 3.12: High frequency dielectric profiles ǫ ∞ (z) for slabs of MAPbI 3 /TiO 2 heterostructures.

3. 4 .

 4 Figure 3.13: Self-energy profiles δΣ(z) for slabs of MAPbI 3 /TiO 2 heterostructures.

3 .

 3 DIELECTRIC CONFINEMENT IN HYBRID HALIDE PEROVSKITES chemical bonds formed after relaxation are shown in Tab. 3.8. As observed for previous heterostructures, the PbI termination leads, again, to higher interactions: two I-Ni and one Pb-O bonds are observed when only one I-Ni bond is observed for the MAI termination.

4 .

 4 1a: the cell consists of two transparent electrodes, a mesoporous structured TiO 2 layer, a dye sensitizer and a liquid electrolyte[2, 3]. Photons are absorbed by the dye which is excited from the ground state to the excited state. The excited electrons are then injected into the TiO 2 before being collected by the anode. The electrolyte leads to reduction-oxidation reactions at the dye and at the cathode interfaces. First, DSSC using halide perovskites as sensitizers were demonstrated by Kojima et al. in 2009. MAPbI 3 and MAPbBr 3 3D perovskites were used as dye sensitizers. The cells reached a maximum efficiency of 3.8% but presented a poor stability due to the dissolution of the perovskite into the liquid electolyte [1]. Even though efficiencies were improved by Park et al. few years later to 6.5% [4], the real breakthrough came with the first developments of solid-state dye-sensitized solar cells (ss-DSSC) in 2012.

  For instance, Noh et al. obtained the mixed-halide perovskite CH 3 NH 3 Pb(I 1-x Br x ) 3 by mixing a solution containing CH 3 NH 3 I and PbI 2 with a solution containing CH 3 NH 3 Br and PbBr 3[56]. After a proper mixing of the solution, the precursor can be deposited on the substrate, usually by spin-coating.The deposition via spin-coating is shown in Fig.4.3.a. An amount of the precursor solution is dropped on the substrate which is then rotated at high speed in order to spread the solution by centrifugal force. Following the deposition, an annealing step is needed for a complete transformation of the precursor into a perovskite crystalline film and the evaporation of the solvent.

  Mitzi et al. to deposit a variety of 2D and 3D hybrid perovskites films such as (C 6 H 5 C 3 H 4 NH 3 ) 2 PbI 4 , MAPbI 3 , and MASnI 3 [58, 59]. The metal salt (e.g., PbI 2 or SnI 2 ) was first deposited by vacuum evaporation or by spin coating (Fig. 4.4.a). Then, the film was submerged into a solution containing the desired organic cation (e.g., MAI) for a selected period of time (Fig. 4.4.b).

4. 2 .

 2 Perovskite Deposition Methods penetration of PbI 2 inside the mesoporous network leading to a better control of the perovskite coverage and also morphology.An alternative method of the dipping, is the vapor treatment by MAI. This two-step process named vapor-assisted solution process was first demonstrated by Chen et al. in 2014 for perovskite cells[60]. After the spin-coating of a PbI 2 layer, substrates were exposed to MAI vapor treatment at 150 • C in N 2 atmosphere for 2 h (Fig.4.4.c). The perovskite films exhibited a full surface coverage and a complete conversion resulting in a 12.1% efficiency for the best device.

105 4 .

 4 PHOTOVOLTAIC DEVICE ARCHITECTURES AND FABRICATION PROCESSES chemical formula of graphene in Appendix D.

Figure 4 . 6 :

 46 Figure 4.6: Schematic illustration of the spray-coater used in this work. It consists of an ultrasonic nozzle mounted on a 3-axis robot, of a syringe pump to control the precursor solution rate, of a connection to a compressed gas and of a hot plate.

Figure 5 . 1 :

 51 Figure 5.1: Energy band alignment for various perovskite photoabsorbers (middle), electron transport layers (left), hole transport layers (right) and electrode materials (far left and far right) used in perovskite solar cells. Reproduced from [1].

Figure 5 . 2 :

 52 Figure 5.2: X-ray diffraction pattern of a TiO 2 sample prepared using the spray pyrolysis technique.

Fig. 5 .

 5 Fig. 5.3.a considering that the Spiro-OMeTAD was prepared in N 2 and never exposed to air before sealing. Regarding improvement with light soaking (Fig. 5.3.b), the effect was also observed by Wang et al. who correlated it to an increase of the proportion of oxidized Spiro-OMeTAD [43]. Cappel et al. also observed an increase by a factor 3 after an illumination of

Four

  different situations were considered : 1 and 12 hours of air-exposure in the dark, 1 hour of air-exposure in the light and 30 min in low pressure O 2 -exposure in the dark. In all cases, Spiro-OMeTAD was first spin-coated in N 2 . According to Abate et al. sample prepared in N 2 can reach the same conductivity as one prepared in air after enough air-exposure time [41]. All the devices were fabricated with the same procedure. The JV-characteristics of the best devices obtained immediately after sealing are shown in Fig. 5.4.

Figure 5 . 6 :

 56 Figure 5.6: JV characteristic parameters as a function of the thickness of Spiro-OMeTAD: V oc (a), J sc (b), FF (c), PCE (d). For each condition, 10 solar cell results are reported.

137 5 .Figure 5 . 7 :

 557 Figure 5.7: JV characteristic parameters as a function of the thickness of TiO 2 : V oc (a), J sc (b), FF (c), PCE (d). For each condition 10 solar cells are plotted.

  et al. used a fullerene self-assembled monolayer between TiO 2 and the perovskite. An efficiency of 15.7% was finally reached with reduced hysteresis as compared to an unmodified TiO 2 device[68]. They attributed this result to a significant enhancement of the electron transfer and to a passivation of the trap states at the interface. Later Peng et al. obtained a higer hysteresis-free efficiency of 20.4% by incorporating a very thin layer of PMMA:PCBM mixture between the perovskite and the meosporous-TiO 2 interface[72].

  doping. For example, Nguyen et al. reported the used of a dicationic salt of Spiro-OMeTAD the 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene di[bis-(trifluoromethanesulfonyl)imide] (Spiro(TFSI)2) to increase the conductivity of Spiro-OMeTAD without the need of O 2 . The idea was to introduce an already-oxidized form of Spiro-OMeTAD

  Three different NiO preparations were tested: deposition at 280 • C without a post-sintering step, deposition at 280 • C with a post-sintering step at 450 • C for 15 min and deposition at 450 • C without a post-sintering step.

Fig. 5 .

 5 Fig. 5.10 shows optical pictures of NiO samples prepared on glass substrates. The scale is 20 µm. Both samples deposited at 280 • C display round-shape features which are not observed for the sample deposited at a higher temperature. This can be explained by the evaporation of the solvent: at 280 • C the solvent is not completely evaporated when the drop

Figure 5 . 14 :

 514 Figure 5.14: Transmittance of NiO samples prepared with different thicknesses.

Fig. 5 .

 5 Fig. 5.14 shows the transmittance of NiO samples with different thickness deposited on FTO substrates. It is clear that the transmittance can be modulated by the thickness of NiO samples: a high transmittance with thin films and low transmittance with thicker films. As an illustration, with the thicker film (200 nm), the transmittance was reduced by 20-30% which is significant. Devices were then fabricated for four different NiO thicknesses: 20, 50, 100 and 200 nm. Fig. 5.15 shows the solar cells characteristic parameters (i.e., V oc , J sc , FF and efficiency) as a function of the NiO thickness. For every condition, 10 solar cells made on the same substrate are presented. As we can see, efficiencies obtained for 50, 100 or 200 nm are similar while that obtained with the 20 nm NiO-based cell are lower probably due to a weak coverage of the NiO. The best solar devices were obtained with the 50 nm thick NiO. However, the homogeneity was better for the 100 nm and 200 nm solar devices.

Figure 5 . 15 :

 515 Figure 5.15: JV characteristic parameters as function of the thickness of NiO: V oc (a), J sc (b), FF (c), PCE (d). For each condition 10 solar cells are plotted.

5. 15

 15 .a). A lower EQE was obtained with the 20 nm based-NiO, probably due to a poor quality of the perovskite in relation to a bad coverage of NiO. Both thicker NiO samples exhibit similar EQEs but with a slightly lower EQE for the thicker sample.

  reported the use of combustion chemistry to get NiO at a temperature of 150 • C and obtained 17.7% of efficiency[103]. Another possibility is to use pre-synthesized nanoparticles (NP) dispersion of NiO. Yin et al. reported efficiencies of 16.5% and 13.4% for inverted structure perovskite devices based on glass and flexible substrates, respectively, by spin-coating presynthetized nanoparticles dispersion of NiO in water[START_REF] Yin | Highly efficient flexible perovskite solar cells using solution-derived NiOx Hole contacts[END_REF]. Similar results were obtained by Liu et al. who reported a 9.1% efficiency with standard structure perovskite solar cells by spinning NiO nanoparticles in chlorobenzene solution on top of the perovskite layer[START_REF] Liu | Nickel oxide nanoparticles for efficient hole transport in p-i-n and n-i-p perovskite solar cells[END_REF]. 5. INTERFACIAL LAYERS FOR PEROVSKITE-BASED SOLAR CELLS thick NiO layer (Fig.5.19.c).

Figure E. 1 :

 1 Figure E.1: Rendements records des différentes filières technologiques. Publié par le NREL le 30/10/2017.

  

  

  Kondo et al. were the first to report a lasing effect from these materials: In 1998, they observed biexciton lasing in the layered perovskite (C 6 H 13 NH 3 ) 2 PbI 4 but at a very low temperature of 16 K and with

	1.4. Conclusion
	and wavelength tunable lasing from CH 3 NH 3 PbX 3 (X=I,Br, Cl) nanowires with low lasing
	thresholds (220 nJ/cm 2 ) and high quality factors (Q=3600) [88].
	Photodetectors
	A photodectector based on CH 3 NH 3 PbI 3-x Cl x with high detectivity (10 14 Jones), a linear
	dynamic range of over 100 dB and a fast photoresponse (3 dB bandwidth up to 3 MHz) has
	been reported by Dou et al. in 2014 [89]. Later, Yakunin et al. demonstrated the use of
	CH 3 NH 3 PbI 3 for the detection of X-rays [90].

optical pumping

[87]

. Almost 20 years later, Zhu et al. demonstrated room-temperature

  3 + (MA) and formamidinium CH 2 (NH 2 ) 2

	System α-MAPbCl3 β-MAPbCl3 γ-MAPbCl3 α-MAPbBr3 β-MAPbBr3 γ-MAPbBr3 δ-MAPbBr3 α-MAPbI3 α-MAPbI3 β-MAPbI3 γ-MAPbI3 α-CsPbI3 γ-CsPbI3 α-MASnI3 β-MASnI3 α-FAPbI3	Temperature (K) >178.8 172.9-178.8 <172.9 >236.9 155.1-236.9 149.5-155.1 <144.5 400 >327.4 162.2-327.4 <162.2 634 293 293 200 293	Symmetry Cubic Tetragonal Orthorhombic Cubic Tetragonal Tetragonal Orthorhombic Tetragonal Cubic Tetragonal Orthorhombic Cubic Orthorhombic Tetragonal Tetragonal Trigonal	Space group P m3m P 4/mmm P 2221 P m3m I4/mcm P 4/mmm P na21 P 4mm P m3m I4/mcm P na21 P m3m P nma P 4mm I4cm P 3m1	Lattice parameters (Ang) a=5.675 a=5.656, c=5.630 a=5.673, b=5.628, c=11.182 a=5.901 a=8.322, c=11.832 a=5.894, c=5.861 a=7.979, b=8.580, c=11.849 a=6.3115m c=6.3161 a=6.3285 a=8.855, c=12.659 a=8.861, b=8.581, c=12.620 a=6.28940 a=10.4581, b=4.80171, c=17.7761 a=6.2302, c=6.2316 a=8.7577, c=12.429 a=89817, c=11.006, γ=120 •	Reference [36] [36] [36] [36] [36] [36] [36] [37] [36] [36] [36] [34] [34] [37] [37] [37]

+

(FA) cations are quasi-systematically used.

  3.1. Dielectric Constant and Dielectric Self Energy

	Material Vacuum Air Propane H2O (liq) Ethanol (liq) DMF (liq) DMSO (liq) Chlorobenzene (liq) Methylammine (liq) CdS GaAs Si PbI2 Polyethylene Polystyrene	Dielectric Constance 1 1.0005364 1.00200 5.2 19.56 87.90 25.3 38.25 47.24 5.6895 16.7 εr,11 = 8.48, εr,33 = 9.48 12.95 ± 0.10 11.94 20.8 2.3 2.6 2.6 2.6	Temperature (K) Frequency (Hz) Reference ---293.2 -[13] 293.2 -[13] 298.15 ∞ [13] 298.15 2.10 10 [13] 298.15 10 7 [13] 293.2 -[13] 293.2 -[13] 293.2 -[13] 293.2 -[13] 215.2 -[13] 77 10 4 [10] r.t. 8.7 -70.10 9 [10] 300 10 7 -10 9 [10] 293 0.5 -3.10 6 [10] 298.2 -[13] 298.2 10 3 [13] 298.2 10 6 [13] 298.2 10 9 [13]
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: Examples of dielectric constants of several materials. The dielectric constants of gas materials were measured at a pressure of one atmosphere.

Table 3 .

 3 3.2. 3D Nanostructures and Layered Perovskitesaliphatic cation (Fig.3.3.d-e). The latter value is in agreement with high-frequency dielectric constants reported for aliphatic chain ammonium cations, of 2.2-2.3[32]. In addition, a higher aliphatic length extents the low dielectric constant region but does not seem to affect the 4: High-frequency dielectric constants ε ∞ of the organic and inorganic parts of 2D and 2D/3D perovskites. Table reproduced from[7].

	dielectric constant value itself.
	Inorganic part Organic part	2D aromatic 2D aliphatic (short) 2D aliphatic (long) 2D/3D 4.0 3.9 4.0 4.8 2.9 2.1 2.1 2.9

Table 3 .

 3 6: Chemical Bonds in CH 3 NH 3 PbI 3 /(001)-TiO 2 Interfaces. The type, the number per unit cell and the average length are given for each terminations.

	with TiO 2 .

  4. PHOTOVOLTAIC DEVICE ARCHITECTURES AND FABRICATION PROCESSES SnO 2 has been reported as well. Ke et al. reported planar SnO 2 as ETM and obtained an

	efficiency of 17.21% [24]. The SnO 2 layer was deposited by spin-coating a SnCl 2 precursor
	solution followed by a thermal annealing in air at 180 • C for 1h. A higher efficiency of 20.7%
	was later achieved by Anaraki et al. using a two step solution-processed method to deposit
	SnO 2 . A first solution of SnCl 4 was spin coated followed by an annealing step prior to a
	chemical bath treatment in SnCl 2 solution [25].
	Besides inorganic oxides, the use of an organic semiconductor, the C60 fullerene, has

been reported too. Ke et al. demonstrated the use of vacuum-deposited C60 as ETM for planar standard configuration and obtained an efficiency of 15.1% with low hystereris [26]. A higher efficiency of 19.1% with negligible hysteresis was then reported by Yoon et al. who demonstrated a 16.0% efficiency solar cell on a flexible substrate [27].

  . Zuo et al. reached 13.4% and 12.2% efficiencies using Cu 2 O and CuO as HTM, respectively [47]. Better efficiencies were reached with NiO oxide. For instance, Park et al. reported 17.3% and 19.
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DSSC: dye-sensitized solar cell ss-DSSC: solid state dye-sensitized solar cell 4.3. Solar Cell Fabrication Processes active area using slot-die coating to deposit the perovskite and the transport materials [68].

With another technique, Das et al. obtained 13% and 8.1% on glass and PET substrates, respectively using ultrasonic spray-coating but also for a small active area of 6.5 mm 2 [71].

Larger area devices were reported using doctor blade coating. For instance, Razza et al. achieved 13.3%, 10.3% and 4.3% for perovskite cells of 10 mm 2 , 10.1 cm 2 and 100 cm 2 active area, respectively [65].

Having scalable and inexpensive techniques to grow perovskites is important for future large-scale manufacturing of cheap perovskite photovoltaic panels.

Solar Cell Fabrication Processes

In this section, the method employed within this work, for the fabrication of the perovskite solar cell devices in the next chapter, is presented.

Choice of Substrates

To prepare a perovskite solar device, a substrate with a transparent conductive oxide (TCO) is generally required. There are two main TCO used for opto-electronic technologies: the indium tin oxide (ITO) and the fluorine-doped tin oxide (FTO). The choice of TCO depends on the processing needed: If a process requires high temperatures (i.e., 350-500 • C) which is for example the case for spray pyrolysis technique, it is recommended to use FTO substrates which show higher thermal stability than ITO substrates. [73] Indeed at such temperatures, ITO substrates are exposed to an increase of their surface resistivity. Another advantage of FTO over ITO substrates is their cost. Instead, ITO substrates are less rough than FTO substrates [74] and also show greater transmission (if not sintered) [73,75].

Majority of perovskite solar cells reported are based on FTO substrates, likely due to the original use of mesoporeous TiO 2 which require high temperature processing. In the case of organic solar cells, ITO substrates are usually used [76].

INTERFACIAL LAYERS FOR PEROVSKITE-BASED SOLAR CELLS

We have chosen the titanium(IV)bis(acetylacetonate) diisopropoxide as a precursor. Acik et al. studied the thermal decomposition of this compound, which is practically achieved for temperatures of at least of 350-400 • C [32].

Therefore, a temperature of 500 • C for the substrate during the deposition process was chosen to ensure a complete thermal decomposition and a good crystallinity. Fig. 5.2 shows the X-ray diffraction (XRD) obtained by spray pyrolysis of TiO 2 on a glass substrate using titanium(IV)bis(acetylacetonate) diisopropoxide in ethanol as precursor.

We observed the presence of 3 peaks at 25.4 • , 48.3 • and 61.2 • which can be attributed to the Miller index ( 101), ( 200) and (204), respectively. This present study therefore confirms the formation of pure anatase (space group I41/amd, see the structure in Appendix D).

Light-Soaking Issue -Spiro-OMeTAD Oxidization

When anatase was prepared on FTO substrates, solar cell devices were fabricated using the MAPbI 3 perovskite. The structure of these solar cells is as follows: FTO/TiO 2 (50 nm)/MAPbI 3 (350 nm)/LiTfSI-doped Spiro-OMeTAD(180 nm)/Ag(120 nm) (Fig. Furthermore, P3HT was tested as an alternative to Spiro-OMeTAD. P3HT is a well-known polymeric p-type semiconductor used in organic solar cells. An efficiency of 6.6% was obtained for the best device without light soaking, with a decent J sc of 19.5 mA/cm 2 which is within the range of efficiencies reported in literature with perovskite devices involving

INTERFACIAL LAYERS FOR PEROVSKITE-BASED SOLAR CELLS

In the future, improvements could be achieved by changing the precursor (SnCl 4 instead of SnCl 2 ), the film thickness, the perovskite material (better band alignment, passivation of interfaces), and the deposition method (for example, chemical bath post treatment).

Nickel Oxide as Hole Transport Layer

Previously we have explained that the inverted perovskite structure configuration derives from the technology used for organic solar cells which are usually all-solution processed.

Traditionally, the PEDOT:PSS is the reference HTM used for these structures. However, it has several drawbacks, such as an imperfect band alignment with several perovskites like MAPbI 3 which leads to lower V oc [70,86] and a stability issue due to its hygroscopic nature [87].

Since stability is a major concern, the replacement of this polymeric hole transport layer by a more robust inorganic transport material could improve the stability of the devices. For example, the PEDOT:PSS could be replaced by a p-type oxide such as NiO, CuI, and CuO.

The first mentioned compound, NiO, has a better stability than PEDOT:PSS [88][89][90] and also with other advantages, such as a wide band gap of 3.4-4.0 eV, a good transmittance in the visible spectral range and a deep-lying valence band of 5.4 eV that matches well with the valence band of MAPbI 3 [91][92][93][94].

The first perovskite solar cells using NiOx as HTM was reported only in 2014 with an efficiency close to 10% [95,96]. Performances were improved to 15.4% by doping NiOx with copper, which was explained by an increase of NiO electrical conductivity [69]. Cu-doping leads to an improvement of V oc , J sc and FF from 1.08 V, 14.1 mA/cm 2 , 58% to 1.11 V, 18.8 mA/cm 2 and 72%, respectively.

Besides improving the hole conductivity of NiO, doping is also leading to energy band shifts [90]. Other dopants were tested, such as Cs-doping reported by Chen et al. who obtained 19.4% of efficiency [97]. Park et al. reported 17.3% of efficiency for an over 1 cm 2 -area solar cell (19.2% for 0.1 cm 2 ) by using NiO deposited by electrochemical deposition [98].

Various deposition methods for NiO have been reported for perovskite solar cells: physical to be around 100 nm for samples prepared at 280 • C. However, the deposition at a higher temperature gives rise to a thinner film of about 60 nm. This is confirmed by Romero et al.

who observed that the film prepared at lower temperatures are thicker [START_REF] Romero | Synthesis and characterization of nanostructured nickel oxide thin films prepared with chemical spray pyrolysis[END_REF]. With a post-sintering step at 450 • C, the current was no longer blocked: a current of about 6. GENERAL CONCLUSION AND PERSPECTIVES methods as well as the method used to fabricate perovskite cells in this work. The use of TiO 2 , Spiro-OMeTAD, SnO 2 , NiO and graphene materials as interfacial layers were examined. We showed that Spiro-OMeTAD oxidization was required to obtain working devices and that C60 could be employed to passivate the CH 3 NH 3 PbI 3 /TiO 2 interface removing the device current-voltage characteristic hysteresis. We also showed that SnO 2 could be an alternative to TiO 2 as an electron transport layer. The spray-pyrolysis method was highlighted as an efficient deposition method for TiO 2 and NiO. In the case of NiO, we found that a deposition at 280 • C followed by a sintering step at 450 • C lead to the best performances. We have also presented results showing that reduced graphene oxide is more suitable as an hole transport layer than an electron transport layer.

The results presented here are a good groundwork for future works. Quantum and dielectric confinements are essential for heterostructures and nanostructures which would probably play an important role in the future. Further optimization of the interfacial layers can be performed (e.g., pre-oxidization of the Spiro-OMeTAD, thinner layers for reduced graphene oxide). In addition, other perovskite materials can be tried out such as mixed-halides and mixed-cations hybrid perovskites that give the best efficiencies reported until now, 2D perovskites and inorganic halide perovskites (e.g., CsPbI 3 ). Furthermore, additional studies on the spray-pyrolysis can be performed: layer deposition for larger area solar cells, the use of lower temperatures (e.g., pre-synthetized crystals) which would enable the use of flexible substrate. Future works will also focus on the stability of the devices grown by spray coating. Finally, another path forward, is developing monolithic tandem solar cells where the engineering of interfacial layers is an essential point.

tune the spray pattern width. A Corning R hotplate was added to perform spray pyrolysis at temperatures up to 450 • C.

For the deposition, we choose the Impact Ultrasonic Nozzle (