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Afin d'atteindre de plus hauts rendements et/ou de réduire les coûts, d'autres types de cellules solaires ont été développées. Parmi elles, les cellules à base de pérovskite organométallique ont attiré l'attention par la rapide progression de leurs rendements, de 3 % à 23 % en moins de 10 ans.

Grâce à ces hautes performances, la disponibilité des matériaux et une fabrication peu coûteuse par voie liquide, les cellules solaires à base de pérovskite sont une alternative intéressante aux cellules à base de silicium. Cependant quelques challenges restent à relever, comme la fabrication des cellules performantes à grande échelle et l'amélioration de la stabilité des dispositifs, tout en gardant leur prix attractif. En effet, la pérovskite est sensible à l'humidité, aux variations de température et au rayonnement UV. La stabilité des cellules peut aussi être altérée par d'autres composants de la cellule comme le matériau transporteur de trous. Néanmoins, il a été montré qu'intégrer des polymères à ces dispositifs pouvaient améliorer leur stabilité mais aussi leur performance.

Dans ce contexte, cette thèse vise à améliorer la stabilité et les rendements de conversion énergétique des cellules solaires à pérovskite en développant de nouveaux systèmes impliquant des polymères pour le transport de trous. Des polymères ont été spécifiquement synthétisés et étudiés pour chacune des principales architectures de cellules à pérovskite (Figure 1). Les résultats les plus importants sont brièvement décrits ci-dessous. L'hystérèse dans les cellules planes est assez grande comparée à la littérature. L'optimisation des méthodes de dépôt, des traitements de surface de TiO2 et des formulations de la solution de pérovskite ont été nécessaires pour réduire l'hystérèse. Le meilleur rendement obtenu avec ces cellules est de 15.99 %. Un meilleur rendement de 18.44 % avec une légère hystérèse a été obtenu dans les cellules mésoporeuses. Cette amélioration est due à la couche mésoporeuse de TiO2 qui aide à l'extraction des électrons, à la composition de la pérovskite et au dopage des matériaux. L'ajout de LiTFSI et Mg(TFSI)2 dans le TiO2 et de K + dans la pérovskite modifient favorablement les propriétés énergétiques des matériaux pour notre application. Enfin, un meilleur rendement de 12.23 % a été obtenu dans les cellules inverses avec une hystérèse raisonnable, mais relativement plus faible que l'état de l'art. Les propriétés de ces polymères ont été comparées au conducteur de trous de référence, le spiro-OMeTAD dopé par le bis(trifluorométhanesulfonyl) imide de lithiumlithium (LiTFSI) et la tertbutylpyridine (tBP) (Figure 3). 

 Polyélectrolyte pour cellules mésoscopiques

Un second projet a été dédié à l'utilisation de polyélectrolytes dans les cellules mésoscopiques. Les polyélectrolytes synthétisés sont présentés en Figure 6. Leurs propriétés pour une potentielle application en tant que transporteur de trous, dopant pour transporteur de trous ou dopant pour pérovskite ont été étudiées. Un mécanisme a été proposé afin d'expliquer ces observations (Figure 8). La première réaction implique le partage du proton le plus acide de l'imidazole du PVBI-TFSI avec un des azotes du spiro-OMeTAD. Par résonance magnétique nucléaire des protons (RMN 1 H), cette interaction se traduit par un élargissement des signaux associés aux protons aromatiques (voisins de l'azote) du spiro-OMeTAD et d'un déplacement plus important du proton acide de l'imidazole. La deuxième réaction est l'interaction préférentielle du proton de l'imidazole avec l'azote de la tBP qui serait réversible après exposition à la lumière. En effet, à l'ajout de la tBP, les signaux des protons aromatiques du spiro-OMeTAD retrouvent leur définition initiale. L'interaction PVBI-tBP semble moins forte qu'avec le spiro-OMeTAD puisqu'aucun élargissement des signaux de la tBP n'a été observé. Enfin, la dernière réaction est la déprotonation de l'imidazole par le spiro-OMeTAD pour former un carbène.

Néanmoins, aucun carbène n'a pu être identifié par RMN 13 C en solution. Des mesures de spectroscopie photoélectronique UV sur des films de spiro-OMeTAD non dopés et dopés au PVBI-TFSI fabriqués entièrement en atmosphère inerte ont été réalisées. Sous l'effet du dopage au PVBI-TFSI, la HOMO du spiro-OMeTAD se rapproche du niveau de Fermi, tandis que son travail de sortie et son potentiel d'ionisation augmentent (Figure 9). Ces observations prouvent que l'oxygène n'intervient pas dans le mécanisme de dopage. La stabilité des cellules reste à discuter. En effet, en fonctionnement continu, les cellules dopées au PVBI-TFSI ont une efficacité qui décroit plus rapidement qu'avec le LiTFSI (Figure 8a). Cependant, en exposant alternativement les cellules à la lumière, les cellules à base de PVBI-TFSI semblent avoir une meilleure photosensibilité et une meilleure stabilité (Figure 8b). Enfin, en mesurant l'efficacité des cellules stockées dans l'obscurité en atmosphère sèche pendant plusieurs jours, les cellules à base de PVBI-TFSI se stabilisent après 10 jours et le restent jusqu'à un mois en conservant 92 % de son efficacité initiale (Figure 8c). 

 Complexes de PEDOT pour le transport de trous dans les cellules inverses

Le PEDOT:PSTFSI a été choisis pour remplacer le PEDOT:PSS comme conducteur de trous dans les cellules inverses pour sa plus grande transparence et pour son caractère moins acide qui ne risque pas d'altérer l'électrode d'ITO (Figure 11). 

 Conclusion

Ces travaux de thèse visent à répondre à certains challenges pour le développement des cellules solaires à pérovskite, soit l'amélioration des efficacités et de la stabilité des dispositifs. La stratégie a été de remplacer des transporteurs de trous et un des dopants pour le transporteur de trous connus pour dégrader les cellules par des matériaux polymères plus stables.

Dans le premier projet, le spiro-OMeTAD a été remplacé par des dérivés de PVK, hydrophobes, stables chimiquement et thermiquement et relativement bon marchés. Des rendements comparables au spiro-OMeTAD ont été obtenus avec le PVK-[N(PhOCH3)2]2 dans les cellules planes et mésoporeuses. Le dopage des transporteurs de trous reste essentiel pour atteindre de hautes efficacités. Pour mieux comprendre les mécanismes de transfert de charge et l'influence de la modification de la composition de la pérovskite, il serait intéressant d'étudier les propriétés énergétiques de l'interface pérovskite/transporteur de trou.

Le deuxième projet a été dédié au remplacement du LiTFSI par des polyélectrolytes afin de doper plus efficacement le spiro-OMeTAD, de limiter la migration des dopants dans de le dispositif et d'éviter l'exposition des cellules à l'oxygène. Le PVBI-TFSI s'est montré le plus efficace dans les cellules mésoporeuses avec un rendement maximal de 20.4 %, supérieur de 2 % à celui du LiTFSI, et une hystérèse négligeable. Les perspectives de ce travail se portent sur la compréhension des effets de la lumière et de la tBP sur le mécanisme de dopage et leur lien avec les réactions photoréversibles observées durant le fonctionnement des cellules.

Finalement, nous avons montré que des matériaux polymères fonctionnels pouvaient améliorer la viabilité des cellules solaires à pérovskite, i.e. leurs performances et leur stabilité à travers des procédés accessibles. La fonctionnalisation spécifique et contrôlée de matériaux polymères offre des possibilités infinies de progrès pour les cellules solaires à pérovskite. 

General Introduction

The constant growth of the population associated to strong industrialization development dramatically intensified world energy consumption. This energetic crisis is considered as one of the most serious challenges our society has to face today. As depicted on Figure 1 world energy consumption is accentuated by Asia and especially by China, where energy demand has risen together with economic growth. 1 In the past years, primary fossil resources such as oil, coal and gas, have been extensively exploited as energy sources. Their increasing scarcity pushed the cost production up. Moreover, this reliance on fossil fuels has considerably altered the Earth's atmosphere through high emission of CO2. This contributed to the increase in the greenhouse effect and climate imbalance such as melting of the ice, sea levels rise, floods, typhoons… Since energy needs are estimated to double from 574 EJ (in 2017) to over 1100 EJ by 2050, it is urgent to develop alternative sources of pollution-free renewable energy. 1 In order to insure future energy needs, important efforts have been devoted to production and storage solutions competitive with conventional energy sources, i.e. efficient, cost-effective, and environmentally friendly. Today's candidates include solar power, wind power, hydropower, geothermal power and tidal power. Harnessing solar energy to produce electricity has been proven to be one of the most promising solutions. Indeed, annual potential solar energy received on Earth was estimated to be 1575 -49837 EJ according to the region of the world, by the United Nations Development Programme in 2000, which is largely above one year of world energy consumption (574 EJ or 13.7

Gtoe). [1][2] It was estimated that this amount of energy could be delivered by solar panels exhibiting 20 In this context, this thesis broadly focuses on enhancing stability and power conversion efficiency of perovskite solar cells by introducing novel polymers as hole transporting layer or as additive in the hole transporting layers. The three main perovskite structures (mesoporous n-i-p, planar n-i-p and inverted planar p-i-n) were considered according to the specific properties the polymeric materials could bring to the systems.

%
The First Chapter is dedicated to a description of the state-of-the-art perovskite solar cells and particularly the hole transporting materials developed for this application. Chapter 2 gathers methods to fabricate perovskite solar cells based on conventional materials and areas of optimizations. These solar cells are taken as reference in the following parts. In Chapter 3 are introduced poly(9-vinylcarbazole)-based polymers as hole transporting materials in n-i-p PSCs.

Chapter 4 focused on polyelectrolytes and in particular, their potential to be alternative dopants for hole transporting materials in mesoscopic perovskite solar cells. Finally, Chapter 5 is dedicated to inverted p-i-n perovskite solar cells and their potential to be integrated as semi-transparent device in window panels. This implied the introduction of a PEDOT derivative highly transparent and conductive.

Chapter 1

Background

In Chapter 1 is presented an overview of the background knowledge necessary for the understanding of the manuscript. This includes a general description of photovoltaic effect and technologies, a focus on the evolution and the current challenges of perovskite solar cells and finally, a review of hole transporting materials developed for this application. to the availability of the active material, their rather high power conversion efficiency (PCE) up to 20 %, their relatively long lifetime and their cost-effective process.

Principle

PV effect occurs in semiconducting materials which have the ability to absorb light and release electrons that can be collected and used as electricity. Upon illumination, electrons from the valence band are excited into the conduction band of the semiconductor. Photoexcited charge carriers are separated through an asymmetrical device that drives them in opposite and preferred directions. The asymmetry in the device is traditionally achieved by a p-n junction, i.e. an interface between a p-type and an n-type semiconductor (Figure 2). When such materials are in contact, excess of charge carriers in the doped semiconductors recombine, creating a depletion region composed of positive and negative ions in the n-type and in the p-type material, respectively. Upon illumination, these ions specifically attract photogenerated charge carriers at the interface and in the bulk. 

Efficiency measurement

Performance of PV devices is evaluated by the PCE, which is calculated from PV characteristics extracted from current-voltage (I-V) curves (Figure 3a). The short-circuit current (Isc) represents the current produced when no voltage is applied to the device. Generally, current (I) is expressed as current density (J). The open-circuit voltage corresponds to the voltage produced when no current is flowing through the device. Therefore, series resistance Rs and shunt resistance Rsh can be defined as the inverse of the slope at V = Voc and at J = Jsc respectively. The fill factor (FF) gives an indication on the quality of the system by comparing the ideal power (Pideal) the device could generate to the maximum power (Pmax) that it is actually achieving. FF can be defined by the Equation 1.

FF = I max V max I sc V oc = P max P ideal (1)
Therefore, the PCE is defined as the ratio of the maximum power delivered by the device on the power provided by the incident light (Pinc), as given in Equation 2. Incident-photon-to-electron conversion efficiency (IPCE) or external quantum efficiency (EQE) is a complementary characterization of solar cells giving the ratio between collected charge carriers and incident photons received at the surface of the solar cell for a defined wavelength (Figure 3b).

PCE = FF I sc V oc P inc = P max P inc (2) 
Moreover, Jsc can be calculated by integration of IPCE curve through the Equation 3:

J sc = q ∫ EQE(λ) λ 2 λ 1 Ф λ dλ (3) 
where q is the electric charge, λ2-λ1 is the wavelength step, and Фλ is the spectral photon flux.

Thereby, IPCE are also used to verify validity of information given by I-V curves by comparing Jsc.

Solar spectrum

Conditions to record I-V curves have been standardized. The solar simulator should emit the air mass 1.5 (AM1.5) spectrum representing solar spectrum received by mid-latitude regions with an incident angle of 48° to the ground. The incident power is assumed to be 100 mW.cm -2 . The AM1.5 spectrum is represented on Figure 4a. Consequently, to generate high photocurrent, maximum of the solar irradiance has to be absorbed by the semiconductor. The ability of the semiconductor to absorb photon energy is defined by its energy bandgap (Eg) defined by the energy difference between its conduction band (CB) and its valence band (VB). Photons of lower energy than the bandgap cannot be absorbed because of the lack of states for electrons at this energy value. On the other hand, photons of higher energy than the bandgap can be absorbed. Electrons are excited from the valence to high energy state where they rapidly go back to the conduction band releasing thermal energy (Figure 4b). Therefore, there is a threshold excitation energy to reach for the semiconductor to absorb. Excitation doesn't need to be excessively high since excess of energy is converted into thermal losses.

The theoretical maximum efficiency of a solar cell made of one p-n junction is stated at around 33.7

% by the Shockley-Quiesser limit and represents a bandgap of 1.34 eV in standard conditions. Only multiple junction solar cells, constituted of a stack of semiconducting materials absorbing different region of the solar spectrum can overpass this limit.

Photovoltaic technologies

Over years, several PV technologies have been developed in addition to crystalline silicon (c-Si) solar cells. They are often classified in term of generations (Figure 5). The first generation refers to crystalline silicon solar cells, the second includes solar cells based on inorganic thin films, and the third gathers emerging technologies and new concepts. Evolution of PV performances of these technologies is reported by the National Renewable Energy Laboratory (NREL) and illustrated on Rapidly, performances of PSCs overtook that of DSCs to achieve today 22.6 % efficiency (22.1 % certified data). 5 This novel high-efficiency low-cost PV technology could be foreseen as the fourth generation solar cells.

2 Perovskite material

Structure & Composition

Perovskites are a type of material defined by the same crystal structure as calcium titanium oxide (CaTiO3). The mineral was discovered in 1839 in the Ural Mountains of Russia and was dedicated to the mineralogist Perovski, from where it takes its name. Perovskites are described as ABX3 structures,

where A and B are cations, A being larger than B, and X an anion bonding to both. In the cubic structure, X anions form a network of octahedrons. B is located at the centre of each octahedron while A is at the centre of cuboctahedrons formed between the octahedrons (Figure 7). The phase stability of the 3-dimensional (3D) crystal can be predicted by the Goldschmidt's tolerance factor (t). It gives an indication on the compatibility of the compounds to form a stable perovskite crystal according to their size. It is defined by Equation 4, where rA, rB and rX are the radii of A, B and X, respectively.

t = r A + r X √2 (r B + r X ) (4) 
In the ideal packed cubic structure, t = 1. In the case of hybrid organic inorganic perovskites, a cubic lattice is assumed when 0.8 ≤ t ≤ 1. If t < 0.8, perovskite distortion can lead to tetragonal, trigonal, rhombohedral or hexagonal phases. For t > 1, the 3D perovskite structure will change for 2dimensional (2D) structure, where A cations are located between B-X octahedrons. 6 The perovskites used for photovoltaic applications are organometal halide perovskites. Many compositions have been investigated for photovoltaic applications. 6 In 3-dimensional (3D) perovskites, the cation A is generally methylammonium CH3NH3 + (MA) or formamidinium NH2CH=NH2 + (FA). Additional small cations like Li + , Na + , K + , Cs + or Rb + can eventually be incorporated to the crystal. Typical centred cation B is a metal like lead. Some examples of lead-free perovskite were also explored, especially tin-based perovskite to reduce the toxicity of the compound. 7 The anion X is a halide I -, Br -or Cl -that can migrate throughout the crystal via vacancies. 8 Several mixed cations, mixed metals and mixed halides perovskite structures have also been investigated. Such perovskites have generally cubic or tetragonal structures in ambient conditions, which can be modified by temperature variations. For instance, the tetragonal MAPbI3 exhibit transformation to cubic and then to orthorhombic phase when decreasing the temperature. On the other hand, FAPbI3 perovskite keeps its trigonal phase even at high temperature. 9 Low-dimensional perovskites have also attracted attention for PV applications. Their structures are generally defined as (RNH3)2An-1MnX3n+1 and R(NH3)2An-1MnX3n+1, and are illustrated in Figure 8. 10 Such structures can be elaborated by incorporating larger organic molecules than in 3D ones between inorganic layers, that force the perovskite to organize in 2D layers. Although 2D perovskites were proved to be considerably more stable than 3D ones toward atmosphere, high temperatures and illumination, their larger bandgap and low hole mobility leads to lower PCEs, making them less attractive for PV applications. Therefore, only 3D perovskite materials are considered in this work.

Figure 8. Perovskite structures from 2D (n=1) to 3D structures (n=∞). 3 

Opto-electronic properties

Organolead halide perovskites have a broad absorption range of visible light and low exciton binding energy (≈ 16 meV) allowing high photoconversion rate. 11 Moreover, they present excellent ambipolar charge transport properties with a high hole and electron mobility of 5-12 and 2-10 cm².V -1 .s -1 respectively. 12 MAPbI3 perovskite is commonly taken as reference perovskite material. It has been widely studied owing to its large bandgap, broad absorption range and long carrier diffusion length around 100 nm. Nonetheless, its 1.5 eV bandgap can be optimized in order to maximize absorption in the visible region. As the bandgap is particularly dependent to the B-X bond, it can be tuned through composition engineering by modifying X or B, or even A which affects B-X-B bond length and angle.

The electronic properties of some examples of perovskite materials are depicted in Figure 9.

Thereby, FAPbI3 perovskite has a lower energy bandgap and a broader absorption range than MAPbI3. Also, the larger size of the FA + cation compared to MA + increases the tolerance factor of the perovskite which makes it more stable towards temperature variations. Similar bandgap reduction can be observed by replacing part of Pb 2+ by Sn 2+ . 14 On the other hand, by substituting part or full of iodide by bromide ions, perovskite bandgap is significantly enlarged resulting in lower absorption and higher Voc. 15 Incorporation of chloride into the perovskite preparation led to a remarkable improvement of charge carrier diffusion length up to 1 µm and also a better stability. Interestingly, Xray diffraction (XRD) analysis of final perovskite film revealed a Cl -ratio of only 3-4 % to I -when 40 % were introduced. 16 Most of chloride is suggested to sublime while the remaining one is unconverted and thus, doesn't integrate perovskite crystal. Enhanced diffusion length was attributed to the restructuration of the crystal during chloride evaporation. 17 Finally, it was reported that MAPbI3-xClx perovskite thin film has similar absorption, photoluminescence decay lifetime and energy levels as MAPbI3. Introduction of small quantities of additional cations also afford tuning of energy bands of the perovskite. Modifications of the perovskite result from the different size of the elements that will take different places in the crystal. 18 Figure 9. Energy diagram of perovskite materials of different compositions.

Deposition technics

General reaction forming ABX3 perovskite can be described as AX + BX2 → ABX3. Several deposition methods have been optimized according to the substrate and the composition of the perovskite, to form high quality layers with few defects, high crystallinity, homogeneous covering and good reproducibility. Film fabrication routes include solution and vapour processing in one or several steps, and hybrid vapour-solution deposition (Figure 10).

To prepare MAPbI3 perovskite thin film, solution processing is the most prominent technic.

Sequential deposition was traditionally employed. PbI2 layer was deposited from solution, usually by spin coating in DMF, and annealed. Then, MAI was added to convert PbI2 film into MAPbI3 either by dipping PbI2 film directly into MAI solution, or by spin coating a MAI solution in isopropanol (IPA), by vapour-assisted deposition, or by thermal evaporation. Perovskite crystallization was finally achieved by thermal annealing.

Generally, one-step solution deposition of PbI2 and MAI leads to poor quality perovskite layers due to the faster crystallization of PbI2 as compared to MAI. To retard PbI2 crystallization, additives or additional solvents like DMSO can be added to the mixture. 19 High quality films were also obtained by replacing PbI2 by PbCl2. 20 Besides, anti-solvent quenching method consists in dropping an antisolvent like chlorobenzene during the spin coating of the perovskite precursor solution. 21 As the antisolvent cannot solubilize MAI nor PbI2, perovskite crystallization is triggered. This method is particularly popular for the deposition of high quality multiple cation and multiple halide perovskites. Vapour deposition routes were adapted for perovskite materials in order to reduce perovskite defects and improve device reproducibility. First example described the formation of MAPbI3-xClx via the co-evaporation of PbCl2 and MAI with few defects and complete covering of the planar substrates. 20 To form MAPbI3, PbI2 and MAI can also be successively evaporated. 22 However, it is more tedious to incorporate multiple cations and halides. 23 The deposition methods described above are convenient to develop high quality perovskite thin film at lab scale but are not compatible with industrial processes, especially evaporation steps which require low vacuum level (10 -5 mbar) and elevated temperatures (350°C for PbCl2). Thus, scalable processes such as doctor blading, spray coating, or slot-die coating have also been considered.

Working principle

Generally, perovskite solar cells are described as p-i-n or n-i-p junction solar cells, where the intrinsec perovskite absorber i is stacked between an n-type and a p-type material forming selective contacts.

Although the processes of charge generation to collection in PSCs has not totally been overcome, the operating mechanism can be simply described. Light is absorbed into the perovskite material.

Electrons of the valence band are excited generating electron-hole pairs also called excitons. Charges Based on this mechanism, some requirements for optimal operation of PSCs can be defined. To maximize sun light absorption, perovskite bandgap has to be close to 1.3-1.4 eV. To limit charge recombinations into the perovskite layer, long charge carrier diffusion length and high quality perovskite film, i.e. continuous with few defects, are required. Energy levels of selective contacts have to be well-aligned with those of the perovskite to limit energy loss and facilitate charge extraction. Selective materials must have high carrier mobility to limit series resistance in the device.

Finally, materials on the illuminated side of the device have obviously to be as transparent as possible for optimal photoconversion.

As previously mentioned, PCE is maximized with high FF, Jsc and Voc. Optimal FF is obtained by minimizing series resistance in the device and increasing conductivity of the selected materials. On the other hand, hole and electron extracting rates ruled the photocurrent. Maximum Voc is theoretically determined by the energy difference between the LUMO or the conduction band of the n-type material and the HOMO or valance band of the p-type material. Experimental Voc never reaches this maximum because it is affected by the generation and dissociation probability of excitons, and by the charge recombinations.

3 Perovskite solar cells

Evolution towards 20 % efficiency

The PSC evolution has been punctuated by series of important breakthroughs. The first perovskitesensitized solar cells (PSSCs) were reported in 2009 by Koijma et al. Similar architecture as DSCs was employed (Figure 12). The perovskite material was used as a dye, coated on a mesoporous scaffold and immersed in a liquid electrolyte. Based on MAPbI3, PCE of up to 3.1 % was measured, while 3.8 % was achieved using MAPbBr3. 24 However, the device lifetime was very short due to the decomposition of the perovskite crystal into the liquid electrolyte. To overcome perovskite degradation, Park et al. introduced in 2012 solid-state perovskite-sensitized solar cells (ss-PSSCs)

replacing the iodine/iodide-based liquid electrolyte by the solid hole transporter spiro-OMeTAD (Figure 12). PCE was improved to 9.7 %. 25 Going further, Cho et al. introduced the first holetransporter-free PSCs. A monocrystalline perovskite film was grown through cavitation-triggered asymmetric crystallization to suppress grain boundaries and associated defects and traps.

FTO/TiO2/MAPbBr3/Au PSCs gave PCE of up to 6.5 %. It was also the first planar, i.e. mesoporouslayer-free, PSC reported. 26 Alternative scaffold to TiO2 was introduced by Snaith et al., who demonstrated that PCE can be enhanced to 10.9 % by coating the MAPbI3-xClx perovskite on an inert Al2O3 scaffold, showing that photogenerated electrons can be also transported through the perovskite material. 27 In 2013, they modified the device architecture by forming thick perovskite film into the Al2O3 scaffold (Figure 12)

which yielded improved PCE of 12.3 %. This proved the ambipolar conductivity properties of the perovskite crystal, able to generate, separate and transport charge carriers. Later, it was also found that Al2O3 scaffold actually improved the stability of PSCs toward UV-light compared to TiO2. 29 On July 2013, Grätzel et al. optimized a sequential spin-coating deposition method to prepare perovskite films. 33 This method was previously reported by Mitzi et al. 15 years ago. 34 The improved perovskite morphology led to PCE as high as 15 %. On September 2013 was reported planar heterojunction PSC by Snaith et al. MAPbI3-xClx layer was formed by dual-source vapour deposition on top of a compact TiO2 layer, without using a mesoporous scaffold (Figure 12). The record PCE achieved was 15.4 %. 20 MAPbI3-xClx perovskite was found more appropriate than MAPbI3 for planar devices due to its longer charge diffusion length than MAPbI3 (1 µm vs. 100 nm). 35 At the same period, the first inverted p-i-n planar structure was reported by Chen et al. (Figure 12). PEDOT:PSS on ITO substrate and fullerene derivatives were respectively employed to collect holes and electrons. They reached a best PCE of 3.90 %. 36 Few months later, on December 2013, Bolink et al. described another example of inverted PSCs, incorporating an interlayer of poly-TPD between PEDOT:PSS and the perovskite as electron-blocking layer. The PCE was improved to 12.0 %. 37 This breakthrough significantly simplified the fabrication of PSCs by suppressing high temperature process of the inorganic compact layer and mesoporous scaffold, and opened the way to flexible and portable devices. On October 2013, Mathews et al. optimized ZnO low-temperature deposition process on ITO-PET flexible substrate. PSCs exhibited 2.6 % efficiency. 38 First step toward large scale perovskite solar modules was realized by Di Carlo et al. on January 2014.

They fabricated perovskite solar modules composed of 5 cells connected in series for a total active area of 16.8 cm². A maximum PCE of 10 % was recorded employing P3HT as hole conductor. 39 On July 2014, Spiccia et al. introduced a one-step fast deposition-crystallization process also called anti-solvent method. It resulted in highly crystalline perovskite layers affording PCE of 16.2 %. 21 At the same time, Seok et al. reported record PCE of 16.5 % (16.2 % certified data) through solvent engineering. DMF was replaced by γ-butyrolactone and DMSO while chlorobenzene anti-solvent was substituted by toluene resulting in extremely uniform perovskite films. 19 First replacement of MA + by FA + cation was realized by Baikie et al. on December 2013. FA based perovskites have a broader absorption range and thus have the potential to increase photocurrent of PSCs. However, due to difficult preparation, FAPbI3 based PSCs lead to only 4.3 % PCE. 40 Mixing FA and MA to form MA0.6FA0.4PbI3 afforded an easier preparation of perovskite films and PCE reached up to 14.9 %. 41 To further improve PCEs, Seok et al. on January 2015 included bromide to the mixed cation perovskite. Bromide based perovskites allow to reach higher photovoltage but narrower absorption range than iodide based perovskite. Through compositional engineering, they reported PCE of 18.4 % (17.9 % certified data), making MA0.15FA0.85PbBr0.45I2.55 one of the reference perovskite material for PSCs. 42 Planar bulk heterojunction PSCs were reported on April 2015 by Masi et al. PC61BM was mixed to the MAPbI3 perovskite active layer to help to electron extraction. They obtained improved PCE of 15.0 %. 43 On June 2015, the first PSC exceeding 20 % efficiency, published by Seok et al. 20.2 % PCE (20.1 % certified data), was achieved by optimizing the 2-step deposition process for FAPbI3 perovskite crystal. The strategy involved the incorporation of DMSO into the PbI2 precursor solution to form PbI2-DMSO films. FAI was then more easily inserted into the PbI2 layer via intramolecular exchange between DMSO and FAI. 44 

Over 20 % efficiency perovskite solar cells

Three main PSC architectures have been introduced: mesoscopic and n-i-p planar and p-i-n inverted.

Different routes addressing specific issues have been explored to achieve high efficiency in each kind of device.

n-i-p Mesoscopic solar cells

Improvement of mesoscopic solar cells mainly resulted from the optimization of the perovskite layer.

Best composition of perovskite material is still under investigations. Seok et al. reported the beneficial effects resulting in an excess of PbI2 in MAPbI3 perovskite. It was found that PbI2 reduced hysteresis and ion migration, leading to PCEs up to 19.8 %. 45 On the other hand, Park et al. realized PSCs exhibiting best PCE of 20.4 % with an excess of MAI in MAPbI3. A MAI layer has been suggested to be formed at the grain boundaries, which suppress recombinations and improve charge extraction through ionic-conducting pathways. 46 The composition of FA1-xMAxPb(I1-xBrx)3 was also studied.

Hagfeldt et al. reached efficiency as high as 20.7 % and 20.8 % for MA0.33FA0.67Pb(I0.83Br0.17)3 and "MA0.15FA0.81Pb(I0.83Br0.15)3" compositions, respectively. 47 Triple cation perovskite was introduced by Grätzel et al. by adding 5% cesium to form Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3. Cs + improved stability of the perovskite as well as PCE to 21.2 %. 48 They further proposed rubidium doped perovskite. The best system was based on quadruple cation perovskite, including Rb + , Cs + , MA + , and FA + , and reached 21.8 % PCE. 49 Segawa et al. introduced potassium as more available dopant (than Rb + and Cs + ) for the perovskite. Best PCE of 20.3 % was obtained thanks to a better energy band alignment and few defects into the perovskite. 50 A more original additive to the perovskite was incorporated by Grätzel et al. They mixed PMMA polymer to the perovskite precursor solution to improve crystallization of the perovskite. It resulted in PCE as high as 21.6 %. 51 Improvements of deposition technics also afforded to overtake 20 % efficiency. Grätzel et al. reported 20.8 % efficiency by depositing the perovskite through sequential spin-coating deposition, while they obtained 20.5 % efficiency by treating perovskite layer under vacuum after spin-coating deposition. [START_REF] Yi | Perovskite Photovoltaics with Outstanding Performance Produced by Chemical Conversion of Bilayer Mesostructured Lead Halide/TiO2 Films[END_REF] Record PCE published today was obtained by Seok et al. Perovskite layer was deposited by two-step spin-coating. Originality comes from iodide ions which were obtained by dissolving I2 into isopropyl alcohol through oxidation of isopropyl alcohol to acetone. They achieved impressive PCE of 22.6 % efficiency (22.1 % certified data). 5 Although main advances focused on the perovskite layer, investigations around selective materials also played a part in PSCs progress. Since it was reported that additives, such as lithium bis(trifluoromethanesulfonyl)imide salt (LiTFSI) and tert-butylpyridine (tBP), present in the conventional spiro-OMeTAD hole transporting layer could be detrimental for the device stability, novel HTMs and additives were investigated. [START_REF] Berhe | Organometal halide perovskite solar cells: degradation and stability[END_REF] Thereby, over 20 % PCE devices have been realized replacing conventional spiro-OMeTAD HTM by small molecules, metal organic compounds, or polymers. [START_REF] Zhao | Organic hole-transporting materials for efficient perovskite solar cells[END_REF] 

n-i-p Planar solar cells

Planar architecture emerged from simplification of mesoscopic devices. Besides, planar TiO2-based devices generally suffer from large hysteresis. The slow electron transport of the TiO2 layer creates charge accumulation at the TiO2/perovskite interface. This was overcome in mesoscopic devices by the larger TiO2/perovskite interface which multiply the sites where electron extraction is possible.

Therefore, hysteresis reduction and elimination of charge trapping have constituted a serious challenge in n-i-p planar PSCs progress.

Perovskite morphology has been improved using HI as additive to the MAPbI1-xClx precursor solution, leading to 19.1 % PCE. [START_REF] Heo | Highly reproducible, efficient hysteresis-less CH3NH3PbI3-xClx planar hybrid solar cells without requiring heat-treatment[END_REF] Grain size was increased and interface were passivated by introducing Pb(SCN)2 in the MAPbI3 precursor solution, resulting in PCE of 19.5 %. [START_REF] Ke | Employing Lead Thiocyanate Additive to Reduce the Hysteresis and Boost the Fill Factor of Planar Perovskite Solar Cells[END_REF] Ko et al. prepared niobiumdoped TiO2 layer through low temperature process and UV exposure. Compatible with flexible devices, UV-Nb-TiO2 layer had enhanced conductivity and better band alignment than conventional TiO2, leading to 19.6 % PCE. [START_REF] Jeong | A tailored TiO2 electron selective layer for high-performance flexible perovskite solar cells via low temperature UV process[END_REF] SnO2 has also been reported as good alternative to TiO2. Combining spin coating and chemical bath deposition technics, Hagfledt et al. reported PCE as high as 20.8 % with especially high Voc of 1.18 V. 18 Choi et al. demonstrated that charges trapped at perovskite grain boundaries induces degradation of the device, and showed that replacing TiO2 by C60 could reduce charge trapping and enhanced PCE to 20.4 %. [START_REF] Ahn | Trapped charge-driven degradation of perovskite solar cells[END_REF] To improve electron extraction at the TiO2/perovskite interface, Chang et al. modified TiO2 surface with an ionic liquid of superior conductivity. It was also found to form a better base for perovskite growth that lead in devices to 19.6 % PCE. [START_REF] Yang | Surface optimization to eliminate hysteresis for record efficiency planar perovskite solar cells[END_REF] All of these advances were reported to reduce hysteresis in the device.

p-i-n Inverted solar cells

Inverted planar p-i-n PSCs are preserved from the use of metal oxide which limit electron extraction and corrosion of the perovskite layer by additives present in the upper HTM. Choi et al. introduced thin layer of molybdenum oxide between graphene electrode and PEDOT:PSS HTM to dope the graphene and improve contact between graphene and PEDOT:PSS. It resulted in 18.8 % PCE. [START_REF] Sung | Transparent Conductive Oxide-Free Graphene-Based Perovskite Solar Cells with over 17% Efficiency[END_REF] Optimizing the HTL by replacing the traditional PEDOT:PSS by PTAA polymer, Huang et al. reached PCE of 18.3 %. [START_REF] Bi | Non-wetting surface-driven highaspect-ratio crystalline grain growth for efficient hybrid perovskite solar cells[END_REF] Through insertion of a PS interlayer at the perovskite/C60 interface, they succeeded in overtaking 20 % PCE. [START_REF] Wang | Thin Insulating Tunneling Contacts for Efficient and Water-Resistant Perovskite Solar Cells[END_REF] Success of inverted PSCs resulted from high efficiencies obtained through optimizations of ETL and HTL together with electrodes in the prospect of fully printed low-cost PSCs.

Current and future challenges 3.3.1 Reliability of device performances

Together with efficiency improvements came out questions about reliability of the reported performances. These questions arose from anomalous hysteresis in J-V curves of PSCs, which would lead in over or under-estimation of device performance. Hysteresis behaviour is affected by speed and voltage direction of the scan. Three acceptable reasons producing hysteresis have been identified: the ferroelectricity of the perovskite material, ion migration in the perovskite material and charge accumulation, or unbalanced charge extraction, at the perovskite interfaces. It has been shown that hysteresis in PSCs could be explained by a ferroelectric diode model. [START_REF] Wei | Hysteresis Analysis Based on the Ferroelectric Effect in Hybrid Perovskite Solar Cells[END_REF] Polarization of the device could generate migration of ions and defects toward perovskite interfaces and create hysteresis. [START_REF] Zhang | Charge selective contacts, mobile ions and anomalous hysteresis in organic-inorganic perovskite solar cells[END_REF] Finally, insufficient charge transport rates at one of the perovskite interface could also induce charge accumulation and hysteresis. [START_REF] Bergmann | Real-space observation of unbalanced charge distribution inside a perovskite-sensitized solar cell[END_REF] Although in some cases J-V hysteresis has totally been overcome, it is still present in many devices. For more transparency of the reported data, it has been recommended, if not mandatory, to communicate conditions of J-V curves measurements, PV performances recorded from both scan directions, and solar cell area. It has been shown that solar cells smaller than 0.1 cm² could undergo optical artefacts affecting J-V measurements and leading to overestimation of Jsc. [START_REF] Grätzel | The light and shade of perovskite solar cells[END_REF] 

Device sustainability

PSC as sustainable technology has first sustained scepticism due to the high sensitivity of the perovskite material to moisture and humidity. Although composition engineering and deposition technics have improved chemical and thermal stability of the perovskite, preparation conditions, such as temperature and relative humidity, were found to considerably affect device reproducibility and thus, have to be perfectly controlled. Moreover, overcoming preparation and encapsulation issues, decomposition of the perovskite layer can be induced by other constituents of the device, like the HTM or the ETM. The additives incorporated to the spiro-OMeTAD HTM in n-i-p devices has been especially pointed to promote perovskite degradation. Therefore, efforts on the perovskite material, preparation conditions and stability of selective layers have to be pursued, since long-term stability is a necessary requirement toward commercialization. Sustainability of a technology also relies on availability of the materials which is often closely related to their price. Hopefully, lead is abundant on Earth, and some optimistic cost analysis demonstrated yet that traditional PSCs could compete existing technologies such as c-Si solar cells for an efficiency greater than 12 % and a lifetime of 15 years. [START_REF] Cai | Cost-Performance Analysis of Perovskite Solar Modules[END_REF] Cost reduction is further expected for replacement of expensive FTO and ITO conductive oxides, low-cost and low-temperature printable process and the use of cheaper ETMs and HTMs than fullerene derivatives, spiro-OMeTAD or PTAA that are still largely employed in PSCs.

Finally, the incontestable toxicity of ionic lead constitutes a stumbling block for development of PSCs, from industrialization to recycling phase. Industrial use of lead is strongly regulated by international organisations such as the Restriction of Hazardous Substances of the European Union. [START_REF] Commission | Restriction of Hazardous Substances[END_REF] Moreover, in case of leakage or deterioration of a module, the solubility of perovskite in water could rapidly spread lead contamination and be detrimental for the environment. Although great progress in the substitution of lead by alternative elements like tin have been achieved, the efficiencies of the corresponding devices cannot rival yet with organolead-halide PSCs.

4 Hole transporting materials for perovskite solar cells HTM remains an essential component of highly performing PSCs. The main role of the HTM is to collect and transport photo-generated holes from the perovskite to the electrode. To maximize PSC efficiency, ideal HTMs should have the following specific properties: a HOMO level or valence band energy compatible with the valence band energy of the perovskite, a high hole mobility, a good filmforming ability, a good photochemical and thermal stability, a low light absorption in the visible and near-IR regions of the solar spectrum, and a cost-effective process.

Owing to its suitable HOMO level, wide band gap, good solubility and film-forming, spiro-OMeTAD is the most popular and the most efficient organic HTM for regular PSCs. This 3D molecule is composed of a spiro-fluorene core substituted with four N,N-dimethoxyphenylamine groups (Figure 13). Spiro-OMeTAD was used for the first time in 1998 in DSCs. [START_REF] Bach | Solid-state dye-sensitized mesoporous TiO2 solar cells with high photon-to-electron conversion efficiencies[END_REF] It was later introduced in PSCs. Replacing the liquid electrolyte, device lifetime was considerably extended. 25 However, due to the lack of π-π interactions, spiro-OMeTAD suffers from relatively low conductivity and low hole mobility. Therefore, chemical dopants such as LiTFSI salt and tBP, were successfully employed to p-dope spiro-OMeTAD.

In PSCs, it resulted in higher PV performances and a reduction of carrier recombination at the interface in PSCs. Record PCE achieved employing spiro-OMeTAD is 21.3 %. [START_REF] Cho | Highly efficient perovskite solar cells with a compositionally engineered perovskite/hole transporting material interface[END_REF] Nonetheless, chemical dopants were reported to induce degradation of device materials by inducing ion migration and by bringing moisture into the device in the case of hygroscopic materials. [START_REF] Berhe | Organometal halide perovskite solar cells: degradation and stability[END_REF] Last but not least, spiro-OMeTAD is an expensive molecule which necessitates tedious and costly purification processes which makes it inappropriate for mass production. Thereby, inspired from the specific structure of spiro-OMeTAD and learning from pointed instability issues, novel materials were synthesized paying particular attention to doping needs, cost of synthetic routes, chemical and thermal stability, and hygroscopicity of the materials.

Highly efficient HTMs

Here are reported examples of HTMs that gave over 18 % power conversion efficiency in mesoscopic, n-i-p planar or p-i-n inverted structure. If not mentioned, HTMs are doped.

Inorganic HTMs

Inorganic p-type semiconducting materials are interesting candidates as HTM for PSCs due to their good chemical stability and low cost. Moreover, they present good charge properties that often doesn't require the use of dopants. They are generally deposited from solvents able to dissolve the perovskite, and thus have mostly been studied for inverted PSCs. Materials studied include copper iodide (CuI), [START_REF] Sun | Room-temperature and solution-processed copper iodide as the hole transport layer for inverted planar perovskite solar cells[END_REF] nickel oxide (NiO), [START_REF] Hu | Sequential Deposition of CH3NH3PbI3 on Planar NiO Film for Efficient Planar Perovskite Solar Cells[END_REF] Cu:NiOx, [START_REF] Jung | A Low-Temperature, Solution-Processable, Cu-Doped Nickel Oxide Hole-Transporting Layer via the Combustion Method for High-Performance Thin-Film Perovskite Solar Cells[END_REF] and doped LixMgyNi1-x-yO. [START_REF] Chen | Efficient and stable large-area perovskite solar cells with inorganic charge extraction layers[END_REF] Nickel oxide (NiO), owing to its high transmittance and appropriate VB, has been the most studied inorganic HTM in inverted PSCs. It was first introduced by Tang et al. in 2014 who demonstrated that PCE of 7.6 % can be achieved through low-temperature solution processing. [START_REF] Hu | Sequential Deposition of CH3NH3PbI3 on Planar NiO Film for Efficient Planar Perovskite Solar Cells[END_REF] [START_REF] Arora | Perovskite solar cells with CuSCN hole extraction layers yield stabilized efficiencies greater than 20%[END_REF] On the other hand, in inverted PSCs, CuSCN demonstrated PCE up to 16.6 %. [START_REF] Ye | CuSCN-Based Inverted Planar Perovskite Solar Cell with an Average PCE of 15.6%[END_REF] Various copper phthalocyanine compounds (CuPc) were studied as HTM or even as dopant for HTM (Figure 14). [START_REF] Wang | Tetra-alkyl-substituted copper (II) phthalocyanines as dopant-free hole-transport layers for planar perovskite solar cells with enhanced open circuit voltage and stability[END_REF] Tetrafluorotetracyanoquinodimethane-doped copper phthalocyanine-3,4',4'',4'''-tetrasulfonated acid tetra sodium salt (TS-CuPc:F4TCNQ) was developed by Liao et al. PCE up to 16.1 % were achieved in inverted PSCs. Used as intermediate layer between spiro-OMeTAD and the top electrode, impressive PCE of 20.2 % was reached. [START_REF] Wang | Doped Copper Phthalocyanine via an Aqueous Solution Process for Normal and Inverted Perovskite Solar Cells[END_REF] Recently, nickel phthalocyanine (NiPc) have also been tested as HTM for n-i-p PSCs. Despite high mobility and low cost, thermal evaporation process and relatively lower PCE (12.1 %) cannot compete with the CuPc derivative. [START_REF] Haider | Boosting efficiency and stability of perovskite solar cells with nickel phthalocyanine as a low-cost hole transporting layer material[END_REF] Figure 14. Chemical structures of metal-organic complexes.

Organic molecular HTMs

A larger range of organic HTMs have been developed for n-i-p and p-i-n PSCs. Despite generally lower hole mobility and stability than inorganic HTMs, organic HTMs offer broader access to specific properties inherent to the whole device through chemical modifications or doping. Thereby, best performing PSCs at present include organic HTMs.

Spiro-like HTMs

The effect of the 3D geometry of spiro-OMeTAD was studied by Hagfeldt et al. who replaced the spiro-bonded fluorenes of spiro-OMeTAD by C-C (H11) and C=C (H12) bonded fluorenes (Figure 15). They observed that the hole mobility decreased together with the perpendicular arrangements, and was minimal for H12. However, film-forming was improved. A compromise between both led to PCE of 19.8 % employing H11 as HTM. [START_REF] Zhang | The Role of 3D Molecular Structural Control in New Hole Transport Materials Outperforming Spiro-OMeTAD in Perovskite Solar Cells[END_REF] Insertion of phenyl (V859) or thiophene (V862) groups in the two fluorene units of spiro-OMeTAD was carried out by Getautis et al. (Figure 15). Both HTMs were synthesized through cost-effective process. High hole mobility of the materials resulted in highly efficient PSCs exhibiting 19.5 and 20.0 % with V859 and V862 respectively. [START_REF] Malinauskas | Branched methoxydiphenylamine-substituted fluorene derivatives as hole transporting materials for highperformance perovskite solar cells[END_REF] Several examples of modified cores based on fluorenes were investigated. Sun et al. prepared via two-step reaction two novel HTMs, where one of the carbon bond of the two fluorenes of spiro-OMeTAD was broken. HT1 fluorene was substituted with methoxy groups while HT2 fluorene was substituted with N,N-dimethoxyphenylamine groups (Figure 15). The extended 3D structures improved film formation and enhanced hole mobility, leading to high PCE of 17.2 and 18.3 % for HT1 and HT2, respectively. [START_REF] Hua | Facile synthesis of fluorene-based hole transport materials for highly efficient perovskite solar cells and solid-state dye-sensitized solar cells[END_REF] Nazeeruddin et al. changed the spiro-fluorene core of spiro-OMeTAD to dissymmetric fluorene-thiophene core (Figure 15). It was found that the thiophene groups interact with iodide of the perovskite at the interface enhancing hole transfer. FDT-based PSCs achieved excellent PCE of 20.2 %, over the reference spiro-OMeTAD PSCs. [START_REF] Saliba | A molecularly engineered hole-transporting material for efficient perovskite solar cells[END_REF] Spiro[fluorene-9,9'-xanthene] (SFX) based HTMs X59 and X60 were simply synthesized via two-step synthetic route (Figure 15). X59 was found to reduce hysteresis and extend device lifetime while X60 had a high hole mobility and conductivity. Similar PCE of 19.8 % were obtained for both HTMs. It was at this time the first example of easily synthesized HTMs exhibiting comparable PV performance to the conventional spiro-OMeTAD. [START_REF] Bi | Facile synthesized organic hole transporting material for perovskite solar cell with efficiency of 19.8%[END_REF] More original structures combining SFX and triphenylamine groups were tested by the same group. X54 and X55 are highly distorted oligomers made in one-pot synthesis allowing good solubility in organic solvents. X55 presented higher hole mobility, better filmforming and deeper HOMO level, yielding to high 20.8 % PCE. [START_REF] Xu | Tailor-Making Low-Cost Spiro[fluorene-9,9′-xanthene]-Based 3D Oligomers for Perovskite Solar Cells[END_REF] Figure 15. Chemical structures of spiro-like HTMs.

Thiophene-based HTMs

Thiophene groups have been successfully used to modify spiro-OMeTAD. These thiophene modified HTMs can reach relatively high PCE through simplified and cheapest synthesis, and can extend lifetime of the devices.

Recently, Zhang et al. reported cost-effective Z25 and Z26 based on thiophene core functionalized with methoxy groups which improved solubility of the materials (Figure 16). Moreover, introduction of double bonds in Z26 planar flattened the molecule, improving the conjugation effect and thus, the conductivity. Remarkable PCE of 20.1 % was obtained with Z26, vs. 16.9 % for Z25 and 20.6 % for spiro-OMeTAD. [START_REF] Zhang | Over 20% PCE perovskite solar cells with superior stability achieved by novel and low-cost hole-transporting materials[END_REF] Nazeeruddin et al. studied the influence of alkyl length ending groups on anthra [ 16). [START_REF] Zimmermann | High-Efficiency Perovskite Solar Cells Using Molecularly Engineered, Thiophene-Rich, Hole-Transporting Materials: Influence of Alkyl Chain Length on Power Conversion Efficiency[END_REF] When increasing alkyl length, solubility of the materials was improved, hole conductivity was reduced while energy levels were unchanged. Thus, best PCE of 18.1 % was obtained employing ATT-OMe, while lowest PCE of 9.7 % was obtained using ATT-ODe.

Nazeeruddin et al. also developped benzotrithiophene (BTT) HTMs. BTT-1 was functionalized with diphenylamine groups, BTT-2 with triphenylamine groups and BTT-3 with carbazoles endowed with diphenylamine groups (Figure 16). BTT-3 had the deepest HOMO level of -5.4 eV and the highest conductivity, leading to high PCE of 18.2 %, which was competitive with spiro-OMeTAD devices. [START_REF] Molina-Ontoria | Benzotrithiophene-Based Hole-Transporting Materials for 18.2 % Perovskite Solar Cells[END_REF] Phenothiazine-based HTMs were recently reported by Grätzel et al. Phenothiazines were either linked to dimethyltriphenylamine (Z28), ethyl carbazoles (Z29), or dimethoxytriphenylamine moieties (Z30). Z30 was found to be the best combination for hole transport affording PCE of 19.2 %, vs. 17.8 % for Z28 and 14.7 % for Z29. [START_REF] Zhang | Impact of Peripheral Groups on Phenothiazine-Based Hole-Transporting Materials for Perovskite Solar Cells[END_REF] 

Triphenlyamine-based HTMs

Triphenylamine units are often present in HTMs due to good thermal and light stability, low ionic potential, and good solubility. Hole transmission is possible via positively charged vacancies. The nitrogen of TPA attracts electrons of aromatic rings through inductive effect, while its lone pair electrons are distributed to the aromatic rings. Inductive effect being weaker, aromatic rings became electron rich due to the p-π conjugated effect. The electron distribution makes electrons easy to delocalize and creates vacancies. However, dopants are often needed to increase hole mobility, especially for non-planar TPA which could have longer intermolecular distance. The strategy developed by Bolink et al. consisted in successively depositing a thin layer of pristine HTM and another of doped HTM. Similar layer arrangement can be applied for the ETM. In this way, layer thickness was well controlled and full coverage of the substrate was obtained. This method was found to be beneficial for OPVs. In PSCs, it is suggested to limit diffusion of dopants to the perovskite or undesirable reactions at the interface that could alter perovskite stability. Thereby, by combining pristine TaTm and F6-TCNNQ-doped TaTm layers, they obtained 16.5 % in p-i-n PSCs and 20.3 % in ni-p planar configuration (Figure 17). [START_REF] Momblona | Efficient vacuum deposited p-i-n and n-i-p perovskite solar cells employing doped charge transport layers[END_REF] Recently, Johansson et al. reported the influence of pendant groups on fluorene units of TPA-based HTMs (Figure 17). It was suggested that larger size substituents led on one hand to longer conjugation and thus, higher conductivity, and on the other hand to lower solubility of the material.

Thereby, best PCEs of 17.3, 19.2 % and 18.2 % were respectively obtained for X21, X26 and X36. [START_REF] Zhang | Constructive Effects of Alkyl Chains: A Strategy to Design Simple and Non-Spiro Hole Transporting Materials for High-Efficiency Mixed-Ion Perovskite Solar Cells[END_REF] 

Aza-based HTMs

Among aza-based HTMs, triazatruxene and azulene-core HTMs demonstrated good PV performances in PSCs. Triazatruxene are made of three indole units linked by a benzene ring and constitute an extended delocalized π-system. Nazeeruddin et al. optimized structure of triazatruxene-based HTMs. Among the reported materials, KR131 exhibited most promising PV performances (Figure 18). KR131 has a symmetrical planar star-shape comprising electron-rich methoxy arms. PSCs based on this material achieved up to 18.3 % efficiency. [START_REF] Rakstys | Triazatruxene-Based Hole Transporting Materials for Highly Efficient Perovskite Solar Cells[END_REF] Through reduction of the length of the alkyl chain and introduction of a poly(9vinylcarbazole) (PVK) interlayer at the perovskite/HTM interface, Su et al. promoted the PCE to 18.8 % employing SP-12 as HTM (Figure 18). PVK was suggested to improve stability of the device by creating a protective layer for the perovskite preventing degradation from the HTM or the atmosphere. It was also found that PVK reduced charge recombinations at the interface. [START_REF] Su | A multifunctional poly-N-vinylcarbazole interlayer in perovskite solar cells for high stability and efficiency: a test with new triazatruxene-based hole transporting materials[END_REF] Besides, replacing triazatruxene by truxene core, Chen et al. reported Trux-OMeTAD in inverted PSCs (Figure 18). 2D conjugated structure results in high hole mobility appropriate surface properties for the formation of perovskite layer. Without dopant, remarkable PCE as high as 18.6 % was obtained in PSCs. [START_REF] Huang | Dopant-Free Hole-Transporting Material with a C3h Symmetrical Truxene Core for Highly Efficient Perovskite Solar Cells[END_REF] Figure 18. Chemical structure of aza-based HTMs.

Carbazole-based HTMs

Carbazole and its derivatives also present great interest for hole transport in PSCs. They have been widely employed in organic electronics owing to their good charge transport properties and excellent thermal and chemical stability. 100 Moreover, opto-electronic properties of carbazole-based materials are easily tuned through functionalization.

To the best of our knowledge, best performance of carbazole-core-based molecule was achieved by with CZ-TA, which consists of tetra-dimethoxy-phenyl substituted carbazole (Figure 19). PSCs exhibited similar PCE of 18.3 % as spiro-OMeTAD. 101 Recently, Getautis et al. studied the effect of different phenyl cores di-substituted with carbazole dimethoxyphenylamine moieties (Figure 19). Few device performance differences were recorded according to the meta, para or ortho substitution position of the moieties around the phenyl. All V911, V885 and V886 reached PCE as high as 18.5 %. Removing methoxy ending groups (V908, V928, V931), PCE further dropped to 16.5 %. 102 Earlier, Sung et al. reported tri-substituted phenyl in SGT-407, where 13.9 % were achieved. 103 Inserting a methyl between the core and the moieties (V1039), Getautis et al. achieved 17.4 % efficiency. Finally they reported a tetra-substituted HTM, V957, which exhibited 17.1 % PCE. 102 Meng et al. reported tetra-and di-substituted pyrenes, called dly-1 and dly-2, respectively. Similarly to the phenyl-core molecules, the di-substituted pyrene reached higher PCE, i.e. 18.2 % for dly-2 vs. 17.2 % for dly-1. 104

Polymer HTMs

Semiconducting polymers integration to photovoltaic devices is motivated by their lower cost, higher stability and, better film-forming and charge transport properties compared to small molecules. Some polymers such as PEDOT:PSS, PC60BM or P3HT, come from OPVs while novel materials were specifically designed for PSCs.

Thiophene-based polymer HTMs

Insertion of thiophene units have been shown to importantly enhance charge transport properties in organic molecules. Thiophene-based polymers have the additional interest of extending conjugation.

PEDOT:PSS is a commercial semiconducting polymer which has been widely employed in organic electronic devices owing to its high conductivity, facile and smooth film-forming, and good transparency (Figure 20). First inverted PSCs were based on this material. 36 Although pristine PEDOT possesses honourable conductivity > 10 -1 S.cm -1 , PSS is necessary to reduce recombination rate and so improve PCE. 105 Benefiting from optimizations of the full inverted device, record efficiency overpassing 20.1 % was obtained employing PEDOT:PSS polymer as HTM. [START_REF] Wang | Thin Insulating Tunneling Contacts for Efficient and Water-Resistant Perovskite Solar Cells[END_REF] It is noteworthy to say that PEDOT:PSS is solubilized in water and consequently cannot be employed in n-i-p PSCs. 20). The impressive PCE of 16.6 % was ascribed to a better energy level alignment as compared to PEDOT:PSS. Furthermore, high PCE were achievable with very thin layers. 107 More recently, same group further enhanced device efficiency by replacing the sodium cation by methyl ammonium to form P3CT-CH3NH2. Employing this novel polyelectrolyte as HTM, remarkable PCE as high as 19.6 % was recorded. 108 Wang et al. studied dopant-free polymers composed of carbazole and thiophene units: PCDTBT, PCDTBT1 and PCDTBT8 (Figure 20). PCDTBT1 achieved higher efficiency of 19.1 % thanks to its more effective suppression of charge recombinations, vs. 16.4 % with PCDTBT and 14.8 % with PCDTBT8. 109 

Triphenylamine-based polymer HTMs

TPA-based polymer HTMs have been investigated as for regular structures for the replacement of spiro-OMeTAD as for inverted structures. Such conjugated materials have the advantage to exhibit better film-forming and superior charge transport properties than small molecules.

Seok et al. reported PTAA as the first polymer introduced in PSCs replacing spiro-OMeTAD. 30 At this time, PCE was only 12 % (Figure 21). Through optimization of mesoporous device, Seok et al. demonstrated a record PCE of 22.6 % in small cells and 19.7 % in 1 cm² cells, which is the highest efficiency ever reported in PSCs. 5 A similar poly-TPD HTM as PTAA was demonstrated to be a good candidate in inverted PSCs with a maximum PCE of 15.3 % (Figure 21). 110 On the other hand, PTAA was also found to be an excellent Hole mobility, HOMO level, PV performances, and solar cell details of HTMs reaching PCE higher than 18 % in PSCs are summarized in Table 1. a HTM employed in mesoscopic structure (dark blue), n-i-p planar structure (light blue) or p-i-n inverted structure (green). b Hole mobility.

Dopant-free HTMs

The route towards low-cost and sustainable PSCs went through the design of dopant-free HTMs.

Among the materials previously reported, NiO, CuSCN, Trux-OMeTAD and PTAA showed that additive-free HTM could go with high efficiency. In the following examples, it is shown that high PCE can also be achieved with dopant-free HTMs through structural modifications, extension of conjugation in the material or addition of interfacial layers in the device.

Among metallo-organic compounds, pristine CuPc exhibits high hole mobility, low price and is compatible with flexible devices. In n-i-p structures combined with a cheap carbon electrode, PCE reached up to 16.1 %, while comparable PCE of 15.4 % was obtained in inverted PSCs. 112 In both cases, stability of the devices was reported to be improved.

For organic compounds, incorporation of thiophene groups has been shown to increase Replacing methyl by methoxy ending groups, FF was improved resulting in 16.1 % PCE. 120 They further developed "butterfly-shaped" Z1011. 121 Similar PV performance as doped spiro-OMeTAD (16.3 % for pristine Z1011 vs. 16.5 %) were achieved owing to the higher thermal stability and higher hole mobility of Z1011. However, synthetic route towards this material is complicated. Guo et al. Incorporation of ionic groups also demonstrated to enhance charge transport properties of P3CT. Finally, performances of dopant-free HTMs were boosted by device engineering. Hydrophobic conjugated polymers are desirable HTMs to protect the perovskite layer from moisture. However, perovskite can be difficult to process on top of them in inverted devices. To improve perovskite formation, oxygen plasma was applied on the polymer layer to make the surface more hydrophilic and enhance contact between the polymer and the perovskite. Hole mobility, HOMO level, PV performances and solar cell details of HTMs cited above are summarized in Table 2. 

Conclusion

Emergence of PSCs has renewed the success of the PV field. The efforts for understanding properties of perovskite material has been beneficial to rapidly enhance device efficiency and furthermore, has opened new applications for this material such as hybrid light emitting diodes, photodetectors, x-ray imaging… The race towards high efficiency was also accompanied by the development of semiconducting materials specifically designed for this application.

On the HTM side, small molecules boosted by dopants demonstrated high PV performances particularly for mesoscopic devices. In the panel of the novel synthesized molecules, the compromise between high efficiency, long lifetime and cost-effective fabrication is not easy to find.

On the other hand, polymers could present enhanced conjugation, increased π-π interactions, and easy film-forming through solution process, and thus, rely less on doping. Additional to high PV performances reported as doped as well as undoped HTMs, they have been shown to improve the PSC stability, in particular in n-i-p devices by forming a barrier layer against oxygen and moisture.

They have also been applied at the interface of the perovskite and the HTM to avoid the diffusion of the HTM dopants into the perovskite. Several strategies are still under investigations, like the combinations of specific properties through block-copolymers, or the insertion of ionic species to form polyelectrolytes that could improve charge transport properties of the materials.

Introduction

Three architectures are considered in this manuscript: n-i-p mesoscopic, n-i-p planar and p-i-n planar inverted PSCs. These devices were made of materials commonly employed in PSCs, and inspired from best performing devices at the time they were elaborated. The objective was to make reference devices to further incorporate our polymers. Reference devices require to exhibit reliable efficiency, high enough to be able to understand mechanisms when modifying the devices and to add value to the novel materials we introduce. The hysteresis was evaluated by a hysteresis index defined as HI = (PCEreverse -PCEforward)/ PCEreverse. All of the experiments are detailed at the end of the manuscript.

2 n-i-p Planar perovskite solar cells 

Optimizations of the process 2.2.1 TiO2 blocking layer

In the first devices, the bl-TiO2 was deposited by spray-pyrolysis. This method allows the deposition of a thin and smooth layer of TiO2. However, many parameters such as the deposition speed and the distance from the samples, rely on the experimenter and can lead to heterogeneities between devices. In order to improve the reproducibility, spin-coating and atomic layer deposition (ALD) methods were compared. Spin-coating deposition was realized by using the same precursor solution as for spray-coating. ALD consists in successively depositing monolayers of titanium from TiCl4, which are grafted to oxygen in replacement of hydrogen on the surface, and OH from water which bond to titanium, replacing chloride (Figure 25). This method allows the formation of a compact layer of TiO2 with a well control of the thickness. For each deposition method, thickness of TiO2 was optimized in solar cells (Figure 26). Best performances are given in Table 3. For the spin-coating deposition, thickness was varied with the precursor solution concentration and the speed and acceleration of the rotation, from few nanometers to around 100 nm. ALD thickness was varied with the number of cycles. Spray coating thickness was varied with the volume and the concentration of the precursor solution, from few nanometers to about 230 nm. Maximum PCE of 15.5 % was obtained for the spin-coated device.

However, hysteresis was found to be the largest. The unreliability of the spray-coating method is confirmed with non-linear evolution of PCE with the thickness. Devices from ALD gave poor PV performances. This could be due to the crystallinity of the TiO2. As it was not possible to control the phase by XRD due to the too thin TiO2 thickness, a calcination step at 500°C was performed after the ALD to insure the prevalence of the anatase phase instead of the amorphous phase. However, similar PV performances were obtained. Another reason could be the formation of HCl byproduct when using TiCl4, which can etch the film during the deposition. As the interface between TiO2 and the perovskite is important for electron extraction and performances of planar PSCs, TiO2 surface was modified by grafting 3-aminopropyltriethoxysilane (APTES) (Figure 27). Surface hydroxyl groups of the TiO2 blocking layer can substitute the ethoxy group on the silicon atom to give -Ti-O-Si-(CH2)3-NH2 linkages, the amino group being expected to form specific interactions with the perovskite. Thus, amino-silanes have been previously used to improve wettability and quality of perovskite thin films. 3 They can enhance adhesion between the TiO2 and the perovskite, reduce trap states and even reduce hysteresis. The modification process was operated on spin-coated TiO2 substrates. In PSCs, these modified layers finally exhibited lower performances than pristine TiO2. Voc and Jsc were significantly reduced and hysteresis is still huge (Table 3). It may be due to an over functionalization of the surface. APTES may unfavourably modify the TiO2 CB level for the electron extraction and/or the surface properties for the formation of the perovskite crystal. Therefore, this method has not been further optimized. Optimized thicknesses were measured by observing the cross section of the films by scanning electron microscopy (SEM), while surface roughness was measured by atomic force microscopy (AFM) (Table 4). Optimal spin-coating thickness was around 40 nm, which is in agreement with the literature. APTES functionalization didn't modify the thickness. Surprisingly, optimal thickness of spray-coating devices was about 230 nm, which corresponds more to the thickness of mesoporous TiO2 layer in mesoscopic devices. Roughness was found to be reduced to 20 nm for spin-coating devices, while ALD TiO2 roughness follows the one of the FTO substrate (40 nm). Finally, we observed the quality of the perovskite layer coated on top of these TiO2 layers by SEM. In all devices, perovskite formed islands of different size, shape and texturing (Figure 28). Perovskite edges seems to better adhere the TiO2 surface modified with APTES. This indicates that surface state of TiO2 varies from deposition technics and influences perovskite film forming. In the next experiments, TiO2 spray pyrolysis process is replaced by spin-coating process which gives higher efficiencies in PSCs. 

TiO2 post treatments

Several TiO2 post treatments were tested in order to improve the film-forming of the perovskite. TiCl4 treatment has been previously employed in DSCs to densify the bl-TiO2 layer and improve photocurrent due to a small downward shift of the CB of TiO2 and a reduction of recombinations at the interface. 4 On the other hand, SnCl4 is often used to prepare SnO2 layers and replace TiO2. 5 SnO2 has the advantages to be processable at low temperatures, to be more stable and more conductive than TiO2, and is often reported to passivate the interface with the perovskite especially in planar devices. 6 Therefore, TiCl4 treatment was compared to SnCl4 treatment. These treatments consist in immersing spin-coated TiO2 substrates into TiCl4 or SnCl4 solutions at 70°C for 1h and finally drying the layers at 500°C and 180°C for TiCl4 and SnCl4, respectively. In this way, small amount of TiO2 or SnO2 was deposited.

AFM surface of treated TiO2 and their respective roughness are given in Figure 29, as well as SEM surface images of corresponding perovskites. Roughness was slightly increased upon treatments as well as surface covering of the perovskite, especially for SnCl4. Despite better covering of the perovskite on the SnCl4 treated surface, the SnO2 resulting layer considerably reduced the photocurrent and the voltage in devices (Table 5). In this case, the combination of TiO2 and SnO2 did not improve electron collection in devices. On the other hand, despite slightly reduced Jsc, TiCl4 treated devices exhibited improved Voc up to 1.08 V and a higher FF which resulted in a maximum PCE of 16 %. Hysteresis was reduced but is still largely present in the devices. In the following experiments, TiCl4 treatment step was systematically implemented in the PSC process. TiO2 surface was treated with UV-ozone in order to make the surface more hydrophilic by forming surface hydroxyl groups and eliminating adventitious carbon species. To investigate the effect of increasing hydrophobicity of the surface by removing the UV-ozone treatment step was replaced by a surface treatment involving CF4 plasma. CF4 plasma is expected to make the surface more hydrophobic owing to the introduction of fluorine on the surface. Perovskite surface SEM images revealed that the more hydrophobic the substrate the better the perovskite covering (Figure 30). However, once again, larger perovskite covering doesn't necessary imply higher PV performances (Table 6). PSCs involving the CF4 plasma step exhibited lower Voc, and thus lower PCE with larger hysteresis. Absence of treatment decreased all PV parameters. Best performances are finally obtained for the reference device involving UV-ozone treatment. It is worth mentioning that contact angle of perovskite precursor solution has also been measured on all TiO2 surfaces tested, but were all under 15°, which is considered as completely wet surface.

Therefore, wettability of surfaces has not been further discussed.

Perovskite process

The objective was to improve the perovskite covering playing on perovskite process and perovskite precursor solution formulation. A larger perovskite surface would lead to improved absorption and photocurrent while reducing recombinations by avoiding contacts between the HTM and the ETM through perovskite-free areas.

First, the influence of the perovskite drying temperature was studied in the 100 to 140°C temperature range. The drying time was adapted according to the darkness of the film. Once final dark colour reached, perovskite was dried 5 more minutes before being removed from the hotplate.

Gradual drying process was also introduced, from 65 to 100°C by increasing temperature by 10°C every 10 minutes and then keeping the perovskite at 100°C for 1h. SEM surface images of the corresponding perovskites are depicted in Figure 31. The reference device was dried for 45 min at 120°C. Original and significantly different perovskite morphologies were obtained. Perovskite films with some pinholes were obtained when dried below 110°C while perovskite islands were formed above 120°C. High temperature drying led to a dewetting of the perovskite and on the other hand, flatten the grains making the film smoother. Regarding the absorption spectra of the films, all the perovskite had the typical MAPbI3 absorption shape, with a first increase in absorption at around 760 nm and a second one around 560 nm (Figure 32). The most absorbing film was the one gradually dried from 65 to 100 °C, followed by the reference device dried at 120°C. The less absorbing perovskite was dried at 140°C, which also corresponds to the less covered substrate. The best performing perovskite into PSCs remained the reference one (Table 7). Despite poor covering, the perovskite dried at 140°C exhibited higher PCE than the gradually dried one. The absence of grain boundaries in the case of perovskite islands may avoid charge recombinations. As well, the flat grains may induce a better contact with the charge extracting layers. To improve the perovskite layer quality, another strategy consists in incorporating additives or solvents to the perovskite precursor solution. Inorganic acids such as HI and HCl were reported to improve coverage of perovskite film due to the better solubility of the materials, and the possible reaction of the acid with PbI2 or PbCl2 to form an intermediate that adjusts the crystallization kinetics. 7 Besides, the Lewis acid-base adduct approach consists in adding polar aprotic solvent such as pyridine or DMSO, into the perovskite precursor solution. It could interact with the PbI2 or PbCl2 and form an adduct, which results in a better control of the perovskite crystallization. 8 Water additive has also been shown to improve the perovskite quality particularly when processed in atmosphere. 9 Finally, a range of alkyl halide additives were incorporated to the perovskite precursor solution to enhance perovskite covering and efficiency of PSCs. This effect was attributed to the participation of the halogens to the perovskite growth via chelation with Pb 2+ which is modulated by the steric effect of the alkyl chain length. 10 Therefore, the effect of several additives, including HCl, H2O, pyridine (PYR), DMSO, 1,8-diiodooctane (DIO), 1-bromooctane (1BO) and 1-bromobutane (1BB), on the perovskite coverage and PV performances has been investigated.

The perovskite morphologies were observed by SEM (Figure 33). For H2O, PYR, DMSO, DIO, and especially HCl, perovskite island size was enlarged and seemed closer to each other, meaning that surface coverage is improved. For 1BO, a dense network of grain-like perovskite was formed, while for 1BB, perovskite looked porous and did not cover completely the TiO2 layer. Therefore, absorption of the perovskite was improved by the addition of HCl or 1BO (Figure 34). However, none of the additive enhanced PV performances (Table 8). HCl, 1BB and pyridine devices showed a current excess for their reverse scan that could lead to an overestimation of the FF (Figure 35). Thereby, a best PCE about 14 % was obtained when pyridine was used as additive. 

Reference PV performances of planar perovskite solar cells

In summary, the main preparation steps leading to the reference n-i-p planar PSCs involve: i) UVozone treatment of the FTO substrates; ii) deposition of the bl-TiO2 layer by spin-coating of a TiAcAc solution followed by calcination in air; iii) post-treatment with TiCl4; iv) formation of the MAPbI3-xClx layer by spin-coating of a MAI/PbCl2 solution followed by annealing at 120°C; iv) deposition of the HTM layer by spin-coating from a spiro-OMeTAD solution doped with LiTFSI and tBP; v) evaporation of gold contacts. The as-prepared n-i-p planar PSC exhibited a maximum PCE of 16.0 % and an average PCE of 14.1 % (Table 9). Hysteresis is still quite large for the device while reproducibility is acceptable (Figure 37). 3 Mesoscopic perovskite solar cells

Fabrication of mesoscopic perovskite solar cells

More elaborated mesoscopic PSCs were fabricated, benefiting from device optimizations in the perovskite community. Thereby, TiO2 blocking (bl-TiO2) layer has been optimized by introducing lithium, from LiTFSI, and magnesium, from Mg(TFSI)2. Magnesium has been demonstrated to shift the fermi level of TiO2 in favourable configuration to decrease resistivity and enhance electron collection, 12 while lithium reduced electronic trap states and accelerated electron transport. 13 Consequently, combination of these two metals should improve PCE and decrease hysteresis. As well, mesoporous TiO2 (mp-TiO2) layer was treated with LiTFSI salt to improve electron extraction. 14 Mixed cation and mixed halide lead-based perovskite material was chosen as active material.

MA0.15FA0.85PbBr0.45I2.55 is now largely employed in highly efficient PSCs owing to a compromise between a broad absorption range relying on Br -, and an improved stability brought by FA + .

Performances were further enhanced by the introduction of potassium, from KI, which was found to better align the conduction band of the perovskite with the one the TiO2 and to reduce defects into the perovskite layer. 15 The perovskite layer was deposited by the anti-solvent spin-coating method.

Formulation of spiro-OMeTAD still contained LiTFSI and tBP dopants. From the mp-TiO2 deposition step, the fabrication was realized in dry conditions. The fabrication steps and the energy diagram of mesoscopic PSCs are depicted in Figure 38 and Figure 39. 

Reference PV performances of mesoscopic perovskite solar cells

High efficiencies, over 18 % without ageing, with relatively good reproducibility were obtained with this process (Table 10). Since this was the range of efficiencies typically reached with this recipe, no further optimization of the process was performed. Hysteresis was considerably reduced compared to regular planar PSCs. Potassium-free PSCs were fabricated and compared to doped ones to evidence the crucial role of potassium in the device hysteresis (Table 10, Figure 40). 

Optimizations of the process

Before making PSCs, several perovskite precursor solutions have been tested to obtain a dense perovskite layer on PEDOT:PSS. Three formulations, detailed in Table 12, have been studied.

Formulation A consisted in simply dissolving PbI2 and MAI in DMF as reported in many papers.

Besides, the Lewis acid-base adduct approach was developed to improve the perovskite quality.

Moreover, DMF was found to possibly alter the PEDOT:PSS layer. Therefore, two other formulations have been tested: B containing γ-butyrolactone (GBL), DMSO, and N-methyl-2-pyrrolidone (NMP), and C a mixture of DMF and DMSO. The morphologies of the films formed on top of PEDOT:PSS were revealed by AFM and depicted in The final perovskite from formulation C was characterized by XRD. All of the observable peaks are associated to the perovskite cubic phase. 11 No peak at around 11° that could be attributed to PbI2 was found, meaning that the conversion of PbI2 into hybrid perovskite is complete. Secondly, layer thicknesses were optimized into PSCs (Figure 45). If not mentioned, I-V curves and PV performances refer to forward scans, which gave higher efficiencies than reverse scans. PEDOT:PSS and PC60BM thicknesses were varied with the spin coating speed. The perovskite thickness was changed with the concentration of the precursor solution. Thicknesses were determined with a profilometer. Optimal thicknesses for inverted PSCs were 50 nm for the PEDOT:PSS, about 400 nm for the perovskite and about 30 nm for the PC60BM. PEDOT:PSS was formulated with 5 % of DMSO and 0.04 % of zonyl to improve the conductivity and the homogeneity of the film. 16 Compared to pristine PEDOT:PSS, formulated PEDOT:PSS gave in PSCs significantly higher Voc and led to reduced the hysteresis (Table 12). Bathocuproine (BCP) is currently used as buffer layer between the ETL and the top electrode to help extraction of electrons in inverted PSCs. 17 BCP can be deposited either by spin-coating or by evaporation. These two methods were compared in our devices (Figure 46a). According to the reported process, BCP spin coated layer should be around 10 nm. 18 The BCP thickness was easier to control by evaporation and remained uncertain by spin-coating. Thus, when comparing the two processes, the possible thickness difference has to be considered too. Best PCE was obtained by spincoating the BCP layer. Average PCE without and with spin-coated BCP were similar. The optimal BCP thickness was obtained by varying the spin-coater speed (Figure 46b). The PCE decreased together with the BCP thickness, meaning that BCP is actually deposited despite the low concentration high spin-coater speed. On the other hand, evaporation of BCP was macroscopically not homogeneous.

This could explain lower PCEs (Figure 47). 

Reference PV performances of planar perovskite solar cells

Finally, the best PSC exhibited an efficiency of 12.23 %. Best and average (20 cells) PV performances of our reference inverted PSCs are reported in Table 13. Compared to the state-of-the-art inverted PSCs, Voc and FF are quite low. Hysteresis is still present and characterized by lower Jsc and FF for the reverse scan. EQE of the best device was also recorded (Figure 48). The peak at around 350 nm could be attributed to the PbI2 resulting from the degradation of perovskite. The extracted Jsc, i.e. 13.30 mA.cm -2 , was lower than that expected, i. e. over 21 mA.cm -2 (Table 13). This could be explained by the EQE lamp that illuminated only a part of the cell without using a mask. The non-illuminated part may act as a shunting load, resulting in lower photocurrent. 19 Figure 48. EQE and extracted Jsc of the reference inverted PSC.

Conclusion

This chapter described the fabrication steps and optimizations brought to the three types of PSCs considered.

The first architecture optimized was the n-i-p planar. The main challenge was to find the best conditions to minimize the hysteresis and maximize the efficiency through optimizations of the bl-TiO2 layer and of the perovskite layer. Compromise between perovskite coverage and perovskite crystal quality was necessary. In optimal conditions, a best power conversion efficiency (PCE) of 15.99 % was reached. This solar cells will be used in Chapter 3 to introduce new functionalized polyvinylcarbazole.

Secondly, n-i-p mesoscopic PSCs were fabricated. The maximum PCE achieved was 18.44 % with a significantly reduced hysteresis. The better performances compared to n-i-p planar devices are attributed to the mesoscopic TiO2 layer that helps for the electron extraction, to the mixed MA0.15FA0.85PbI2.55Br0.45 perovskite properties and to the doping of the materials. Doping TiO2 with LiTFSI and Mg(TFSI)2, and the perovskite with K + tune the energetic properties of the materials in a favourable way for the solar cell operation. These devices will be used in Chapter 3 to introduce the most promising polyvinylcarbazole derivative studied in planar configuration, and in Chapter 4 to incorporate novel polyelectrolytes as HTMs or as dopant.

Through process optimization, the best PCE reached in inverted PSCs was 12.2 % with a reasonable hysteresis. These performances are quite far from the actual state-of-the-art (> 20 %) and could be further optimized via materials and device engineering. These devices will be used in Chapter 5 to investigate the possibility to be used as semi-transparent devices.

Chapter 3

Functionalized-Polyvinylcarbazoles as

Hole Transporting Materials

Modified poly(9-vinylcarbazole)s were investigated as hole transporting materials for n-i-p planar and mesoscopic hybrid perovskite solar cells. Opto-electronic and charge transport properties of the polymers were studied prior to be incorporated into solar cells. PV performances of the corresponding devices were compared to the standard PSCs using spiro-OMeTAD as hole transporter.

Introduction

As presented in the first Chapter, the HTM is a key material ruling both performance and stability of PSCs. Essential for efficient extraction of holes, it also prevents perovskite from degradation induced by ambient air and humidity. One of the most studied and effective HTM reported is the spiro-OMeTAD. However, due to burdensome synthesis and purification methods, this material is relatively expensive. Moreover, its limited stability makes it unsuitable for industrial scale production. 1 Therefore, new HTMs, either organic or inorganic, have been investigated to replace spiro-OMeTAD. 2 Some of them include small carbazole-based molecules, like X51 (9,9'-([1,1'-biphenyl]-4,4'diyl)bis(N3,N3,N6,N6-tetrakis(4-methoxy-phenyl)-9H-carbazole-3,6-diamine) and star-shape derivatives, which have been incorporated into PSCs. 3 These materials showed similar properties to spiro-OMeTAD but their synthesis and purification remain complicated limiting, the quantities produced. Furthermore, the solar cells involving these HTMs still suffer from stability issues. On the other hand, poly(9-vinylcarbazole) (PVK) is a p-type semiconducting polymer, commercially available and easily produced in large quantities through controlled radical polymerization. 4 Due to its stability arising from its polymeric backbone, hydrophobicity, large hole mobility and solution processability, PVK has been widely used in organic electronic devices, as light emitting diodes and organic solar cells. 5 Recently, despite a relatively low HOMO level (-5.8 eV), PVK and PVK-based polymers were successfully introduced in PSCs. Replacing PEDOT:PSS by a thin layer of PVK led to a 15.8 % PCE in inverted structure. 6 PVK has also been used as an interlayer between the perovskite and a triazatruxene-based HTM in order to enhance hole extraction and insulate the perovskite layer from ambient moisture, thus leading to 18.8 % PCE. 7 Additionally, it was recently shown that hyperbranched PVKs outperform P3HT in ITO/TiO2/perovskite/HTM/Ag structure. 8 Thereby, three novel PVK derivatives were synthesized and studied as HTM (Table 14). Properties of PVK were tuned through functionalization. PVK-(OCH3)2, has methoxy substituents which have been shown to enhance the conductivity of HTMs. 9 PVK-(tBu)2, was functionalized with tert-butyl groups.

Alkyl chains were expected to improve solubility and film-forming of the material. 10 PVK-[N(PhOCH3)2]2, which mimics spiro-OMeTAD substituents, contains triphenylamine groups that are used to bring stability and good charge transport properties in HTMs. 11 The properties and PV performances of the devices including these polymers as HTM were compared with those of systems using standard spiro-OMeTAD in PSCs. 2 Properties of the PVK derivatives

Thermal analyses

Thermal analyses, i.e. determination of the glass transition temperature (Tg) and of the degradation temperatures, were performed in order to evaluate the thermal stability of the polymers (Table 15).

Thermogravimetric analyses (TGA) indicate that the polymers are rather stable, with a mass loss lower than 10 % up to 365°C (Figure 50). Differential scanning calorimetry evidences a lower glass transition temperature of PVK (203°C) as compared to PVK-[N(PhOCH3)2]2 (222°C) and PVK-(OCH3)2 (219°C) (Figure 51). It is worth mentioning that no glass transition was observed for PVK-(tBu)2, and neither crystallization nor melting processes occurred for all materials between 0 and 250°C. 

Solubility

Polymer solubility was tested in polar and non-polar solvents at a concentration of 50 mg/mL (Table 16). Non-polar solvents such as chlorobenzene, toluene or diethyl ether are suitable for the depositions of HTM since they cannot dissolve the perovskite. On the contrary, perovskite layer can be altered by polar solvents like acetonitrile, acetone or alcohols. All polymers were soluble in chlorobenzene, and thus can be deposited on top of the perovskite. We notice that the dimethoxyphenylamine moieties of PVK-[N(PhOCH3)2]2 improve the solubility of PVK in several polar solvents. 

DMF - - + DMSO - - + Acetonitrile - - - + Ethanol - - - - Methanol - - - -

Opto-electronic properties

Absorption and emission spectra of polymer solutions of 0.01 % in THF were recorded (Figure 52). HOMO level of the polymers should ideally be close to -5.4 eV, which is about the reported energy position of the perovskite maximum VB, to efficiently collect holes. 12 To evaluate the HOMO level, photoelectron spectroscopy in air (PESA) was performed on polymer thin films deposited on glass (Figure 53). HOMO levels were deduced by extrapolation of the two trend curves corresponding to the emission region and the base line. The error was estimated to be ± 0.05 eV. Energy levels of the polymers are summarized in 

Charge transport properties

Hole mobility represents the ability of holes to move through a material. Hole mobility was measured for the polymers by the space-charge-limited current (SCLC) method. This method allows to measure the hole mobility perpendicular to the film through a simple device architecture. The mono-polar device, i.e. hole-only, is composed of a thin semiconductor layer (200 nm -2 µm) sandwiched between an injection contact and a blocking contact. Charge carrier mobility is determined by applying a voltage to the device while measuring the driven electric current. At low current, ohmic I-V characteristic is observed. When increasing the current, additional charges are injected resulting in an increase in the charge carrier density and in the current density beyond the ohmic behaviour. This creates a space-charge density distribution decreasing in the direction of the current. Assuming that charge carrier mobility is uniform and independent of electric field and charge carrier density, the Mott-Gurney law (Equation 1) is applicable to extract the charge carrier mobility. 13

J = 9 8 µεε 0 V² d 3 ( 1 
)
where ε0 is the vacuum permittivity, ε the permittivity and d the thickness of the semiconductor. The permittivity of organic semiconductors is roughly around 3-4. The permittivity of our materials being unknown, it was fixed at 3.5.

Hole mobility of functionalized-PVK was compared to spiro-OMeTAD. Effect of LiTFSI and tBP dopants on the hole mobility of the materials was also investigated. Dopants were incorporated in the same proportions as employed in the case of spiro-OMeTAD, i.e. a LiTFSI molar ratio of 0.28 and a tBP molar ratio of 3.3. The hole-only device structure was ITO/PEDOT:PSS (50 nm)/HTM (300-400 nm)/Au (80 nm). PEDOT:PSS and the HTM were deposited by spin-coating, whereas gold electrode was thermally evaporated. I-V measurements were performed in the dark, in air, at 25°C, following a reported protocol explained in Experimental Details. 13a Hole mobilities are reported in Table 18. Spiro-OMeTAD and PVK hole mobilities were found to be around 10 -6 cm².V -1 .s -1 , which is in the range of the values reported in the literature for these materials. 14 Methoxy and tert-butyl substitution resulted in a little decrease in hole mobility, while the dimethoxyphenylamine substituted PVK was found to have an enhanced hole mobility, an order of magnitude higher compared to PVK and spiro-OMeTAD. On the other hand, only the hole mobility of PVK-[N(PhOCH3)2]2 was improved upon the addition of dopants. LiTFSI and tBP were found to similarly dope dimethoxyphenylamine moieties of the polymer and spiro-OMeTAD. Therefore, doped PVK-[N(PhOCH3)2]2 exhibited hole mobility of 1.7 x 10 -3 cm².V -1 .s -1 which is one order of magnitude higher than that found for doped spiro-OMeTAD.

As organic semiconductors assume a field dependence of mobility, spiro-OMeTAD and PVK-[N(PhOCH3)2]2 results were compared to another model. For materials displaying electric field dependence of mobility, the mobility is given by the Equation 2:

µ = µ 0 exp(γ√F) (2) 
where µ0 is the mobility at zero field, γ the field dependence of mobility and F the electric field. This field dependence effect can be related to traps or disorder. The SCLC current density is approximated by the Murgatroyd expression in Equation 3:

J = 9 8 µ 0 εε 0 V² d 3 exp (0,891γ √ V d ) (3) 
Figure 54 represents experimental and fitted J-V² curves of pure and doped materials, and Table 19 summarized fixed and calculated parameters. Values of the mobility µ and the mobility at zero electric field µ0 are comparable, revealing a low field dependence of mobility. This also confirms hole mobility values calculated from the Mott-Gurney law in Table 18. 

HTM µ0

cm²/V.s All of the functionalized PVK present good thermal stability and good solubility in chlorobenzene. The most suitable energy levels to be incorporated as HTM in PSCs were measured for PVK-[N(PhOCH3)2]2. Moreover, it was found to exhibit higher hole mobility than spiro-OMeTAD which can be further enhanced by chemical doping.

γ cm 1/2 /V 1/2 F V/cm µ cm²/V.
3 PVK derivatives as HTM in planar perovskite solar cells

Preliminary results

Functionalized PVK were tested as HTM and compared to spiro-OMeTAD in planar FTO/c-TiO2/CH3NH3PbI3-xClx/HTM/Au PSCs. The HTM process was exactly the same as for spiro-OMeTAD solution. Solution concentration was 4.3 wt.%. Materials were first studied without dopants. Due to different solution properties, HTM thickness layers varied from 80 to 180 nm (Table 20). Mn and high Mn PVK-[N(PhOCH3)2]2, respectively. The HOMO level as well as the hole mobility were found to be similar to the lower Mn polymer, i.e. about -5.22 eV for the HOMO level and 2.2 x 10 -5 and 1.2 10 -3 cm².V -1 .s -1 for the hole mobility of the pristine and the doped polymer, respectively.

The thickness of the polymer layer was optimized by varying the concentration of the HTM precursor solution. The initial concentration was 4.3 wt.%. The optimal solution concentrations were found to be 5.1 wt.% and 4.3 wt.% for the lower and the higher Mn polymers, respectively (Figure 58a andb).

The associated thicknesses were estimated through the SEM cross-section images of the PSCs, and were about 150 nm for both polymers (Figure 57). This similar thickness obtained from two different concentrations can be explained by the viscosity difference of the two HTM precursor solutions. We can also notice that both polymers formed homogeneous and smooth films on top of the perovskite. Comparable PCE of up to 12.68 and 12.82 % were respectively achieved with the low and the high Mn PVK-[N(PhOCH3)2]2 (Figure 58c and Table 22). Hysteresis was reduced but still present in the high Mn The dopant concentrations were then optimized employing the highest Mn PVK-[N(PhOCH3)2]2. The reference dopant concentration was 1:0.28:3.3. LiTFSI concentration was first optimized by fixing the tBP ratio at 3.3. PCE was improved to over 14 % by doubling the amount of LiTFSI (Figure 59). It especially increased Jsc and slightly reduced the hysteresis (Table 23). This may be attributed to the small increase in hole mobility from 1.2 x 10 -3 to 3.1 x 10 -3 cm².V -1 .s -1 . tBP was then optimized by fixing the LiTFSI ratio at 0.56. PCE was not further improved by varying the tBP ratio. 23). Compared to spiro-OMeTAD average performances, polymer-based PSCs exhibit comparable Jsc for both scans and enhanced FF in the case of the forward scan, inducing lower HI. In Table 23, it is noteworthy that Rs of both forward and reverse scans are lower using the high Mn PVK-[N(PhOCH3)2]2 as HTM. The IPCE of the best devices was measured between 300 and 800 nm, and the associated current density was integrated (Figure 61). The peaks between 350 and 400 nm are often associated to the presence of PbI2 resulting from the non-conversion into perovskite or to the degradation of the Finally, the reproducibility of the solar cells was further studied by comparing the reverse efficiency of 30 cells for each HTM (Figure 62). Even if the best PCEs were still obtained with spiro-OMeTAD, average PCE are comparable: 11.66 ± 3.13 % for spiro-OMeTAD, 11.30 ± 1.95 % for the high Mn and 11.11 ± 1.98 % for the low Mn PVK-[N(PhOCH3)2]2. For spiro-OMeTAD, introduction of dopants brings the HOMO from 0.97 to 0.83 eV to the fermi level, confirming the p-doping of the material. On the other hand, the HOMO of the PVK-[N(PhOCH3)2]2 is moved from 1.11 to 1.30 eV to the fermi level upon the addition of dopants. However, when decreasing the layer thickness of the doped PVK-[N(PhOCH3)2]2, the HOMO was found to be closer (0.97 eV) to the fermi level than the undoped PVK-[N(PhOCH3)2]2. Additionally, the shift between the VBM of the perovskite and the HOMO edge of the doped HTMs was about 0.9 eV for the doped spiro-OMeTAD and, 0.8 and 0.5 eV for the thin and the thick doped PVK-[N(PhOCH3)2]2, respectively.

The influence of the thickness on the position of the band energy cannot be clearly explained. The experiment should be repeated for a better understanding. Bringing all the data together, the HOMO level of the PVK-[N(PhOCH3)2]2, tend to be closer to the perovskite VBM. In one hand, it could be beneficial for the Voc of the device which is theoretically related to energy difference between the HOMO of the HTM and the CB or LUMO of the ETM. On the other hand, closer perovskite VBM and HTM HOMO may increase recombination rates at the interface and reduce the Voc. HOMO levels from PESA and from UPS are compared in Table 24. The different values between the two technics can be explained by the organic contaminants at the surface of the HTMs exposed to atmosphere. In PESA, doping decreased the HOMO level of PVK-[N(PhOCH3)2]2 of 0.03 eV while in UPS, it was decreased of 0.30 eV. For spiro-OMeTAD, the addition of dopants decreased the HOMO level of 0.10 eV according to PESA, and to 0.20 eV according to UPS. Despite significantly different HOMO levels measured, both technics tend to show that addition of dopant in spiro-OMeTAD or PVK-[N(PhOCH3)2]2 decreased the HOMO level.

Stability

The stability of the most efficient devices was evaluated by regularly measuring I-V curves of spiro-OMeTAD and PVK-[N(PhOCH3)2]2-based PSCs stored in different conditions: in inert atmosphere (N2 glovebox), in dry atmosphere, and in atmosphere with a relative humidity (RH) about 10 % (Figure 65). PSCs were kept in ambient light and ambient temperature without encapsulation. In all cases, PVK-[N(PhOCH3)2]2-based PSCs performed well and longer than spiro-OMeTAD-based devices. Under nitrogen, PVK-[N(PhOCH3)2]2-based PSC kept its initial efficiency after 2 months while spiro-OMeTADbased PSC exhibited around 65 % of its initial efficiency (Figure 65a). In dry atmosphere, efficiency of spiro-OMeTAD devices drastically decreased from the day after its processing. The increase in efficiency for the high Mn PVK-[N(PhOCH3)2]2 could be attributed to the end of the evaporation of the remaining chlorobenzene used for the HTM deposition and/or to the slow doping of the HTM through oxygen exposure. 16 After a 10-day experiment PCE was stable and slightly decreased after 2 weeks. Meanwhile, the lower Mn PVK-[N(PhOCH3)2]2 still exhibited about 65 % of its initial PCE (Figure 65b). Finally, in more humid atmosphere, although spiro-OMeTAD PSC was slightly more stable than in dry atmosphere, it achieved only around 30 % of its initial efficiency after 10 days, while the PVK- Since dopants have been shown to be responsible for the poor stability of spiro-OMeTAD as well as bubbles formed during the spin-coating deposition, morphologies of pure and doped HTMs were controlled by AFM (Figure 66a-d). 17 Homogeneous layers were formed with pure materials. Upon the addition of dopants, no change in morphology was observed for the polymer, whereas holes (Ø ≈ 50 nm) were formed on top of the spiro-OMeTAD layer. Same defects were observed in SEM cross-section images of freshly made spiro-OMeTAD devices while in contrast, polymer layer remains homogeneous in 4-week aged devices (Figure 66e andf). In addition, contact angle measurements of a water drop in contact with spiro-OMeTAD and the high Mn PVK-[N(PhOCH3)2]2 films clearly showed the higher hydrophobicity of the polymer (Figure 67).

Therefore, we postulate that the higher stability of the PVK-[N(PhOCH3)2]2-based devices may result from their better film-forming and covering of the perovskite layer, which are further improved with a higher Mn. The polymer is thought to act as a protective layer, insulating the hybrid perovskite from the atmosphere and preventing the device from degradation. 

PVK-[N(PhOCH 3 ) 2 ] 2 as HTM in mesoscopic perovskite solar cells

In this part, PVK-[N(PhOCH3)2]2 is compared to spiro-OMeTAD in more efficient, stable, and reproducible PSCs: FTO/bl-TIO2/mp-TiO2/K + doped MA0.15FA0.85PbI2.55Br0.45/HTM/Au mesoscopic PSCs.

The objective was to confirm the results obtained in planar PSCs. The high Mn PVK-[N(PhOCH3)2]2 (11.7 kg.mol -1 ) was employed since it achieved the best performances.

In order to find the best formulation for this device, 3 different recipes were tested: the one optimized in planar PSCs (F1), the spiro-OMeTAD one optimized for mesoscopic PSCs (F2) and an optimized polymer recipe used by Seok et al. for PTAA (F3). 18 The various formulations are summarized in Table 25. Finally, the thickness of PVK-[N(PhOCH3)2]2 was optimized by varying the spin-coating parameters.

Thickness layers were determined from the SEM cross-section images of the devices (Figure 70).

These images show the homogeneity of the PVK-[N(PhOCH3)2]2 layers, well covering the perovskite without pinholes. Optimal PCE of 14.69 % was obtained for the 90-nm thick PVK-[N(PhOCH3)2]2 (Table 28). Despite optimizations of the layer, Voc is still relatively low. In planar PSCs discussed above, Voc of PSCs made of spiro-OMeTAD and the polymer was quite close. One of the difference between the two architectures is the perovskite composition. In mesoscopic PSCs, the perovskite additionally contains formamidinium, bromide and potassium, and an excess of lead. This composition may locally modify the energy levels of the perovskite or the interactions between the polymer and the perovskite at the interface. Thereby, the next experiments are dedicated to the modification of the perovskite interface and its effect on PV performances of PVK-[N(PhOCH3)2]2-based PSCs.

A reported study showed that the potassium of the perovskite is mainly located at the perovskite grain surface and thus, might be present at the perovskite/HTM interface. 19 Therefore, potassiumfree PSCs were fabricated. As previously discussed, potassium-free PSCs exhibit larger hysteresis but improved Jsc (Table 29, Figure 71). However, Voc was slightly reduced. 20 The polymer was obtained through a different synthetic route, i.e. by the freeradical polymerization of the vinyl monomers, leading to average molecular weight of 14 kg.mol -1 and a dispersity of 1.6. Without dopants, the HOMO level was determined at -5.24 eV by cyclic voltammetry and the hole mobility was found to be 3.4 x 10 -4 cm².V -1 .s -1 by the SCLC method. They Best and average PCE from both reverse and forward scans are represented in Figure 74. Best PCE of 10.63 % was obtained for an optimal polymer thickness of 85 nm. Voc, Jsc and FF followed the same trend, with a maximum at 85 nm. It is also noticeable that the hysteresis tends to be reduced with thicker layers. Spiro-OMeTAD was then introduced in similar devices and compared to PVK-[N(PhOCH3)2]2. Spiro-OMeTAD thickness was reduced to around 75 nm. Higher Jsc and Voc were obtained with the polymer than with spiro-OMeTAD, resulting in a slightly higher best PCE of 10.63 % vs. 10.23 % (Table 31 and Figure 75a). The higher performances of the pristine PVK-[N(PhOCH3)2]2 could also be explained by the higher hole mobility compared to pristine spiro-OMeTAD (≈10 -5 vs. ≈10 -6 cm².V -1 .s -1 ). As for The evolution of the PCE of the best undoped devices was followed during one month (Figure 75b).

Samples were stored in inert atmosphere at 25°C in ambient light. After 4 weeks of experiment, both PSCs exhibited above 60 % of their intial efficiency, suggesting a faster degradation than the doped-HTM and MoOx-free PSCs. Degradation may be induced by the MoOx layer through instabilities at the HTM/MoOx interface or by the thinner layer of the HTM. Finally, into modified planar devices, dopant-free PVK-[N(PhOCH3)2]2 exhibited slightly higher PCE of 10.6 % than dopant-free spiro-OMeTAD PSCs.

Here it was demonstrated that doping of the polymer remains essential to improve its charge transport properties, and that behind the properties of the material itself, the choice of the device architecture and the reference material are of improtance for the promotion of a novel HTM.

Chapter 4 Polyelectrolytes in Perovskite Solar Cells

In this part, four polyelectrolytes are incorporated into perovskite solar cells. The properties of the polyelectrolytes for a potential application as HTM, dopant for HTMs, or dopant for the perovskite are studied. Thin film properties and photovoltaic performances of doped spiro-OMeTAD and doped perovskite are investigated. A new method to efficiently dope spiro-OMeTAD is presented.

Introduction

Polyelectrolytes are ionic polymers comprising ionic and/or ionisable groups in their units.

Polycations contain positive charges, polyanions negative charges, and polyampholytes both positive and negative charges. They are stabilized by a counter ion. Poly(ionic liquid)s (PILS) are polyelectrolytes made from monomers containing ionic liquid specie. Due to specific electrochemical interactions, they are widely used to modify properties of aqueous solutions. Polyelectrolytes exhibit also high ionic conductivities that make them suitable for various applications in devices such as membranes for fuel cells, electrolytes for DSSCs, batteries or electrochemical supercapacitors. 1 Table 32. Polyelectrolytes studied in this part.

PVBI-I

Poly(1-butyl-3-vinylimidazolium iodide)

PVBI-TFSI

Poly 32). In the following, we investigate their potential use as HTM, dopant for spiro-OMeTAD, or additive for the organic-inorganic hybrid perovskite. Synthesis details and characterizations (NMR and SEC/GPC) of the polyelectrolytes are provided in the Experimental Details section.

Potential use as hole transport material

As mentioned in Chapter 1, conjugated and non-conjugated polymers have been successfully used as hole transport materials in PSCs. The most popular conjugated polyelectrolyte employed in the field of organic electronics is PEDOT:PSS. It was introduced for the first time in planar inverted PSCs in 2015 by Jeng et. al., the corresponding devices showing PCEs below 4 %. 2 Further optimization of the active layer materials pushed PCEs above 20 %. 3 To circumvent issues related to the acidity of PEDOT:PSS, other polyelectrolytes were developed as HTM in planar inverted PSCs. Thus, CPE-K polyelectrolyte (Figure 76) achieved over 12 % efficiency as the first alternative to PEDOT:PSS in 2015. 4 More recently P3CT-Na (Figure 76) reported improved PCE of 16.6 % versus PEDOT:PSS which was attributed to a well match of energy levels in the device. 5 No examples of the use of poly(ionic liquid)s or block copolymers as HTM in PSCs have been described in the literature. However, the good electronic conductivity of ionic liquids and poly(9-vinylcarbazole) (PVK) could make PVBI-I, PVBI-TFSI and PILS(TFSI)-b-PVK good candidates as HTMs. 

Potential use as dopant for spiro-OMeTAD

Organic semiconductors suffer from low conductivity and require p-type doping to perform similarly to traditional inorganic semiconductors. In the case of spiro-OMeTAD, doping via oxidation reaction can be slowly achieved by oxygen and either light or thermal excitation. 6 To accelerate this process, lithium bis(trifluoromethanesulfonyl)imide salt (LiTFSI) and tert-butylpyridine (tBP) are usually added to the HTM precursor solution. Unlike chemical dopants, LiTFSI is a redox inactive couple which doesn't directly react with spiro-OMeTAD but catalyses the oxidation reaction. 7 On the other hand, tBP helps to solubilize all species and improve the wetting of the HTM solution on the perovskite film by increasing its polarity. In DSSCs, it has also been reported to adsorb to the TiO2 surface, resulting in a downshifting of the TiO2 conduction band, and to fill trap states of the TiO2. 8 However, this oxygen and light exposure dependency makes the doping process difficult to control and to reproduce. Moreover, oxygen rich atmosphere, that may also contain certain amount of moisture, and the use of hygroscopic salts could compromise the stability of the final device as it is well known that humidity could be detrimental for perovskite performance. 9 In addition, it has been reported that Li + cations can diffuse either through the perovskite to the TiO2 interface, 10 or through the HTM to the gold top electrode In any case, pinholes and channels are created into the layer, accelerating the degradation of the devices. Damage of the perovskite layer can also be induced by tBP which, after ageing, forms PbI2 complex, 12 or iodopyridinate complex. 13 Finally, tBP can easily evaporate during the process or the storage of solar cells due to its relatively low boiling point. 14 In order to find valuable alternatives to the LiTFSI-tBP cocktail, doping mechanisms of spiro-OMeTAD were investigated. 7,15 p-Type chemical doping consists in introducing chemical impurities into the organic semiconductor, able to transfer positive charge to the molecule, increasing the hole density in the layer. Deepest trap states should be filled by these created holes, and thus increase hole mobility. Spiro-OMeTAD oxidation process by oxygen is described by the Reaction (1). Reaction (2) occurs in presence of metal-TFSI salt. Kinetics of the reaction will depend on the nature of the alkali metal. Although LiTFSI accelerate oxidation reaction, it was not the case for NaTFSI. However, in conjunction with an acid like H3PO4, spiro-OMeTAD oxidation reaction can occur. In the same study, it was demonstrated that a moderate acid like H3PO4 cannot oxidize spiro-OMeTAD itself. This drives us to the reaction (3), where it is suggested that the acid function accelerate the oxidation reaction with the metal-TFSI salt. 15 Spiro-OMeTAD + O2 ⇋ Spiro-OMeTAD

•+ O2 •- (1) Spiro-OMeTAD •+ O2 •-+ M-TFSI → Spiro-OMeTAD •+ TFSI -+ MxOy (2) Spiro-OMeTAD •+ O2 •-+ M-TFSI Spiro-OMeTAD •+ TFSI -+ MxOy (3)
Due to their strong Coulomb field, ionic species affect in two ways the charge transport. The Coulomb wells can overlap resulting in a reduction of the barrier height for hopping process, but can also induce additional trap states. Nonetheless, in the case where the trap sites are close enough, hoping process can occur between them. On the other hand, in the presence of a Brønsted acid, hydrogen bonding between spiro-OMeTAD and the acidic proton was evidenced. It is expected to induce partial positive charge and reduce columbic trapping in spiro-OMeTAD. 15 Doping of spiro-OMeTAD can also be realized by direct one electron oxidation. Introduction of cobalt (FK102, FK209, FK269), 16 or molybdenum complexes (Mo(tfd-COCF3)3, Mo(tfd-CO2Me)3) (Figure 77) to spiro-OMeTAD leads to an equilibrium reaction where an electron is transferred from the spiro-OMeTAD to the complex. 17 In the case of copper salts (CuSCN, CuI), charge transfer results in the formation of composite with spiro-OMeTAD. 18 Another strategy consists of the direct introduction of spiro-OMeTAD oxidized forms, spiro 2+ (TFSI)2 -or spiro 2+ (PF6)2 -. In presence of excess of neutral spiro-OMeTAD, doubly oxidized spiro-OMeTAD forms twice the amount of singly oxidized spiro-OMeTAD. 19 Strong electron accepting compounds such as tin(IV) chloride (SnCl4), 20 perfluorotetracyanoquinodimethane (F4TCNQ), 21 tris(pentafluorophenyl)borane, 22 or benzoyl peroxide, 23 can also be employed as dopants for spiro-OMeTAD.

Though the addition of these materials to spiro-OMeTAD was found to improve the conductivity, for most of these materials, obtaining the best device performances still require the use of LiTFSI and tBP. The benefit of these additives is that spiro-OMeTAD oxidation can be achieved in inert atmosphere, without involving oxygen. The whole device process can be realized without the need to be exposed to atmosphere, avoiding device degradation. The FK209 cobalt complex is today the best additive to the spiro-OMeTAD-LiTFSI-tBP system that can achieve higher stability and in some processes higher efficiencies. Few examples of efficient alternative dopants are reported. Mo(tfd-COCF3)3 complex achieved efficiencies of up to 17.8 %, and improved stability without employing LiTFSI or tBP. 17

Tris(pentafluorophenyl) borane doped PTAA, through the formation of an adduct, exhibited a PCE as high as 19 % with good stability. 24 It was the first time that a novel dopant showed an efficiency higher than a device based on the classical LiTFSI-tBP dopants.

A last alternative to LiTFSI and tBP are N-heterocyclic ionic liquids (Figure 78). Ionic liquids have the advantage to be non-volatile, to have high ionic conductivity, an excellent stability in air and a good ability to solvate chemicals. In the range of ionic liquids, protic and aprotic ionic liquids can be distinguished. Protic ionic liquids, able to transfer protons, can be assimilated to Brønsted acid-base couples. First, Abate et. al. demonstrated the ability of an imidazole-based ionic liquid (Himi-TFSI) to chemically oxidize spiro-OMeTAD in DSSCs. 25 The mechanism proposed relies on the Brønsted acidbase property of the ionic liquid, generating a hydrogen bonding with the spiro-OMeTAD amine.

Based on this study, Zhang et. al. used BuPyIm-TFSI with a pyridyl ending group which was supposed to fulfil the role of tBP, i.e. suppress charge recombination at the TiO2/perovskite interface in PSCs. 26 In both cases, conductivity of spiro-OMeTAD was efficiently increased without using LiTFSI nor tBP.

More recently, a pyridinium based ionic liquid was successfully introduced in spiro-OMeTAD achieving efficiency of 14 % with improved stability. 27 The doping mechanism proposed was similar to LiTFSI, where BMPy-TFSI accelerated the oxidation reaction of spiro-OMeTAD with oxygen. As a consequence, the polyelectrolytes shown in Table 1 should have the ability to dope spiro-OMeTAD. Poly(ionic liquid)s are expected to efficiently dope spiro-OMeTAD following the mechanisms previously described with imidazolium-based ionic liquids. PSTFSI-K is also supposed to dope spiro-OMeTAD. The doping mechanism is speculated to be the same as using LiTFSI. The larger size of the polymer should be less prone to diffusing through the HTM or the perovskite layer. Thus, this could improve film homogeneity, moisture and oxygen resistance, and device stability.

Incorporating PILS(TFSI)-b-PVK, the poly(ionic liquid) block is expected to dope spiro-OMeTAD while the PVK block enhances hole conductivity in the layer.

Potential use as dopant for the perovskite

The motivation for doping the hybrid perovskite mainly comes from the difficulties to form perovskite thin films of high quality, and its instability towards humidity but also heat and UV light.

Various examples of ionic liquids as solvent or dopant for the perovskite can be find in the literature: tetraphenylphosphonium iodide and chloride, 28 1-hexyl-3-methylimidazolium chloride, 29 1ethylpyridinium chloride, 30 methyl ammonium formate, 31 1,1,1-trifluoro-ethyl-ammonium iodide, 32 and 1-methyl-3-(1H,1H,2H,2H-nonafluorohexyl)-imidazolium iodide. 33 Generally, ionic liquids are reported to enlarge crystal size, minimize trap sites, enhance stability of PSCs, but do not necessary lead to higher PV performances. The most performing system employed 2 mol.% of 1-allyl-3methylimidazolium iodide in the MAPbI3 perovskite precursor solution to reach over 19 % efficiency with improved stability. 34 In the case of imidazolium-based ionic liquids, the extended lifetime of the devices is attributed to the hydrophobic nature of the imidazolium salt, and to the improved quality of the perovskite film. Moreover, it was demonstrated that it had negligible effect on the perovskite crystal structure. 33 Polymers and polyelectrolytes have also been introduced as additives to the perovskite precursor solution in order to improve the morphology and the stability of the films. First attempt employing MEH-PPV improved the crystallinity of the formed perovskite-polymer nanocomposite, but led to efficiencies of only 3%. 35 It paved the way to polymers such as PVP, 36 PEG, 37 and PMMA, 38 and polyelectrolytes like PDAA-Cl, 39 and PVAm-HI. 40 The improved film forming and stability of the devices were attributed to a crosslink effect through hydrogen bonding between the polymers and the ammonium cation. In the case of PVAm-HI, the ammoniums of the polyvinylammonium are considered as nucleation sites, connecting the crystals together and suppressing grain boundaries. A best efficiency of 16.3 % was achieved with this system. Best PV performances were obtained using PMMA as a template and stabilizer for the crystal growth which led to efficiencies exceeding 21 %. 38 Finally, bulk heterojunctions were found to be structures of interest to enhance PV performances.

The addition of a fullerene derivative into the perovskite blend allows to increase the interface between the perovskite and the n-type material to enhance charge separation and transport. It was first introduced by Sargent et. al. who reported a significant reduction of the hysteresis and an increase of efficiency from 12.0 % to 14.4 %. 41 Further research were focused on processes or modifications of the fullerene to improve its solubility in chlorobenzene. 42 Poly(ionic liquid)s may also have same benefits as ionic liquids on the perovskite morphology. The iodide counter anion of PVBI + could be integrated to the perovskite crystal. Through hydrogen bonding, polymers may help the perovskite crystal growth. Polymer-perovskite bulk heterojunction could also minimize grain boundaries defects and improve hole extraction. Moreover, K + alkali cation of PSTFSI-K could dope the perovskite as KI salt. However, polyelectrolytes have good ionic conductivity. Into the perovskite layer, it could encourage ionic diffusion and enlarge the hysteresis.

2 Properties of the polyelectrolytes

Solubility

First of all, solubility of the polyelectrolytes was tested in different common solvents with different polarities in a concentration of 50 mg/mL (Table 33). As mentioned before, non-polar solvents are suitable for the deposition of HTM on top of the perovskite, while polar solvents can alter the perovskite layer. All of the polyelectrolytes showed good solubilities in DMF and DMSO but were poorly soluble in chlorobenzene. Although it is compromising for an application as HTM, they should be easily used as dopants in the perovskite. PVBI-TFSI was partially soluble in toluene, and PILS(TFSI)b-PVK in chloroform and dichloromethane. The poly(ionic liquid)s, PVBI-I and PVBI-TFSI were well soluble in acetonitrile, which is usually employed to dissolve the LiTFSI salt. PSTFSI-K and PILS(TFSI)b-PVK were partially soluble in this last solvent. 

Opto-electronic properties

Absorption spectra of polymers were recorded in solution (0.01 %), in quartz cells, between 800 and 200 nm (Figure 79a). PSTFSI-K was dissolved in water, while PVBI-I and PVBI-TFSI in acetonitrile. The absorption of the copolymer was recorded until 300 nm due to the short cut of the DMF. The polyelectrolytes did not absorb in the visible range, and thus would not affect the absorption of the perovskite. PVBI-TFSI showed an absorption peak at 221 nm with a small bump around 280 nm, PVBI-I at 245 nm, PSTFSI-K at 230 nm with a small bump at 260 nm, and finally, PILS(TFSI)-b-PVK showed two peaks at 330 and 343 nm. Emission spectra were recorded by exciting the solution at the wavelength of the first absorption peak. However, our apparatus does not allow excitation wavelength below 300 nm. Thus, only the emission of the copolymer, was performed at an excitation wavelength of 340 nm (Figure 79b). The bandgap of the material, defined by the intersection of the absorption and emission spectra, was measured at 349 nm, i.e. 3.57 eV. Since PSTFSI-K, PVBI-TFSI and PVBI-I absorbed at shorter wavelength, their bandgap was even larger. Basically, a semiconductor is defined with a bandgap around 1 eV and an insulator with a bandgap > 5 eV. Our polymers are somewhere in between, PILS(TFSI)-b-PVK being the most "semiconducting" one.

For an application as HTM, HOMO level of the polyelectrolyte should be close to the -5.7 eV valence band maximum of the perovskite. To evaluate the HOMO level, photoelectron spectroscopy was performed on PSTFSI-K and PILS(TFSI)-b-PVK films deposited on glass, from DMSO and DMF respectively. However, no ionization potential was found between 4 and 7 eV. HOMO levels of PVBI-TFSI and PVBI-I were not measured due to the poor quality of the films coated, even dissolved in good solvents.

Finally, regarding the poor solubility of the materials in non-polar solvents, the difficulties to coat homogeneous films, and discrepancy between HOMO levels and the perovskite valence band, none was found suitable for an application as HTM in n-i-p PSCs. Therefore, further experiments are dedicated to the potential use of the polyelectrolytes as dopants for spiro-OMeTAD and the perovskite.

3 Polyelectrolytes as alternative dopants to LiTFSI for spiro-OMeTAD

Preliminary results

The standard HTM precursor solution is composed of spiro-OMeTAD, LiTFSI previously dissolved in acetonitrile, and tBP. Herein, the objective was to replace LiTFSI by one of our polyelectrolytes PSTFSI-K, PILS(TFSI)-b-PVK, PVBI-I or PVBI-TFSI, in order to enhance photovoltaic performances and/or stability of the devices. Therefore, a preliminary study of solubility, and the effect of the dopants on the HOMO level of the HTMs were investigated, before making perovskite solar cells.

Solubility

The first step was to properly dissolve the polymers with the spiro-OMeTAD. The concentrations are expressed in molar equivalence as x:y:z, where x corresponds to spiro-OMeTAD, y to LiTFSI or to the polyelectrolytes (moles of monomer), and z to tBP. To properly dissolve LiTFSI to the solution of spiro-OMeTAD in chlorobenzene, LiTFSI is previously dissolved in high concentration in acetonitrile (520 mg/mL). However, this pre-dissolution of the dopants was not possible with our materials due to the few quantities available. Thus, our first attempt was to directly dissolve the dopants and spiro-OMeTAD in chlorobenzene. Same amount of acetonitrile used in LiTFSI-spiro was added. PVBI-I and PVBI-TFSI were successfully incorporated to the spiro-OMeTAD solution, probably due to their good solubility in acetonitrile. However, PSTFSI-K and PILS(TFSI)-b-PVK were not soluble even after hours of sonication, stirring up to 100°C, or replacing acetonitrile by DMF. The second approach consisted in solubilizing HTMs and PSTFSI-K or PILS(TFSI)-b-PVK in DMF, letting evaporate the DMF overnight on a hot plate at 200°C, and resolubilizing species in chlorobenzene. In the end, the solutions were milky-brown, probably due to the degradation of spiro-OMeTAD, meaning that the solubility of the materials was not improved, and one or both materials were degraded. So, the first process was chosen to make the solutions whatever the polyelectrolytes introduced in spiro-OMeTAD.

HOMO level

Doping allows to control the fermi level position of the semiconductor to facilitate charge carrier injection. HOMO levels of spiro-OMeTAD were measured by PESA in Figure 80 and are reported in Table 34. HOMO levels are deduced by extrapolation of the two trend curves as depicted for pristine Spiro-OMeTAD in Figure 80. Uncertainty of 0.05 eV is assumed using this method. 

Perovskite solar cells

Finally, the performances of the same mixtures were tested in mesoporous PSCs, where the architecture was described in Chapter 2. The process was exactly the same for polymer dopants than for LiTFSI. The molar equivalence was 1:0.5:3.3. Solutions were spin-coated at 4000 rpm for 30 s and dried at 70°C for 10 min. I-V curves were measured under AM1.5 illumination with an incident power of 100 mW/cm². Best and average PV parameters and hysteresis indexes, i.e. HIs, based on 4 cells are given in Table 21. Hysteresis index was defined as HI = (PCEreverse -PCEforward) / PCEreverse. PVBI-I doped spiro-OMeTAD PSCs exhibited the worst PV performances with a particularly low FF (< 0.2) resulting in PCEs about 2%. Undesirable interactions with the perovskite led after ageing to the formation of holes in the perovskite layer. On the other hand, acceptable Jsc, around 20 mA.cm -2 , and Voc, between 1.05 and 1.14 V, were measured with PVBI-TFSI, PSTFSI-K and PILS(TFSI)-b-PVK.

However, low FFs were obtained for PSTFSI-K and PILS(TFSI)-b-PVK, limiting the PCEs to 12%. Low FFs might be associated to the heterogeneous morphology of the HTLs due to the limited solubility of the polymer dopants. It is noteworthy that high PCEs, 19.14 % for the best device, were obtained with PVBI-TFSI (Figure 81). This performance was even higher than the best device doped with LiTFSI without ageing. This increase in efficiency was the result of an increase in Voc, 1.14 vs. 1.10 V, in fill factor, 0.73 vs. 0.71, and in Jsc, 23.07 vs. 22.45 mA.cm -2 . However, lower PV performances were obtained with PVBI-TFSI, with a maximum efficiency of 12.2 % against 14.7 % with LiTFSI (Figure 83, Table 36). Hysteresis was also larger, with higher efficiencies for the forward scan. The different effect of PVBI-TFSI on the HTMs may be related to their different size. Spiro-OMeTAD molecule is more likely to interact and to be doped by PVBI-TFSI than the PVK-[N(PhOCH3)2]2 polymer. In summary, these preliminary results clearly indicate that the spiro-OMeTAD-PVBI-TFSI-tBP system is the most promising one to reach high efficiencies with low hysteresis. Therefore, the study was pursued through the optimization of the devices containing PVBI-TFSI and tBP doped spiro-OMeTAD.

In the following parts, Li-spiro and PVBI-spiro refer respectively to LiTFSI and tBP doped spiro-OMeTAD and to PVBI-TFSI and tBP doped spiro-OMeTAD.

3.2 PVBI-TFSI and tBP doped spiro-OMeTAD

Photovoltaic performances

PVBI-TFSI concentration, tBP concentration, annealing conditions, and amount of acetonitrile were optimized. For each parameter, the best and the average PV performance and hysteresis index of 4 cells were compared.

First, the PVBI-TFSI and tBP concentrations were simultaneously varied in the layer, from 0.25 to 2 molar equivalent of PVBI-TFSI vs. spiro-OMeTAD, and from 0.83 to 13.2 of tBP vs. spiro-OMeTAD (Table 37, Figure 84). The morphology of the layers was controlled by looking at the cross section of devices by SEM (Figure 85). In the Li-spiro layer, typical holes with a diameter about 15 nm can be distinguished. In the PVBIspiro, less but larger holes, about 40 nm, were revealed. Additional to bigger and more numerous holes when increasing the doping, small holes were formed in the perovskite near the perovskite/HTM interface, explaining the decrease in PV performances. Holes in the perovskite may result from the ability of tBP to dissolve the perovskite.

Three annealing conditions were then tested for the 1:1:6.6 concentration: the classical annealing at 70°C for 10 min, a flash annealing at 160°C for 20 s and no annealing. The flash annealing may degrade the HTL resulting in significantly reduced Voc, FF and PCE (Table 38, Figure 86). On the other hand, no annealing step led to slightly higher PV performances, improved reproducibility, but larger hysteresis. The process without annealing was selected in the hope of reaching higher efficiencies in the next experiments. The effect of the tBP on the PV performances was then investigated (Table 39,Figure 87). Optimal efficiency and hysteresis index were obtained for the reference concentration. When increasing tBP concentration, keeping PVBI-TFSI concentration constant, hysteresis index decreases, similarly to the increase in both PVBI-TFSI and tBP concentrations. SEM images revealed better HTM morphology but more holes in the perovskite layer when tBP concentration was increased (Figure 88). So finally, defects in the HTM were mainly the result of the PVBI-TFSI, whereas holes in the perovskite crystal were the result of the tBP. Despite the benefits for the materials' solubility, acetonitrile is able to dissolve the perovskite. So the concentration of LiTFSI in acetonitrile had to be carefully optimized to ensure the spiro-OMeTAD doping without altering the perovskite crystals. The standard PVBI-spiro recipe was compared to devices made without acetonitrile and to devices containing twice amount of acetonitrile, i.e. 3.4

vol.% (Table 40). Although holes in the HTL were suppressed along with acetonitrile, PV performances were not improved (Figure 89, Figure 90). Actually acetonitrile did not dramatically affect PV performances. Nonetheless, some trends may be put forward. When increasing acetonitrile concentration, slightly lower Jsc, higher Voc, and narrower hysteresis were measured. The optimal concentration was the initial concentration of 1.7 vol.%. The best PSCs were obtained for PVBI-TFSI and tBP doped spiro-OMeTAD, in 1:1:6.6 concentration, containing 1.7 vol.% of acetonitrile, processed without annealing. The best IV curves for PVBI-spiro and Li-spiro are displayed on Figure 91a. A best PCE of 20.35 % was recorded, over 10 % higher than the 18.44 % of the standard Li-spiro PSCs. This improved efficiency is attributed mainly to the increased Voc, from 1.10 to 1.16 V, as well as the enhancement of the FF, from 0.74 to 0.76, and in Jsc, To confirm the higher performances of PVBI-TFSI compared to LiTFSI, 20 PVBI-spiro-based devices were fabricated and compared to 20 Li-spiro devices (Table 41). As previously, higher Jsc, Voc, FF and reduced hysteresis were obtained when employing PVBI-spiro. In both cases, standard deviation was very low (Figure 92). 

Understanding of the doping mechanism

Spiro-OMeTAD oxidation can be simply observed by a colour change in the precursor solution (Figure 93). Without any dopant, spiro-OMeTAD solution is transparent/light yellow-green. No colour change was observed when LiTFSI solution and tBP were successively added. On the other hand, when PVBI-TFSI was incorporated to the spiro-OMeTAD, the solution immediately turned red. This colour change was suppressed when tBP was further added. After exposure to ambient light for few minutes, the solution turned red again. This final reaction was temporarily reversible with light. Light exposure kept the solution reddish. To understand the mechanisms governing the spiro-OMeTAD oxidation process and their dependency to tBP and irradiance, absorption spectra were recorded in solution for each step and are shown in Figure 94a. Pristine spiro-OMeTAD showed an absorption at 390 nm which remarkably decreased with the addition of PVBI-TFSI. This phenomenon was associated with the concomitant appearance of a feature at around 510 nm which can be attributed to oxidized spiro-OMeTAD species. After the addition of tBP only the pristine spiro-OMeTAD peak at 390 nm remained. The intensity of this last peak was significantly reduced, suggesting that part of spiro-OMeTAD has reacted to form a species not detectable in the visible range. To clearly determine the influence of light, the solution was exposed to the solar simulator light for 30 min (P = 100 mW.cm -2 ). It is noteworthy that the exposure step to simulated sunlight induced an increase in temperature of the solution. After irradiation, the oxidized spiro-OMeTAD species were formed while the intensity of the pristine spiro-OMeTAD peak was further reduced. This experiment proved that spiro-OMeTAD oxidation occurs in presence of PVBI-TFSI.

These results in solution were compared to the absorption spectra of thin films processed under ambient light, in identical conditions to those used in complete devices (Figure 94b). Small variations were observed due to different kinetics. The same feature at 390 nm as for pristine spiro-OMeTAD was found. Alongside, two distinct peaks around 450 nm and 600 nm showed up. Based on computed absorption spectra of different spiro-OMeTAD forms published by Abate and coworkers, peaks at 450 nm and 580 nm can be assigned to spiro-OMeTAD-NH• while peaks at 500 nm and 690 nm are assigned to oxidized spiro-OMeTAD• + . 25 With a simultaneous increase of PVBI-TFSI and tBP or a decrease of tBP concentration, pristine-spiro-OMeTAD peak at 390 nm decreased while peaks associated to spiro-OMeTAD-NH• tend to be red shifted, up to the spiro-OMeTAD• + form in the case of 1:1:3.3 concentration (Figure 94b,c). These results confirm that PVBI-TFSI is able to oxidize spiro-OMeTAD more readily when less amount of tBP is present. Importantly, using Li-spiro in the same concentration, the peaks attributed to the oxidized spiro-OMeTAD were blue-shifted. This suggests that Li-spiro has a weaker tendency to oxidize spiro-OMeTAD compared to that of PVBI-TFSI (Figure 94d).

At first glance, the oxidation of spiro-OMeTAD by PVBI-TFSI is not obvious. Previous study showed that the strong acid H-TFSI can protonate spiro-OMeTAD due to its high dissociation constant. 25 Meanwhile, a moderate acid like H3PO4 cannot oxidize spiro-OMeTAD itself. However in the presence of alkali metal salts, it was demonstrated that the acidic proton can interact with the amine functions of spiro-OMeTAD molecules, resulting in higher conductivity. 15 Regarding the 18.6 pKa of the imidazole, our poly(ionic liquid) cannot be considered as a strong acid. Moreover, N-heterocyclic carbenes (NHCs) are usually formed by deprotonation of azolium salts with a strong base in dry and air-free conditions. 43 On the other hand, the oxidation of spiro-OMeTAD by N-heterocyclic ionic liquids has already been described in the literature. [25][26] The proposed mechanism considered the N-heterocyclic ionic liquid as a weak Brønsted acid, able to protonate spiro-OMeTAD. An interaction between the most acidic To verify the mechanism and shed light on the possible interactions between spiro-OMeTAD and PVBI-TFSI, 1 H NMR was performed. Usually, oxidation is evidenced by a broadening and/or a shifting of the associated protons and/or a decrease in signal intensity. The structure and the purity of the materials were previously controlled by 1 H NMR (see the Experimental Details section).

Mixing spiro-OMeTAD and PVBI-TFSI (1:1) in THF led to a signal broadening of the aromatic protons of the spiro-OMeTAD without shifting, at 7.37, 6.85, 6.77 and 6.48 ppm, and a slight decrease in intensity (vs. the methoxy protons peak at 3.72 ppm) (Figure 96). This peak broadening can stem from the formation of specific interactions between spiro-OMeTAD and PVBI-TFSI, increasing the relaxation time of spiro-OMeTAD in solution, and/or to the formation of the spiro-OMeTAD .+ radical cation. However, as the presence of the polymer can increase the viscosity of the medium and, as a result, increase the relaxation time of spiro-OMeTAD, the effects on spiro-OMeTAD were studied in detail using the monomer VBI-TFSI as a model reaction. Secondly, similar study was carried out to elucidate the possible interactions between VBI-TFSI and tBP (Figure 98). When increasing VBI-TFSI concentration, only a shift of the VBI-TFSI peak in the 9.15 ppm region was observed. The unmodified peaks of tBP suggest that VBI + had weaker interactions with tBP than with spiro-OMeTAD. A weak hydrogen bonding is still considered between VBI + and the amine of tBP to explain the shift of the VBI-TFSI peak. When tBP was added to the spiro-OMeTAD doped with VBI-TFSI, the initial shape of the large peaks of the spiro-OMeTAD were found to be restored. In addition, the most acidic proton of VBI + shifted towards upper fields, suggesting that VBI + stopped interacting with spiro-OMeTAD in favour of interacting with tBP (Figure 99). This may be explained by the bigger size of spiro-OMeTAD making VBI-H-spiro-OMeTAD less stable than VBI-H-tBP. In this way, in presence spiro-OMeTAD and tBP, VBI-TFSI preferentially weakly interacts with tBP, confirming the reaction 2 of the mechanism (Figure 95). To prove the protonation of spiro-OMeTAD by VBI-TFSI, 13 C NMR was performed on the 25 mol.% solution. 1.5 molar equivalent au CS2 were added to trap the carbenes. Carbenes should be evidenced by a shift of the "h" peak of VBI-TFSI at 136 ppm towards around 250 ppm. However, this peak remains at the same position upon the addition of spiro-OMeTAD (Figure 100). Thus VBI + cannot protonate spiro-OMeTAD in solution. It is noteworthy that the reaction 3 of the mechanism is not excluded to happen in thin film, considering the presence of spiro-OMeTAD-NH + and spiro-OMeTAD• + in the absorption spectra. Furthermore, it is to be noted that reactions 1 and 2 of the mechanism (Figure 95) are more likely to occur in solvents with low dielectric constant (Table 42). Polar solvents, such as DMF and DMSO, with a relatively high dielectric constant, tend to partly cancel the electric field of ionic compounds, improving their solubility. On the contrary, non-polar solvents are less able to solvate ionic compounds. The particular proximity between spiro-OMeTAD and PVBI-TFSI in non-polar solvents should help species to interact. The non-reactivity of spiro-OMeTAD and VBI-TFSI in polar solvent was confirmed by recording their 1 H NMR spectrum in DMSO (Figure 101). As expected, no variation was observed. Therefore, the counter anion of PVBI + have to be carefully chosen. Changing TFSI -for I -, doping of spiro-OMeTAD doesn't occur, no change in colour is observed in solution and poor PV performances were recorded. Electrostatic force between PVBI + and I -should be stronger than between PVBI + and TFSI -. 

Thin film properties

Two-probe conductivity measurements were carried out following a previously reported method. 7 Inplane devices were fabricated as depicted in Figure 102. Different spiro-OMeTAD solutions were spin coated on a 20-nm thick layer of poly(1-vinyl-1,2,4-triazole), a dielectric polymer, to improve the wetting of the solutions. Gold electrodes were evaporated to later record I-V curves. After the process, devices were stored in glove box in the dark. Conductivities were calculated as:

𝜎 = 𝐿 𝑅𝑤𝑡
where L is the channel length (50 µm), w is the channel width (2.5 mm), t is thickness (200 nm) and R is the film resistance, extracted from the slope of I-V curves. The thin film conductivities of spiro-OMeTAD are summarized in Table 43. I-V curves of devices were first recorded after a storage with no light exposure, and repeated after 90 min of exposure under AM1.5 illumination, 100 mW.cm -2 (Figure 103). The conductivity of spiro-OMeTAD was improved from 9.4 x 10 -8 to 6.0 x 10 -6 S/cm with LiTFSI as dopant and enhanced to 1.1 x 10 -5 S/cm after 1h30 of irradiation. These results are in accordance with literature data. 7 Conductivity was improved to 1.6 x 10 -5 S/cm when LiTFSI was replaced by PVBI-TFSI under nitrogen. After light exposure, a highest conductivity of 1.9 x 10 -3 S/cm was recorded for the 1:1:6.6 formulation. According to absorption spectra, oxidized-spiro concentration increases with PVBI-TFSI and irradiance, and decreases with tBP. Irradiance importantly increased the conductivity which reached a maximum for the 1:1:6.6 concentration. This effect can be explained by the morphology of the films, previously noticed on SEM cross sections of PSCs, and observed in Figure 104 by AFM. Rougher films, full of holes, were formed when adding PVBI-TFSI, whereas morphology was improved with increasing the tBP amount.

Thus, the film conductivity is either limited by the morphology or by the oxidation level of the spiro-OMeTAD, which are both controlled by the concentration of dopants. HOMO levels of PVBI-spiro were then measured by photoelectron spectroscopy in air (PESA) and reported in Table 44. The pristine spiro-OMeTAD HOMO level was -5.25 eV. Addition of dopants down-shifted the HOMO level to -5.35 eV with LiTFSI and from -5.30 to -5.41 eV with PVBI-TFSI when increasing the concentration. The best PCE of devices containing PVBI-spiro were recorded for the 1:1:6.6 concentration, which corresponds to a HOMO level of -5.35 eV, similar to the one of Li-spiro.

So the increase in Voc in PVBI-spiro devices cannot be attributed to a deeper HOMO level of the PVBIspiro layer, but may be associated to the improved conductivity. Energy level alignment at the perovskite/spiro-OMeTAD interface was further probed by studying the electronic properties of perovskite as well as that of spiro-OMeTAD deposited over perovskite, identical to that in fully functional devices. The work function of the K + doped MA0.15FA0.85PbI2.55Br0.45+KI perovskite was found to be 4.2 eV (Figure 106) whereas the valence band maxima (VBM) was found to be at 1.9 eV. This suggests a strong n-type doping characteristics of the perovskite and agrees well with the values reported in the literature for a comparable system. 45 The photoemission cutoff was found to have a significant shift from 4.2 eV to 3.5 eV (Figure 106), when a thin layer of spiro-OMeTAD was deposited on the perovskite surface, also accompanied by a shift of 0.3 eV in the valence edge and was found to be at 1.5 eV. 45b When spiro-OMeTAD doped with PVBI-TFSI and tBP was deposited on the perovskite surface, the work function increased to 3.8 eV.

Importantly, the HOMO edge was found at 1.3 eV, a shift of 0.6 eV away from the VBM of perovskite towards the fermi level. This could be due to the passivation of the perovskite surface. This effect was recently discussed by Salado et. al. 46 They evidenced the surface passivation of the perovskite by the imidazolium iodide ionic liquid when coating a thin layer of the IL between the perovskite and the HTL. Improved Voc, FF and lower hysteresis were attributed to a decrease in the number of trap sites. It is suggested that the iodide counter anions passivate halide vacancies and retard superoxide formation. Furthermore, presence of ions at the interface was supposed to reduce charge accumulation. Using this interlayer, maximum PCE of 19.9 % was achieved. 46 To investigate the effect of PVBI-TFSI at the interface, an interlayer of PVBI-TFSI was coated in isopropanol on top of the perovskite, and was covered by the standard Li-spiro. Some holes were observed at the perovskite/HTM interface possibly due to the remaining isopropanol (Figure 107).

The resulting device exhibited improved Voc and reduced hysteresis, comparable to devices containing PVBI-spiro (Table 45, Figure 108). Although the FF was reduced, the final efficiency was 18.4 %, similar to the Li-spiro PSCs. It is considered that PVBI-TFSI would locally dope spiro-OMeTAD and furthermore, passivate the perovskite/HTM interface leading to hysteresis-free devices. Since in both formulations, TFSI -anion is present, the passivation effect should come from interactions with PVBI + . Secondly, it can be underlined that the hysteresis behaviour was mainly dependent on PVBI-TFSI and tBP concentrations (Figure 109a). In fact, it has been demonstrated that hysteresis behaviour in a device can be easily changed by applying a pre-poling bias to the device. By applying a voltage V < 0, positive charges in the perovskite layer accumulate near the perovskite/HTM interface, resulting in an inverted hysteresis (Figure 109b). Besides, it has been also shown that tBP could affect polarization of the device (Figure 110a). 48 It was proposed that tBP was able to deprotonate the methylammonium, creating a local negative perovskite crystal, attracting mobile holes to maintain the neutrality, resulting in the p-doping of the perovskite at the perovskite/HTM interface (Figure 110b). Following on, increasing the tBP concentration in the HTM would locally increase the p-doping of the perovskite, polarizing the device, and thus would change the hysteresis behaviour. Moreover, additional reactions may occur with PVBI + or eventually, PVBI-carbene. Considering the PVBI-TFSI interlayer experiment, the hysteresis-less devices suggest a contribution of the PVBI-TFSI itself. A potential PVBI-carbene may be protonated again to form PVBI + , accentuating the polarization of the device (Figure 110c). This could also be due to ionic accumulation at the perovskite/HTM interface which might improve charge extraction and charge transport. 46 It is noteworthy to mention that these possible reactions induce degradation of the perovskite layer and might affect device stability. thus performance of opto-electronic devices, all recombinations should be radiative. In PSCs, nonradiative losses originate from charge-carrier trap states in the perovskite layer, especially on grain surfaces. 49 These trap states are possibly due to ionic defects such as halide vacancies. 50 To investigate charge transfer processes at the interfaces, PL measurements were carried out in PVBI-spiro and Li-spiro PSCs. On Figure 111, perovskite on glass revealed longer charge carrier lifetime than perovskite in PVBI-spiro, meaning that the light emission was quenched by charge separation and non-radiative recombinations at the TiO2/perovskite and perovskite/HTM interfaces. For PVBI-spiro, PL occurred at 782 nm on both TiO2 and HTM side (Figure 112a). TRPL on TiO2 side showed shorter decay than HTM side, suggesting that charge separation occurs more efficiently at the TiO2/perovskite interface (Figure 112b). On the other hand, in the case of Li-spiro, different emission spectra were recorded for each surface excitation (Figure 112c). The emission spectrum on the TiO2 side is remarkably red-shifted from 782 to 794 nm. One reason could be the effect of Li + diffusion from the HTL to the TiO2 surface which have been pointed before to create defects in the perovskite layer, resulting in a red-shift of the perovskite bandgap. Considering emission spectra on HTM side, PL peak appeared at the same position for each dopant suggesting that the local 

Stability

The stability of the devices was controlled by regularly measuring I-V curves (Figure 113). PSCs were stored in dry atmosphere in the dark. PVBI-spiro device efficiency was found to slightly decrease from over 20 to 18.5 % within 25 days, due to reduced Jsc and FF. The evolution of the Voc was more surprising, decreasing during the first week from 1.15 to 1.08 V, before recovering and stabilizing around 1.13 V. Li-spiro device performance was found to increase between the first and the second measurement. In Li-spiro PSCs, ageing seemed to be beneficial in particular for the Voc with a best PCE of 19.5 % measured 16 days after the device was fabricated. This could be explained by the slow doping mechanism of spiro-OMeTAD by LiTFSI and oxygen. In both devices, hysteresis is a little bit enlarged. After a 25-day ageing, the Li-spiro device was 0.7 % more efficient than the PVBI-spiro one.

A longer study would be necessary to understand better the degradation processes in both devices. Stability of PVBI-spiro devices in operating conditions was less than expected. Maximum power point tracking (MPPT) of PVBI-spiro showed a significant drop in current after a 4-minute experiment as compared to Li-spiro (Figure 114a). However, Jsc tracking with alternative switches of light showed smaller variations than Li-spiro (Figure 114b). This may suggest a photo-reversible mechanism in the HTM or at the perovskite/HTM interface affecting the current density of the device. The photoresponsivity was also improved for the PVBI-spiro devices, which is in accordance with the reduced hysteresis found in these devices. Continuous Voc tracking revealed same behaviour in both devices (Figure 114c). To confirm the photo-reversible effect, one PSC was carefully prepared away from light and the other continuously exposed to ambient light. In Figure 115, a first I-V scan showed that the PSC stored in the dark well performed with a high efficiency of 19.5 % while the one over exposed to light only gave 14.0 % efficiency. Second I-V scans were carried out after a 72-h storage in the dark for both cells. The PSC made in dark conditions still exhibited high efficiency of 19.1 %, while the previously light exposed PSC gave enhanced efficiency of 16.3 %, meaning that the cell can partially recover after a while away from light. Moreover, when several I-V curves are performed in a row, we observe a decrease in PV performances and a switch of hysteresis from normal to inverse (Table 47). Going back to the previous paragraph where the possible deprotonation of the methylammonium by either tBP or PVBI was hypothesized, over light exposure or over operating the device may favour these reactions, changing the hysteresis behaviour and creating local defects due to high concentration of negative perovskite crystal and/or protonated PVBI and tBP. 

Polyelectrolytes as dopants for the perovskite

The potential of the materials to dope the perovskite was finally explored. As mentioned before, all had a very good solubility in DMF and DMSO. Typically, optimal ionic liquid concentration to dope the perovskite around 2 mol.%. Thus, 1.7 mol.% of PVBI-TFSI, 1.6 mol.% of PVBI-I, 2 mol.% of PSTFSI-K and 2 mol.% of PILS(TFSI)-b-PVK were independently added to perovskite precursor solutions. In this experiment, the perovskite was not doped with K + (MA0.15FA0.85PbI2.55Br0.45). No solubility issues were noticed. The process to make the perovskite layers was unchanged. In devices, the undoped perovskite exhibited a best efficiency of 18.3 % with a large hysteresis (Table 48). Among the doped devices, PVBI-I showed the best PCEs, up to 14.80 % (Figure 116). Hysteresis was slightly reduced but is still important. Lower PCE are mainly due to lower FF. The PILS(TFSI)-b-PVK doped perovskite had a high Voc of 1.14 V, narrower hysteresis, but the FF limited the PCE to 9.7 %. Interestingly, the PVBI-TFSI doped perovskite devices had a reverse hysteresis, with the best PCEs from the forward scans. However, here again, the FF limited the final efficiency to 11.6 %. Finally, the best-looking perovskite doped with PSTFSI-K led to the worst PV performances < 2 % efficiency. Even 

Conclusion

Polyelectrolytes were incorporated in perovskite solar cells as dopants for HTMs and as dopant for the perovskite. The use of poly(ionic liquid) PVBI-TFSI as dopant for spiro-OMeTAD showed promising results for efficient lithium-free PSCs.

PVBI-TFSI was able to considerably increase spiro-OMeTAD conductivity of four orders of magnitude, up to 1.9 x 10 -5 S/cm. In PSCs, PVBI-TFSI-doped spiro-OMeTAD demonstrated record power conversion efficiency as high as 20.4 %, versus 18.4 % for LiTFSI-doped spiro-OMeTAD. This improvement was characterized by a high Voc and a negligible hysteresis, which are suggested to be due to a reduction of recombinations at the perovskite/HTM interface and a good balanced charge extraction, induced by a higher conductivity and a better energy band alignment. Moreover, compared to LiTFSI, the long chains of the polymer dopant are expected to provide phase stability to the PSC, by inhibiting the diffusion of the active components as in the case of low molecular weight additives, which ultimately deteriorates the long term operation of the PSCs. Also, air-free doping mechanism avoids the atmosphere exposure step required in LiTFSI doped spiro-OMeTAD devices that could induce device degradation. Up to now, this is the best PSC performance so far reported with an alternative dopant in spiro-OMeTAD.

The proposed doping mechanism involves a proton transfer from PVBI + to spiro-OMeTAD. Hydrogen bonding between PVBI + and spiro-OMeTAD was evidenced by NMR in solution, while formation of oxidized spiro-OMeTAD species were revealed by absorption spectroscopy in thin film. The doping mechanism was found to be influenced by the solvent, tBP, and light exposure. tBP and light dependency are suspected to induce or encourage undesirable reactions that compromise the device stability in operating conditions.

Introduction

As mentioned in the first Chapter, a largely used HTM for hole transport in inverted PSCs is PEDOT:PSS. This complex is composed of conductive and positively charged PEDOT polymer stabilized by PSS which acts as an aqueous dispersant polymer and as counter ion for the PEDOT.

Good opto-electronic properties associated to printable processability from water have made PEDOT:PSS a material of choice for organic electronic devices, including PSCs.

A motivation to develop alternatives to PEDOT:PSS results from the relatively lower Voc generally obtained with this hole transporting materials (0.88 -0.95 V) compared to other PSCs (1.05 -1.12 V).

In this aim, Jen et al. regulated the acidity of PEDOT:PSS to optimize performances and film morphology, resulting a better band alignment, higher Voc and higher PCE. 1 This introduces another drawback of PEDOT:PSS, its high acidity that could induce corrosion of the device. 2 Therefore, current strategies to improve performances and stability of PEDOT-based PSCs involve adjustment of the pH of PEDOT:PSS as well as optimizations of morphology and charge transport properties through introduction of organic solvents, dopants or surfactants. 3 The electronic conductivity of PEDOT:PSS is governed by the ability of charge carriers to travel via polarons and bipolarons of the PEDOT chains. Alternative counter ions to PSS were investigated in order to bring ionic conductivity. This was particularly possible with bistriflimide ions (TFSI) which are more dissociated than sulfonates due to their extended delocalization. 4 Poly(4styrenesulfonyl(trifluoromethylsulfonyl)imide) (PSTFSI) is an ionic polymer made of a trifluoromethyl bissulfonyl imide groups attached to a styrenic backbone. It was first synthesized for lithium battery application. 4 Associated to PEDOT to form PEDOT:PSTFSI, the complex has comparable conductivity and higher transparency than PEDOT:PSS (Figure 117). PSTFSI does not only act as counter ion and aqueous dispersant but also brings ionic conductivity. in a previous work and are given in Table 49. Zonyl was added in order to improve film formation.

Compared to commercial PEDOT:PSS, PEDOT:PSTFSI was also found to be more viscous, to be less acidic, to exhibit a gel-like behaviour which make film processability through doctor blading easier, and to be highly stable. 5 Greater transparency of PEDOT:PSTFSI and lower acidity are expected to enhance solar light absorption by the perovskite and to improve the stability of inverted PSCs.

PEDOT:PSTFSI could also be a promising candidate as HTM in semi-transparent PSCs. As PEDOT:PSS and PEDOT:PSTFSI were dispersed in water, water content of dried films was evaluated by FTIR spectroscopy. PEDOT:PSS and PEDOT:PSTFSI films were dried 10 min at 150°C.

Water is usually identified by a large band between 3100 and 3600 cm -1 , which was not found on the FTIR spectra Figure 119. Therefore, no water residues should alter the perovskite layer deposited on top of these films. Surface tension of similar films of PEDOT:PSS and PEDOT:PSTFSI were measured by the Owens-Wendt method (Table 51). Interfacial tension can be dissociated in two components. The dispersive part represents temporary variations in the electron density which are not permanently localized in the material while the polar part represents interactions in material having a dipole moment. Surface tension of PEDOT:PSS was higher than PEDOT:PSTFSI, suggesting that the PEDOT:PSTFSI film is more hydrophobic. This is also characterized by the lower polar component in PEDOT:PSTFSI. 120). PEDOT:PSS HOMO level was found to be -5.20 eV which is consistent with literature. 7 PEDOT:PSTFSI showed a deeper HOMO level, about -5.35 eV, closer to the -5.43 eV perovskite valence band. Absorption of PEDOT:PSS and PEDOT:PSTFSI thin films were measured by UV-vis spectroscopy on ITO substrates using ITO-glass substrate as reference (Figure 121). Both films had low absorbance in the visible range, which is suitable for an application in inverted solar cells. The negative absorption of the films under 500 nm is actually the result of an increase in the transmittance and a decrease in the reflectivity of the film compare to the ITO-glass reference substrate. This effect was observed for both PEDOT:PSS and PEDOT:PSTFSI films. Contact angles of DMF and of the perovskite precursor solution were measured on PEDOT:PSS and PEDOT:PSTFSI thin films (Table 52). The perovskite precursor solution had a good wetting on both films. PEDOT:PSS which was more hydrophilic had a slightly lower contact angle than PEDOT:PSTFSI. Perovskite layers were deposited by spin coating using the anti-solvent method. The impact of the nature of the anti-solvent, chlorobenzene or toluene, on the perovskite morphology was controlled by AFM. As well, the perovskite thickness was measured with a profilometer (Table 53). All perovskite layers were shiny and no pinholes were found on AFM images (Figure 122). Perovskite layers had the same 400 nm thickness on top of PEDOT:PSS. Smaller grains about 150 nm were obtained using toluene instead of chlorobenzene where the grains were almost 200 nm large. On PEDOT:PSTFSI films, thinner perovskite layers were formed, especially using chlorobenzene, where a thickness of about 340 nm was measured. This thinner film revealed small grain size of only 65 nm.

Larger grains of about 115 nm were formed using toluene. Perovskite surface roughness was around 6 nm on top of PEDOT:PSTFSI made with chlorobenzene. Other films showed the same roughness around 9 nm. 125). The difference in efficiency is mainly due to the lower Jsc for PEDOT:PSTFSI. Hysteresis and standard deviations are in the same range for both devices. These lower PV performances could be due to the lower conductivity of PEDOT:PSTFSI compared to PEDOT:PSS. This could also be due to smaller perovskite grains inducing more grain boundaries and higher recombination rate. Optimal conductivity was measured for the standard PEDOT:PSTFSI formulation, where a compromise between the amount of conductive PEDOT and the doping ability of PSTFSI was found (Table 55). The pH of solutions was not affected and remained at 7.3. 

Towards semi-transparent perovskite solar cells

In this last part is studied the possibility for inverted PSCs to be integrated to windows. This work was realized in collaboration with the company Ridoret located in La Rochelle (France). Ridoret has developed parietodynamic windows acting like heat exchangers to reduce thermal losses. Thereby, during winter, outside air is warmed by heat losses and solar energy through greenhouse effect (Table 58). 8 In summer, inversed process occurs to cool down incoming air. The objective was to determine how much energy is possible to harvest incorporating PSCs to the system, and how does it affect transparency and performances of the parietodynamic windows. Inverted p-i-n PSCs were chosen for this study due to their potential compatibility to industrial printing and cheapest estimated price compared to n-i-p archiectures. 9 

where Dλ is the relative spectral distribution of illuminant D65, V(λ) is the spectral luminous efficiency, τ(λ) is the experimental spectral transmittance of the device and Δλ the wavelength interval. Solar direct transmittance τS, ruling part of performances of the parietodynamic window, was defined as:

𝜏 𝑆 = ∑ 𝑆 𝜆 𝜏(𝜆)∆𝜆 2500 𝑛𝑚 300 𝑛𝑚 ∑ 𝑆 𝜆 ∆𝜆 2500 𝑛𝑚 300 𝑛𝑚 (2) 
where Sλ is the relative spectral distribution of solar radiation. The product DλV(λ) and Sλ are given in tables. 10 Not surprisingly, transmission of the devices increases, and efficiency decreases together with the decrease in the perovskite thickness (Table 57). As well, the reproducibility of the devices dramatically decreases when the perovskite got thinner. The transmission of the full device with the silver electrode dropped close to 0 %, confirming the necessity of using transparent top electrodes.

Perovskite films from solution ≥ 28 wt.% were macroscopically homogeneous. Lower concentrations were not further studied. Detailed PV performances are given in Table 58. Voc and FF decreased with the perovskite thickness and the hysteresis was enlarged. The hysteresis is characterized by lower FF and Voc for the reverse scan. Lower PV performances when reducing perovskite thickness might be related to a loss in the quality of the perovskite film (smaller grain size, higher number of pinholes...) increasing the recombination rate. The spectral transmittances of all the layers were recorded independently in Figure 129. As expected the perovskite is responsible for the low transmittance in the visible range. The transmittance in the infrared was limited by the ITO-glass substrate. Finally, the stability of the devices was estimated by measuring regularly I-V curves (Figure 131). PSCs were stored in the dark in the atmosphere with a relative humidity of 20 %. After two weeks, the two devices with the thickest layers exhibited PCEs close to their initial values above 7 % while the

Conclusion

In the line with the development of semi-transparent PSCs, the highly transparent PEDOT:PSTFSI complex was compared to PEDOT:PSS as HTM in inverted PSCs. Despite good film-forming and suitable HOMO level, PEDOT:PSTFSI exhibited low PV performances and in particular low Jsc. This was suggested to be due to the lower conductivity of PEDOT:PSTFSI compared to PEDOT:PSS and to the smaller grains of perovskite layer, inducing greater recombination rate and limiting light-harvesting of the solar cells. As for PEDOT:PSS, incorporation of additives should be considered to improve conductivity and modify surface properties to enhance perovskite formation. PEDOT/PSTFSI ratio was found to affect PV performances in an unexpected way. Better understanding of the properties of PEDOT:PSTFSI thin films and their behaviour into PSCs would be necessary to improve PSCs performances.

Finally, problematics relative to the integration of semi-transparent inverted PEDOT-based PSCs to parietodynamic windows were pointed. A relation between efficiency, transparency and stability was experimentally evidenced. Beyond performances, technical issues and cost, it was experienced that perovskite toxicity could be the limiting parameter for the integration of PSCs.

General Conclusion & Perspectives

This work was in line with one of the current challenges motivating the development of perovskite solar cells (PSCs), i.e. improving the power conversion efficiency while insuring the device lifetime.

The objective was to propose new hole transporting systems based on polymers, suitable for each of the main PSC architectures: n-i-p planar, n-i-p mesoscopic and p-i-n inverted.

Thereby, the first step consisted in fabricating relatively efficient, reproducible and stable PSCs from commonly used materials. The n-i-p planar configuration was based on a MAPbI3-xClx perovskite and was found to exhibit a large hysteresis, as described in the literature. The areas of improvement explored concerned the TiO2 blocking layer processing, the TiO2 surface treatments and their impact on the perovskite formation, and the perovskite process, including the incorporation of additives into the precursor solution. In optimal conditions, a best power conversion efficiency (PCE) of 15.99 % was reached. Secondly, n-i-p mesoscopic PSCs were fabricated. The maximum PCE achieved was Moreover, compared to LiTFSI, the poly(ionic liquid) material, due to the long chains character, is expected to provide to the PSCs phase stability by inhibiting the diffusion of the active components as in the case of low molecular weight additives, which ultimately deteriorates the long term operation of the PSCs. Also, air-free doping mechanism avoids the atmosphere exposure step the mixture was stirred under nitrogen atmosphere at 60°C and the polymerization was stopped after 20h by dipping the polymerization flask into liquid nitrogen. The polymer was precipitated in methanol, recovered by filtration and dried at 40°C for 24h to give 12 g of PVK (100 % yield). A similar procedure was used to prepare PVK of 3.0 kg.mol -1 .

Synthesis of poly[(3,6-dibromo)-9-vinylcarbazole)] (PVK-Br2)

2 g of PVK (7.0 kg.mol -1 , 10 mmol, 1 equ.) were stirred with 103 mL of DMF (1.9 % w/v) in a 250 mL round bottom flask until complete dissolution. 4.6 g of N-bromosuccinimide (C4H4BrNO2, 25 mmol, 2.5 equ.) in 26 mL of DMF (17.8 %w/v) were added dropwise to the polymer solution after cooling at 0°C. After addition, the mixture was stirred for 24h at room temperature under inert atmosphere and then was precipitated in an excess of ethanol. Finally, the final product, PVK-Br2, was isolated through filtration and dried at 50°C under vacuum for 20h. The final mass was 3.55 g (97.6% yield). Molecular weights of the polymers were experimentally determined by SEC/GPC (Figure 137) and the corresponding results are summarized in Table 59. The experimental Mn was calculated to be 7350 g/mol by SEC/GPC in DMF vs. PS narrow standard calibration, with a polydispersity of 1.1 (Figure 140).

compact-TiO2 layer. The next steps were performed in a drying room with dew point temperature at -30°C. A mesoporous-TiO2 layer of 150 nm was made by spin coating a solution of TiO2 paste (PST-24NR) diluted in ethanol, followed by a 2-step annealing, at 125°C and 550°C. The layer was then doped with a LiTFSI solution deposited by spin coating and annealed at 100°C and 430°C. Perovskite precursor solution was made by dissolving MABr, PbBr2, PbI2 and FAI in a mixture of DMSO and DMF.

5 mol.% of KI were then added to the solution. 5-minute sonication was performed before spin coating to insure good solubility of all materials. Anti-solvent spin-coating method was carried out to make a dark, smooth and homogeneous perovskite layer by dropping 500 µL of chlorobenzene after 33 s of spin coating. Substrates were then rapidly transferred to the hot plate at 160°C. After cooling down, doped spiro-OMeTAD with LiTFSI and tBP was spin coated and the layer was annealed at 70°C.

Substrates were left overnight in the dry room. Finally, the 80-nm top gold electrode was evaporated. Compositions of solutions and deposition conditions are respectively detailed in Table 62 and Table 63.

Table 62. Formulation of the solutions for the fabrication of mesoscopic PSCs. As well, a bathocuproine (BCP) layer was spin coated from isopropanol. The device was annealed at 70°C for 15 min. Finally, a 100-nm top electrode of silver was evaporated. All the layers were scratched between the silver electrodes to avoid electrical contact issues. The active area was 0.1 AFM (AFM Dimension FastScan Bruker) was used in tapping mode to characterize surface morphology of thin films. Silicon cantilevers (Fastscan-A) with a radius of 5 nm, a spring constant of 18 N.m -1 and a cantilever resonance frequency of 1.4 MHz were employed.

Solution

SEM images were recorded with a Jeol 7800 prime microscope.

Photoelectron spectroscopy in air (PESA) was performed on a Riken Keiki AC-3 spectrometer. UPS measurements were performed in an ultra-high vacuum chamber built by SPECS (Germany), using a low intensity UV light (He I line) with an excitation energy of 21.21 eV. The samples were prepared in a nitrogen glovebox and transferred to the analysis chamber via a mechanized linear transfer line (10 - 9 mbar range) connected to the nitrogen glovebox, with no exposure to ambient air atmosphere. The spectra of photo-emitted electrons were recorded at a pass energy of 2 eV with a hemispherical analyzer (Phoibos 100). The work function of the sample is determined as the difference between the excitation energy and the length of the spectrum.

I-V curves for conductivity and hole mobility measurements were carried out with a Keithley 2400 SMU. Data from I-V curves for the hole mobility were recorded and treated as followed: 4 J-V curves were acquired in this order: 0  Vmax  0  -Vmax  0. Vmax varied according to the materials and the formulation. Scans were repeated if hysteresis was estimated to be too large. Scans from 0 V to positive or negative voltage with the highest current was selected to avoid bias stress effect and injection-limited behaviour of the electrode. As thin-film electrodes can behave as ohmic resistors, voltage should be corrected with an external series resistance, typically of the order of 10-100 Ω. In Chapter 3, equivalent model has allowed to estimate series resistance to be around 15 Ω for each device. Voltage should also be corrected for built-in voltage. Usually the amount of built-in voltage is unknown in a device, and can vary depending on preparation conditions. Reasonable value should be < 0.5 V. To estimate the built-in voltage, data were plotted on a double-logarithmic scale and VBI was adjusted in order to straighten the I-V curve. VBI were typically between 0.05 V and 0.15 V depending on the device. Finally, Vcorrected = V -Rs.I -VBI. The upper part of the curve corresponds to the SCLC domain and is selected for the fitting.

The photoluminescence spectra were recorded at a pass energy of 2 eV with a hemispherical analyser (Phoibos 100).

Specific for n-i-p planar and inverted PSCs: I-V curves of solar cells were characterized using a K.H.S.

Solar Cell test-575 solar simulator with AM 1.5G filters set at 100 mW.cm -2 with a calibrated radiometer (IL 1400BL). Labview controlled Keithley 2400 SMU enabled I-V measurements. The scan was carried out between -0.2 V and 1.2 V at 100 mV.s -1 . The active area was defined by a black mask
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 1 Figure 1. Représentation des trois architectures étudiées et des polymères testés dans chacune d'elles. Le FTO et l'ITO correspondent aux électrodes transparentes, le HTM au transporteur de trous, le TiO2, et le PC60BM aux transporteurs d'électrons, MAPbI3-xClx, MAPbI3 et K0.05(MA0.15FA0.85)0.95PbI2.55Br0.45 aux pérovskites et, Ag et Au aux électrodes métalliques.
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  Polyvinylcarbazoles fonctionnalisés pour le transport de trous dans les cellules planesUn premier projet a été dédié à l'étude de polymères à base de polyvinylcarbazole (PVK) pour le transport de trous dans les cellules planes ou mésoporeuses. Souvent employés en électronique organique, les PVKs ont l'avantage d'avoir de bonnes propriétés de transport de charge, d'être hydrophobes, disponibles et abordables. Notre stratégie a été de synthétiser puis de fonctionnaliser des PVKs avec différents groupements dans le but d'améliorer leurs propriétés optoélectroniques, leur caractère filmogène, leur solubilité ou leur conductivité. Les synthèses de ces matériaux, présentées en Figure2, se font au maximum en 3 étapes, à partir de matériaux et de méthodes bon marché. La purification des polymères se fait simplement par extraction Soxhlet.

Figure 2 .

 2 Figure 2. Voies de synthèses des dérivés de PVK étudiés.

Figure 3 .

 3 Figure 3. Structures chimiques du spiro-OMeTAD, du sel de lithium et de la tert-butylpyridine.

  De plus, la durée de vie des cellules planes a été considérablement améliorée en utilisant le PVK-[N(PhOCH3)2]2. En Figure 4 sont représentées les efficacités des cellules au cours du temps, stockées en atmosphère inerte, en salle sèche ou en dessiccateur. Dans tous les cas, les cellules à base de polymère sont plus stables que celles à base de spiro-OMeTAD.

Figure 4 .

 4 Figure 4. Evolution des efficacités des cellules stockées a) en boîte à gants (N2), b) en salle sèche (humidité < 2%) et c) en dessiccateur (humidité ≈ 20%).

Figure 5 .

 5 Figure 5. a) Topographie de la surface des films de spiro-OMeTAD et PVK-[N(PhOCH3)2]2 par AFM. b) Vue en tranche des cellules solaires par MEB. c) Angle de contact d'une goutte d'eau sur les films.

Figure 6 .

 6 Figure 6. Structure chimique et masse molaire des polyélectrolytes utilisés comme dopant.

Figure 7 .

 7 Figure 7. a) Changement de couleur des solutions de spiro-OMeTAD préparées en atmosphère interte. b) Suivi de ces changements de couleur par spectroscopie d'absorption.

Figure 8 .

 8 Figure 8. Mécanisme de dopage du spiro-OMeTAD par le PVBI-TFSI et influence de la tBP et de la lumière.

Figure 9 .

 9 Figure 9. Diagramme de bande du spiro-OMeTAD non dopé (gauche) et dopé au PVBI-TFSI et à la tBP (droite).

Tableau 4 .a

 4 Comparaison de la HOMO et de la conductivité du spiro-OMeTAD en fonction des dopants. Moyenne sur 4 films. Intégré dans des cellules solaires mésoporeuses, le spiro-OMeTAD dopé au PVBI-TFSI a sensiblement augmenté l'efficacité des cellules tout en réduisant l'hystérèse (Tableau 5). Ainsi, une meilleure efficacité de 20.4 % a été obtenue, soit 2 % de plus qu'avec le LiTFSI avec une très bonne reproductibilité. Cette amélioration peut être due à une réduction des recombinaisons à l'interface perovskite/spiro-OMeTAD et à un bon équilibre d'extraction de charges induits par une haute conductivité et un meilleur alignement des bandes d'énergie.

Figure 10 .

 10 Figure 10. a) Suivi de la puissance maximale délivrée par les cellules. b) Suivi du Jsc des cellules en alternant exposition à la lumière et obscurité. c) Evolution de l'efficacité des cellules.

Figure 11 .

 11 Figure 11. Structure chimique du PEDOT:PSTFSI.

Figure 1 .

 1 Figure 1. Annual world energy consumption from 1990 to 2017. 1

  efficiency distributed on 0.4 % of the Earth's surface. Such efficiency has already been successfully achieved in several photovoltaic devices owing to intensive research efforts on the understanding of the photovoltaic (PV) effect, the investigation of novel materials and optimization of processes. The first solar cells developed and the most commercialized today are based on crystalline silicon. As an available material showing an average 20 % efficiency and available material, silicon-based modules represent 90 % of the PV market in the world.Thereby, PV systems have become attractive solutions for energy transition, to the extent to be the world's fastest growing energy generation technology. Growing within the past years of 30-40 % per year, 1.7 % of the energy production is provided by PV systems at present. This trend is not expected to slow down in the future considering research advances, government actions (financial support, CO2 emission taxes), and general awareness about environmental concern.On the research side, several PV systems have been elaborated since the silicon solar cell breakthrough. The one gathering the most attention today by way of impressive efficiency progress is based on organometal halide perovskite material. The gradual understanding of the specific properties of such material together with careful optimization of devices have risen power conversion efficiencies from 3 % to over 22 % within only 9 years. Relying on high PV performances, available materials and cost-effective solution processability, perovskite solar cells are expected to compete with crystalline silicon solar cells in the next years. On this way, important challenges are animating the scientific community: enhancing the efficiency of large scale devices and increasing their lifetime while keeping their price attractive. Indeed, perovskite materials can be altered by moisture, temperatures and UV light. Degradation of the perovskite can also be induced by other components of the solar cells such as the organic hole transporting material which helps charge collection at the perovskite interface. On the other hand, combined to polymers, these devices have already shown enhancement of stability together with performances.
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 2 Figure 2. Charge carrier separation at the p-n junction.
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 3 Figure 3. (a) I-V curve of a solar cell under illumination and (b) IPCE curve.
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 4 Figure 4. (a) Parts of solar radiation spectrum a typical semiconductor with a bandgap of 1.4 eV can absorb. (b)Energy conditions for a semiconductor to absorb radiations.
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 546 Figure 5. Classification of PV technologies and their market share.
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 7 Figure 7. Cubic perovskite crystalline structure.

Figure 10 .

 10 Figure 10. Examples of sequential and single-step deposition routes to make MAPbI3 perovskite thin films.

  are immediately separated due to the low exciton binding energy of the perovskite. Free holes and electrons diffuse into the perovskite until they reach selective contacts, where they are extracted. A carrier at the wrong selective contact is blocked and cannot be extracted. This simplified mechanism is illustrated in Figure11and is valid in the open circuit condition. Undesirable charge-transfer processes, i.e. recombinations of photo-generated charge carriers, can also occur into the perovskite layer and at the interfaces.

Figure 11 .

 11 Figure 11. Energy diagram of PSCs and charge generation and collection mechanisms.

Figure 12 .

 12 Figure 12. Schematic representation of the evolution of PSC architectures. From left to right: perovskitesensitized solar cell, solid-state PSSC, n-i-p mesoporous PSC, n-i-p planar PSC and p-i-n inverted planar PSC.

Figure 13 .

 13 Figure 13. Chemical structure of spiro-OMeTAD HTM, and LiTFSI and tBP dopants.

  1,2-b:4,3-b':5,6b'';8,7-b'']tetrathiophene-(ATT-) based HTMs by comparing ATT-OMe, ATT-OBu, ATT-OHe and ATT-Ode (Figure

Figure 16 .

 16 Figure 16. Chemical structures of thiophene-based HTMs.

Figure 17 .

 17 Figure 17. Chemical structures of TPA-based HTMs.

Figure 19 .

 19 Figure 19. Chemical structure of carbazole-based HTMs.

  Alternatives to PSS dopant were investigated to extend lifetime of PSCs. Song et al. got as far doping PEDOT by graphene oxide (PEDOT:GO), and achieved PCE up to 18.1 %.106 

Figure 20 .

 20 Figure 20. Chemical structures of thiophene-based polymer HTMs.

Figure 21 .

 21 Figure 21. Chemical structures of TPA-based polymer HTMs.

  intramolecular force through CH/π bonds and π-π interactions and thus, is an interesting strategy to improve conductivity of materials.113 Two dopant-free benzo[1,2b:4,5b']-dithiophene-(BDT-) based HTMs introduced by Yang et al. are presented. By extending the conjugation of BDT by inserting thiophene units, DOR3T-TBDT achieved promising PCE of 14.9 % with improved stability without any additive. 114 In DERDTS-TBDT, thiophene units were replaced by electron-donating dithienosilole units resulting in a deeper HOMO level and an increased PCE of 16.2 % without any dopant. 115 P3HT is a common thiophene-based polymer which has been first studied for OPVs. Snaith et al. developed a composite HTL made of P3HT-functionalized single-walled carbon nanotubes (P3HT-SWNTs) embedded in a PMMA matrix, which enhanced PCE of regular PSCs to 15.3 %. 116 P3HT has also the advantage to have good stability and to be compatible with flexible devices Besides, inserted in mesoscopic devices as an interlayer between the perovskite and spiro-OMeTAD, PCE was promoted to 19 %. P3HT was found to reduce charge recombination at the perovskite/HTM interface and to greatly enhance device stability. 117 Other polymers based on thiophene derivatives, pBBTa-BDT1 and pBBTa-BDT2, were synthesized by Marks et al. The additional phenyl on the dipthiophene unit of pBBTa-BDT1 resulted in lower hole mobility, and thus, lower PCE than pBBTa-BDT2. Owing to the highly ordering π-face-down on perovskite surface of pBBTa-BDT2, chemical dopants were unnecessary, and maximum PCE of 14.4 % was reached. Moreover, thermal stability and resistivity to moisture of devices was enhanced. At this time, it was the highest PV performance reported in PSCs based on an undoped HTM. 118 Multiple TPA structures have been successfully synthesized to perform efficiently without the need of chemical dopants. ST1, containing 3 phenylamine ending groups achieved PCE up to 15.4 %. 119 Zhang et al. fabricated a (D)-π-D-π-D conjugated molecule. Z33 exhibited similar PCE of 15.4 %.

Figure 22 .

 22 Figure 22. Efficient dopant-free HTMs.

  Thereby, Neher et al. fabricated inverted PSCs using undoped polymers as HTMs treated with oxygen plasma. PCE as high as 16.1, 16.5, 17.4 % were obtained employing P3HT, poly-TPD and P3OT, respectively. The formation of an oxygen rich surface, is suggested to increase conductivity of polymers and improve charge extraction. 128 Through introduction of a thin interlayer of cost-effective tantalium-doped tungsten oxide (Ta-WOx), Snaith et al. achieved remarkable PCE of 21.2 % employing undoped polymer PDCBT as HTM in n-i-p planar PSCs. 129

a

  HTM employed in mesoscopic structure (dark blue), n-i-p planar structure (light blue) or p-i-n inverted structure (green). b Hole mobility.
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 1 Fabrication steps of planar perovskite solar cells n-i-p planar PSCs are fabricated on a transparent conductive oxide. FTO substrates are preferentially used due to their much better thermal stability compared to ITO. These substrates are then coated with a TiO2 blocking layer (bl-TiO2) from solution and calcined to insure a good electron transport.Planar devices employed MAPbI3-xClx perovskite, since it has been demonstrated to be particularly efficient owing to the long diffusion length of charge carriers.1 Then, a hole transporting material (HTM) made of spiro-OMeTAD doped with LiTFSI and tBP is deposited onto the perovskite film. The perovskite and the HTM deposition were performed in N2 glove box and aged overnight in 15% RH (relative humidity) atmosphere, before the thermal evaporation of the gold electrodes. The energy diagram and the fabrication steps of n-i-p planar PSCs are depicted in Figure22and Figure23.

Figure 23 .

 23 Figure 23. Energy diagram of n-i-p planar PSCs.

Figure 24 .

 24 Figure 24. Fabrication steps of regular planar PSCs.

Figure 25 .

 25 Figure 25. Schematic ALD process of TiO2 layer from TiCl4 and H2O.
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Figure 26 .

 26 Figure 26. PCE (reverse scan) as a function of the TiO2 thickness for (a) spin coating method, (b) ALD, and (c) spray-coating deposition. Red crosses represent maximum PCE while rounds are average PCE on 8 cells and their standard deviation.

Figure 27 .

 27 Figure 27. Chemical structure of APTES.

Figure 28 .

 28 Figure 28. SEM surface images of perovskite films coated on top of (a) spin-coated, (b) ALD, (c) spray-coated TiO2, and (d) silane-modified TiO2. Scale bar = 20 μm.

Figure 29 .

 29 Figure 29. (a), (b), (c) AFM topographic views of TiO2 (scale bar = 1 µm) and (d), (e), (f), corresponding SEM surface images of perovskite films (scale bar = 20 μm) for (a), (d) untreated, (b), (e) TiCl4 and (c), (f) SnCl4 treated TiO2.

Figure 30 .

 30 Figure 30. SEM surface images of perovskite film according to TiO2 treatments. Scale bar = 20 µm.

Figure 31 .

 31 Figure 31. SEM surface images of perovskite dried under different conditions. Scale bar = 20 µm.

Figure 32 .

 32 Figure 32. Absorption spectra of perovskite dried under different conditions.
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 33 Figure 33. SEM surface images of FTO/TiO2/perovskite from perovskite solutions containing 1 wt.% of additive.

Figure 34 .

 34 Figure 34. Effect of additives on the perovskite absorption.

Figure 35 .

 35 Figure 35. Best I-V curves of PSCs including additives in their preparation.

Figure 36 .

 36 Figure 36. XRD pattern of MAPbI3-xClx coated on FTO/TiO2.
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  Best cell; b average on 8 cells; c standard deviation of the average.

Figure 37 .

 37 Figure 37. I-V curves of the best performing n-i-p planar device.
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 38 Figure 38. Fabrication steps of mesoscopic PSCs.
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 39 Figure 39. Energy diagram of the mesoscopic PSCs.
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  Average of 10 PSCs.

Figure 40 .

 40 Figure 40. Best I-V curves of doped and undoped PSCs with K + .
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 41 Figure 41. Fabrication steps of inverted PSCs.

Figure 42 .

 42 Figure 42. Energy diagram of inverted PSCs.

Figure 43 .

 43 Figure 43. Formulation A and B formed needle-like perovskites while homogeneous grains were formed with formulation C. The shape and the size of the grains obtained in formulation C were further revealed by the amplitude AFM image in Figure 43d. The needle-like structure could be due to the different crystallization kinetics between PbI2 and MAI. The formation of the MAI-PbI2-DMSO adduct in the formulation C allows the compounds to crystallize at the same time and to form smooth perovskite grains.

Figure 43 .

 43 Figure 43. AFM images and corresponding roughness of perovskite films from (a) solution A, (b) solution B, and (c, d) solution C. Scale bar = 500 nm.

Figure 44 .

 44 Figure 44. XRD pattern of the best performing perovskite coated on ITO/PEDOT:PSS.

Figure 45 .

 45 Figure 45. PCE of inverted solar cells according to (a) PEDOT:PSS thickness, (b) perovskite solution concentration, and (c) PC60BM spin coating conditions. Red cross = maximum PCE; black circles = average PCE (8 cells).

Figure 46 .

 46 Figure 46. PCE of inverted PSCs according to (a) the deposition method of BCP, and (b) the spin coating parameters of BCP. Red cross = maximum PCE; black circles = average PCE (8 cells).

Figure 47 .

 47 Figure 47. Best I-V curves of BCP free, spin-coated BCP and evaporated BCP PSCs. Full line = forward scan; dotted line = reverse scan.
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 491 Figure 49. Synthetic routes towards PVK-(tBu)2, PVK-(OCH3)2 and PVK-[N(PhOCH3)2]2.

  mass loss; b No Tg between 0 and 250°C.

Figure 50 .

 50 Figure 50. TGA analysis of the PVK and PVK-(tBu)2 in ambient atmosphere and, PVK-(OCH3)2 and PVK-N[Ph(OCH3)2]2 in inert atmosphere.

Figure 51 .

 51 Figure 51. DSC scans of the PVK derivatives.

  Excitation wavelengths of emission spectra were determined by the position of the maximum absorption peak. The optical energy bandgap (Eg) was determined by the intersection of the absorption and the emission curves, which were found to be 381, 412 and 355 nm for PVK-(OCH3)2, PVK-(tBu)2 and PVK-[N(PhOCH3)2]2, respectively.

Figure 52 .

 52 Figure 52. Absorption and emission spectra of PVK derivatives diluted in THF (0.01 %).

Figure 53 .

 53 Figure 53. UP spectra in atmosphere of PVK and its derivatives.

Figure 54 .

 54 Figure 54. J-V² curves of pure and doped (a) spiro-OMeTAD and (b) PVK-[N(PhOCH3)2]2 fitted with the Murgatroyd expression.

  curves were measured under AM1.5 illumination with an incident power of 100 mW/cm². Best I-V curves and PCEs are given in Figure 55. Not surprisingly, undoped spiro-OMeTAD exhibited very poor PV performance due to low hole mobility. PVK-(OCH3)2 and PVK-(tBu)2 did not perform better possibly due to the mismatching energy levels and their low charge transport properties. In this preliminary study, PVK-[N(PhOCH3)2]2 achieved the worst PCEs while PVK exhibited the best PCE of 2.46 %.

Figure 55 .

 55 Figure 55. I-V curves (reverse scan) of PSCs containing undoped HTMs and their corresponding PCE.

Figure 56 .

 56 Figure 56. Best I-V curves (reverse scan) of PSCs containing LiTFSI and tBP doped HTMs.

3. 2

 2 Case of PVK-[N(PhOCH3)2]2 3.2.1 Photovoltaic performances To study the effect of the molecular weight of the PVK-[N(PhOCH3)2]2 on PV performances, another batch of PVK-[N(PhOCH3)2]2 was synthesized with a molecular weight (Mn) of 11730 g/mol. In the following, PVK-[N(PhOCH3)2]2 with molecular weights (Mn) of 8030 and 11730 g/mol are named low

Figure 57 .

 57 Figure 57. SEM cross-sections of (a) low Mn and (b) high Mn polymer-based PSCs. Scale bar = 200 nm.

  PVK-[N(PhOCH3)2]2-based PSCs. It is also noteworthy that in the case of the high Mn PVK-[N(PhOCH3)2]2, series resistance Rs, corresponding to the inverse of the slope at V=Voc, was reduced, suggesting better conductivity of the layer.

Figure 58 .

 58 Figure 58. Best and average PCE (reverse scan) of PSCs according to the solution concentration of the (a) low Mn and (b) high Mn PVK-[N(PhOCH3)2]2 HTM. (c) Best I-V curves (reverse scan) of the low and high Mn PVK-[N(PhOCH3)2]2-based PSCs.

Figure 59 .

 59 Figure 59. Optimization of the PCE according to (a) the LiTFSI (with a tBP ratio of 3.3) and (b) the tBP (with aLiTFSI ratio of 0.56) molar ratios.

Figure 60 .

 60 Figure 60. Best I-V curves of PSCs using spiro-OMeTAD or PVK-[N(PhOCH3)2]2 as HTM.

  perovskite. Highest EQE was obtained with the high Mn PVK-[N(PhOCH3)2]2 and the lowest with spiro-OMeTAD. The Jsc extracted from IPCE were 9.11, 10.45 and 11.47 mA.cm -2 for spiro-OMeTAD, low Mn PVK-[N(PhOCH3)2]2 and high Mn PVK-[N(PhOCH3)2]2 respectively. This is about half of the values obtained from I-V curves. At least, same Jsc trend as I-V curves was observed. Reasons for Jsc difference between IPCE and I-V curves have been discussed in the literature. In our setup, only a part of the active area of the cell was illuminated by the EQE lamp. It has been explained that the non-illuminated part could act as a shunting load decreasing the shunt resistance in the device, resulting in lower photocurrent.15 

Figure 61 .

 61 Figure 61. IPCE and integrated current density of the best devices.

Figure 62 .

 62 Figure 62. PCE (reverse scan) histogram of spiro-OMeTAD and PVK-[N(PhOCH3)2]2 based PSCs.

3. 2 . 2

 22 Interfacial energetics UP spectra were performed in order to compare the electronic properties of pristine and doped spiro-OMeTAD and PVK-[N(PhOCH3)2]2 deposited on perovskite, by recording the corresponding work function (Ф) and valence band maximum (VBM). Characterization details are given in the Experimental Details section. The thickness of the spiro-OMeTAD and of the PVK-[N(PhOCH3)2]2 layers were about 100 nm, respectively. The thinner PVK-[N(PhOCH3)2]2 layer was estimated under 30 nm by SEM. The HOMO and the secondary electron cut-off regions of the UP spectra are presented in Figure 63 and the extracted values are reported in Table 24. The work function was determined as Ф = Eexcitation (21.22 eV) -binding energy. The perovskite work function was found at 1.77 eV, suggesting a strong n-doping of the perovskite. The band diagram of perovskite-HTM interface is depicted in Figure 64.

Figure 63 .

 63 Figure 63. UP spectra of (a) the perovskite, (b) pristine spiro-OMeTAD, (c) doped spiro-OMeTAD, (d) pristine PVK-[N(PhOCH3)2]2, (e) doped PVK-[N(PhOCH3)2]2 and, (f) thin layer of doped PVK-[N(PhOCH3)2]2 .

Figure 64 .

 64 Figure 64. Energy diagram of HTMs from UPS data.

[ N (

 N PhOCH3)2]2-based device was around 65 %. This comparative study indicates the superior stability of the PSCs using PVK-[N(PhOCH3)2]2 as HTM.

Figure 65 .

 65 Figure 65. Normalized PCE of PSCs employing spiro-OMeTAD or PVK-[N(PhOCH3)2]2 as HTM stored in (a) glove box, (b) dry atmosphere and, (c) atmosphere with 20% RH.

Figure 66 .

 66 Figure 66. AFM topographic views of HTM thin films on top of FTO/TiO2/perovskite. (a) spiro-OMeTAD (Rq = 3.3 nm), (b) PVK-[N(PhOCH3)2]2 (Rq = 2.6 nm), (c) doped spiro-OMeTAD (Rq = 4.3 nm), and (d) doped PVK-[N(PhOCH3)2]2 (Rq = 3.2 nm). SEM cross sections of PSCs using as HTM (e) spiro-OMeTAD after a 3-day ageing in dry room or (f) PVK-[N(PhOCH3)2]2 after a 30-day ageing in dry room. Scale bars = 200 nm.

Figure 67 .

 67 Figure 67. Contact angle measurement of a water drop on (a) spiro-OMeTAD and on (b) PVK-[N(PhOCH3)2]2 thin films.

52 a

 52 Best cell; b average on 4 cells; c standard deviation of the average.

Figure 68 .

 68 Figure 68. Best I-V curves (forward and reverse scans) of PSCs with different HTM formulations.

Figure 69 .

 69 Figure 69. Best I-V curves (reverse scan) of PSCs depending on the HTM dopant concentration.

Figure 70 .

 70 Figure 70. SEM cross-section images (10 kV) of polymer-based PSCs with different HTM thickness.

Figure 71 .

 71 Figure 71. Best I-V curve of K + -free PSC using PVK-[N(PhOCH3)2]2 as HTM.

a

  Best cell; b average on 4 cells; c standard deviation of the average.

Figure 72 .

 72 Figure 72. Best I-V curves (reverse scan) of PSCs with modified perovskite/PVK-[N(PhOCH3)2]2 interface.

achieved 16 . 1 %

 161 PCE in FTO/bl-TIO2/mp-TiO2/MA0.15FA0.85PbI2.55Br0.45/HTM/Au PSCs with an optimal thickness layer about 30 nm without the use of dopants, that they attributed to good charge transport properties and to the hole extraction capability of the material. However, no chemical characterizations of the polymer were given, neither comments on the hysteresis and the stability of the devices.Since poor PV performances were obtained in thin and dopant-less polymer-based mesoscopic PSCs, the potential of PVK-[N(PhOCH3)2]2 (11.7 kg.mol -1 ) as dopant-free HTM was investigated in n-i-p planar PSCs. To do so, the device architecture was optimized. The polymer thickness layer was decreased to reduce the hole-transportation pathway to the top electrode and to compensate the loss in conduction properties of the polymer layer when undoped. Moreover, a thin layer, about 10 nm, of molybdenum oxide (MoOx) was thermally evaporated between the HTM and the gold electrode. The deeper CB of the MoOx is expected to further attract holes and thus, facilitate charge extraction. The device materials and architecture are represented in the energy diagram in Figure 73.

Figure 73 .

 73 Figure 73. Energy diagram of the planar n-i-p dopant-free PSCs.

Figure 74 .

 74 Figure 74. Best and average PCE of 8 cells from reverse and forward I-V scans as a function of the PVK-[N(PhOCH3)2]2 thickness.

  previous architectures, hysteresis was larger in spiro-OMeTAD-based PSCs. Interestingly, addition of dopants into the HTMs considerably reduced efficiency of PSCs. Jsc and Voc were considerably decreased polymer-based devices. Unbalance charge extraction could explain the lower Jsc and larger hysteresis.

Figure 75 .

 75 Figure 75. (a) Best I-V curves (reverse scans) of MoOx-based PSCs with doped and undoped HTMs. (b) Stability of the best performing PSCs based on undoped spiro-OMeTAD and PVK-[N(PhOCH3)2]2.

  (1-butyl-3-vinylimidazolium bis(trifluoromethylsulfonyl)imide) Mn = 2140 g.mol -1 Mn = 7350 g.mol -1 PSTFSI-K Poly(4-styrenesulfonyl(trifluoromethylsulfonyl)imide) potassium PILS(TFSI)-b-PVK Poly(1-butyl-3-vinylimidazolium bis(trifluoromethylsulfonyl)imide)-b-poly(9vinylcarbazole) m:n = 30:70 Mn = 6000 g.mol -1 Mn = 10720 g.mol -1 Herein, we propose to integrate polyelectrolytes into PSCs. The studied polyelectrolytes are two imidazolium based PILS (PVBI-I and PVBI-TFSI), a polyanion (PSTFSI-K) and a block copolymer made of PVK and imidazolium-based PILS blocks (PILS(TFSI)-b-PVK) (Table

Figure 76 .

 76 Figure 76. CPE-K and P3CT-Na structures.

Figure 77 .

 77 Figure 77. Structure of cobalt and molybdenum-based dopants.

Figure 78 .

 78 Figure 78. Chemical structures of N-heterocyclic ionic liquid dopants.

Figure 79 .

 79 Figure 79. (a) Absorption spectra of PVBI-TFSI, PVBI-I, PILS(TFSI)-b-PVK and PSTFSI-K. (b) Emission and absorption spectra of PILS(TFSI)-b-PVK.

  Films were deposited by spin coating on glass substrates and dried at 70°C for 10 min. Excess of particles were removed from the solutions containing PSTFSI-K and PILS(TFSI)-b-PVK with a PTFE filter of 1 µm to improve the quality of the films. Effective doping should deep spiro-OMeTAD HOMO level. PVBI-TFSI, PSTFSI-K and PILS(TFSI)-b-PVK were able to reduce the HOMO level of spiro-OMeTAD, especially additive that increased the HOMO level of spiro-OMeTAD.

Figure 80 .

 80 Figure 80. UPS spectra of pristine spiro-OMeTAD and doped spiro-OMeTAD films with LiTFSI, PVBI-I, PVBI-TFSI, PSTFSI-K, and PILS(TFSI)-b-PVK.

Figure 81 .

 81 Figure 81. Best I-V curves of PSCs using different dopants in spiro-OMeTAD.

Figure 82 .

 82 Figure 82. UPS spectra of pristine PVK-[N(PhOCH3)2]2 and PVK-[N(PhOCH3)2]2 doped with LiTFSI and PVBI-TFSI.

Figure 83 .

 83 Figure 83. Best I-V curves of PSCs using different dopants in PVK-[N(PhOCH3)2]2.

Figure 84 .

 84 Figure 84. Best I-V curves of PSCs using different concentrations of PVBI-TFSI and tBP vs. spiro-OMeTAD.

Figure 85 .

 85 Figure 85. SEM cross sections of PSCs containing (a) Li-spiro, (b) 1:1:6.6 PVBI-spiro, and (c) 1:1.5:9.9 PVBI-spiro. Some holes are circled in red. Scale bar = 500 nm.

Figure 86 .

 86 Figure 86. Best I-V curves of PSCs with PVBI-spiro annealed in different conditions.

Figure 87 .

 87 Figure 87. Best I-V curves of PSCs employing different concentrations of tBP in 1:1:x PVBI-spiro.

Figure 88 .

 88 Figure 88. SEM cross sections of PSCs containing (a) 1:1:3.3, (b) 1:1:6.6, and (c) 1:1:16.5 PVBI-spiro. Some holes are circled in red. Scale bar = 500 nm.

Figure 89 .

 89 Figure 89. SEM cross sections of PSCs (a) without, and (b) with 1.7 vol.% of acetonitrile in PVBI-spiro. Scale bar = 500 nm.

Figure 90 .

 90 Figure 90. Best I-V curves of PSCs with different concentrations of acetonitrile in PVBI-spiro.

from 22 .

 22 45 to 23.04 mA.cm -2 . IPCE measurements were also performed on the best performing devices, resulting in an integrated current density of 22.36 and 20.94 mA.cm -2 for PVBI-spiro and the Li-spiro devices respectively. Jsc calculated from IPCE measurements is in good agreement with Jsc from I-V curves (Figure91b).

Figure 91 .

 91 Figure 91. (a) Best I-V curves of Li-spiro and PVBI-spiro-based PSCs, and (b) their associated IPCE .

  In this part, PVBI-spiro-based devices have been successfully optimized to reach efficiencies over 20 %, suggesting an efficient doping of spiro-OMeTAD by PVBI-TFSI. The hysteresis was considerably reduced and was found to be particularly influenced by PVBI-TFSI and tBP concentrations. The following discussion is dedicated to the understanding of the doping mechanism of spiro-OMeTAD by PVBI-TFSI, to the origin of the reduced hysteresis and to the stability of the devices.

Figure 92 .

 92 Figure 92. Statistical representations of (a) Jsc, (b) Voc, (c) FF, and (d) PCE of PSCs containing either Li-spiro or PVBI-spiro, and (e) the histogram of all device efficiency.

Figure 93 .

 93 Figure 93. Colour changes during the Li-spiro and PVBI-spiro treatments.

Figure 94 .

 94 Figure 94. Absorption spectra in solution of (a) the PVBI-spiro solution process. Absorption spectra in thin films varying (b) PVBI-TFSI together with tBP, (c) only tBP concentrations. (d) Thin film absorption of PVBI-spiro and Li-spiro (1:0.5:3.3).

Reaction 1 :

 1 Interactions between PVBI + and spiro-OMeTAD. Reaction 2: Reversible interactions with light between PVBI + and either spiro-OMeTAD or tBP. Reaction 3: Protonation of the spiro-OMeTAD by PVBI + and proton transfer from spiro-OMeTAD to tBP. Reaction 4: Combination of carbenes.

Figure 95 .

 95 Figure 95. Proposed mechanism of spiro-OMeTAD oxidation by PVBI-TFSI in presence of tBP.

Figure 96 . 1 H

 961 Figure 96. 1 H 400 MHz NMR spectra of spiro-OMeTAD, PVBI-TFSI, and a mixture (1:1) in d8-THF.

Figure 97 . 1 H

 971 Figure 97. 1 H 400 MHz NMR spectra of spiro-OMeTAD containing different concentrations of VBI-TFSI in d8-THF. Focus on the peak of the most acidic proton of VBI-TFSI (bottom left), and on the aromatic peaks of spiro-OMeTAD (bottom right).

Figure 98 . 1 H

 981 Figure98.1 H 400 MHz NMR spectra of tBP containing different concentrations of VBI-TFSI in d8-THF (left). Focus on the peak of the most acidic proton of VBI-TFSI (right).

Figure 99 .

 99 Figure 99. Effects of the addition of tBP in VBI-spiro solution on 1 H 400 MHz NMR spectrum in d8-THF (left).Focus on the most acidic proton of VBI-TFSI (right).

Figure 100 .

 100 Figure 100. 13 C NMR of spiro-OMeTAD doped with 25 mol.% of VBI-TFSI in d8-THF.

Figure 101

 101 Figure 101. 1 H 400 MHz NMR spectra of VBI-TFSI, spiro-OMeTAD, and a mixture of both (1:2) in d6-DMSO.

Figure 102 .

 102 Figure 102. Scheme of the device used to measure the conductivity of the HTM.

Figure 103 .

 103 Figure 103. (a) I-V curves of pristine spiro-OMeTAD, Li-spiro (1:0.5:3.3), and PVBI-spiro (1:0.5:3.3 and 1:1:6.6). Conductivities of (b) 1:y:z and (c) 1:1:z PVBI-spiro devices kept in the dark and after 1h30 exposure under AM1.5 illumination, 100 mW.cm -2 .

Figure 104 .

 104 Figure 104. AFM topographic views of PVBI-spiro films with different concentrations of PVBI-TFSI and tBP.Image size = 2 µm x 2 µm. Scale bar from -10 nm (dark) to 8 nm (light).

Figure 105 .

 105 Figure 105. UP spectra depicting the (a) secondary electron cut-off and (b) the HOMO edge of spiro-OMeTAD with and without PVBI-TFSI. The work function and ionisation potential of undoped (c) and doped (d) spiro-OMeTAD is also depicted schematically.

Figure 106 .

 106 Figure 106. UP spectra depicting the a) S. E. cut-off and b) the VBM edge of perovskite and HOMO of spiro-OMeTAD with and without PVBI-TFSI, deposited over perovskite The band diagram of the perovsite/spiro-OMeTAD interface with (c) and without (d) PVBI-TFSI is also depicted schematically.
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 24 Passivation effect of PVBI-TFSIIn addition to enhanced PCE, PVBI-spiro based PSCs demonstrated significantly reduced hysteresis.

Figure 107 .

 107 Figure 107. SEM cross section of the PSC containing a thin layer of PVBI-TFSI between the perovskite and Lispiro. Scale bar = 500 nm.

Figure 108 .

 108 Figure 108. Effect of a PVBI-TFSI interlayer between the perovskite and the HTM on the I-V characteristics.

47

 47 

Figure 109 .

 109 Figure 109. (a) Mapping of the hysteresis behaviour according to the dopants concentration. (b) Hysteresisbehaviour according to the pre-poling of the device by Nemnes et.al.47 

Figure 110 .

 110 Figure 110. (a) Proposed p-doping mechanism of the perovskite by the tBP by Habisreutinger et.al. 48 (b) Protonation of tBP by the methyl ammonium. (c) Possible protonation of the PVBI-carbene by the methylammonium. Photoluminescence (PL) measurements consist in recording light emission of a material induced by photoexcitation. Time resolved photoluminescence (TRPL) gives information on relaxation processes, i.e. radiative and non-radiative recombinations. Radiative recombination is a process where charge carriers recombine releasing a photon. Non-radiative recombination occurs when charge carriers recombine to an intermediate energy state created in the bandgap by impurities in the crystal. In this case, a phonon, or lattice vibration, is released instead of a photon. To maximize light generation and

  PL characteristics were measured by exciting the solar cell from both sides, i.e. TiO2 side and HTM side. Since the light absorption of the sample depends on the Beer-Lambert law, light intensity decreases exponentially as the path length increases, following the function:𝐼 (𝑥) = 𝐼 0 𝑒 -𝑎𝑥where I (x) is the intensity of light after passing through a x distance in the semiconductor, I0 is the intensity of light before passing through the sample and a is the absorption coefficient. The transmission profile according to the path length is given in Figure111. In other words, device irradiated from TiO2 side reflects PL processes occurring close to the TiO2/perovskite interface.Reciprocally, devices excited from HTM side reflects PL processes occurring close to the perovskite/HTM interface.

Figure 111 .

 111 Figure 111. (a) TRPL of the perovskite (blue) and of the perovskite/PVBI-spiro (red). (b) Transmission of the light accoring to the perovskite thickness.

Figure 113 .

 113 Figure 113. Stability of Jsc, Voc, FF, PCE, and HI of spiro-OMeTAD and PVBI-TFSI-based PSCs over time.

Figure 114 .

 114 Figure 114. (a) Continuous Jmax tracking, (b) Jsc tracking over alternative light switches, and (c) Voc tracking in operating conditions of Li-spiro and PVBI-spiro PSCs.

Figure 115 .

 115 Figure 115. I-V curves of PVBI-spiro PSCs processed either in the dark or under illumination, after fabrication and after a 72-h ageing in the dark.

  though the performances of the devices were still fair, this first attempt revealed the potential of the PILs to increase the Voc (PILS(TFSI)-b-PVK) or influence the hysteresis (PVBI-TFSI, PVBI-I, PILS(TFSI)-b-PVK).

Figure 116 .

 116 Figure 116. Best I-V curves of PSCs containing perovskite doped with different PILs. Filled lines: reverse scan; dotted line: forward scan.

Figure 117 .

 117 Figure 117. Stabilization of positive charge carriers of the PEDOT by PSTFSI.

Figure 119 .

 119 Figure 119. FTIR spectra of PEDOT:PSS and PEDOT:PSTFSI thin films.

Figure 120 .

 120 Figure 120. UPS spectra of PEDOT:PSS and PEDOT:PSTFSI thin films.

Figure 121 .

 121 Figure 121. Absorption spectra of PEDOT:PSS and PEDOT:PSTFSI films on ITO-glass substrates.

Figure 122 .

 122 Figure 122. AFM amplitude images of perovskite thin films coated on (a,b) PEDOT:PSS and (c,d) PEDOT:PSTFSI using (a,c) chlorobenzene or (b,d) toluene as anti-solvent. Scale bar = 200 nm.

Figure 124 .

 124 Figure 124. Average PCE of PEDOT:PSTFSI PSCs depending on (a) PEDOT:PSTFSI thickness and (b) the perovskite precursor solution concentration.

Figure 125 .

 125 Figure 125. Best I-V curves of PEDOT:PSS and PEDOT:PSTFSI based PSCs. Full line = forward scan ; dotted line = reverse scan.

Figure 126 .

 126 Figure 126. Best I-V curves of PSCs fabricated using different formulations of PEDOT:PSTFSI. Full line = forward scan, dotted line = reverse scan.

Figure 127 .

 127 Figure 127. Parietodynamic window principle in summer.

55 a

 55 Best cell; b average on 4 cells; c standard deviation of the average. Pictures of the final devices without the top silver electrode are displayed in Figure 128 to give an idea of the transparency of the devices.

Figure 128 .

 128 Figure 128. Pictures of semi-transparent devices without the top silver electrode (left) compared to device-free view (right).

Figure 129 .

 129 Figure 129. Spectral transmittance of the components of the deivces.

Figure 130 .

 130 Figure 130. Spectral transmittance of devices according to the perovskite precursor concentration.

18. 44 %

 44 with a significantly reduced hysteresis. The better performances compared to n-i-p planar devices are attributed to the mesoscopic TiO2 layer that helps for the electron extraction, to the mixed MA0.15FA0.85PbI2.55Br0.45 perovskite properties and to the doping of the materials. Doping TiO2 with LiTFSI and Mg(TFSI)2, and the perovskite with K + tune the energetic properties of the materials in a favourable way for the solar cell operation. The last device shows the p-i-n inverted structure.The optimization of the PEDOT:PSS/MAPbI3/PC60BM/BCP stack allowed to attain a PCE of 12.23 % with reasonable hysteresis. These three architectures have been used as reference cells to introduce new hole transporting systems.A first project was dedicated to poly(9-vinylcarbazole)-(PVK-) based materials. Widely used in organic electronics, PVK benefits from good charge transport properties, hydrophobicity, and commercial availability. Our strategy was to post-functionalize PVK with moieties of interest to tune the electronic properties, and improve the film forming, the solubility or the conductivity. In a costeffective approach, the synthetic routes include a maximum of 3 steps, a simple purification procedure through Soxhlet extraction and involve commercially available materials. Among the synthesized polymers, PVK-[N(PhOCH3)2]2 exhibited a best PCE of 14.04 % in n-i-p planar PSCs and comparable average PCE to spiro-OMeTAD, which was attributed to the superior hole mobility of PVK-[N(PhOCH3)2]2. Furthermore, the device lifetime was considerably extended thanks to the better film forming of PVK-[N(PhOCH3)2]2, that provides a hydrophobic barrier preventing the perovskite from degradation induced by moisture present in the atmosphere. Introduced in mesoscopic PSCs, the Voc was considerably reduced. This issue was overcome by locally modifying the perovskite composition to reduce recombination rate at the interface through the deposition of MAI, FAI or MABr salts. Resulting PSCs reached PCE up to 17.17 % with small hysteresis using the MAI salt. The modification of the perovskite composition is expected to slightly shift energy levels of the perovskite in a more favourable way for the hole extraction. Finally, dopant-free PVK-[N(PhOCH3)2]2-based PSCs were elaborated from n-i-p planar devices. The polymer layer thickness was reduced for a shorter hole-transporting pathway, and an extra molybdenum oxide layer was deposited on top of the polymer to facilitate the charge extraction. A comparable PCE to pristine spiro-OMeTAD of 10.63 % was achieved. The lower PV performances are attributed to the limited hole mobility of the pristine materials. To conclude, it was shown that doping remains essential in PVK-[N(PhOCH3)2]2 to enhance charge transport properties of the polymer and thus, PSC efficiency. The molecular weight (Mn) was found to further improve efficiency and stability of PSCs. It could be interesting to pursue the study with higher Mn polymers. Finally, a careful investigation of the energetic properties of the perovskite could be performed to better understand the effects of the perovskite surface modification.A second project was dedicated to polyelectrolytes for mesoscopic PSCs. The new synthesized polyelectrolytes include two imidazolium based poly(ionic liquid)s (PVBI-I and PVBI-TFSI), a polyanion (PSTFSI-K) and a block copolymer composed of PVK and imidazolium-based blocks (PILS(TFSI)-b-PVK).The properties of the above polymers were carefully studied to be used as hole charge transport materials, hole charge transport dopants or perovskite dopants. From the preliminary studies, PVBI-TFSI showed promising results as dopant for spiro-OMeTAD. The spiro-OMeTAD oxidation was first evidenced in inert atmosphere in solution through colour change upon the addition of PVBI-TFSI. The doping mechanism proposed involves a proton transfer from the imidazolium of the PVBI to the one the nitrogen of spiro-OMeTAD. Interactions between PVBI and spiro-OMeTAD have been evidenced in solution by NMR, formation of oxidized spiro-OMeTAD species was revealed by absorption spectroscopy in thin films, and p-doping of spiro-OMeTAD by PVBI-TFSI in inert atmosphere was demonstrated by UPS. PVBI-TFSI greatly enhanced spiro-OMeTAD conductivity by about four orders of magnitude. Therefore, PSC efficiency was improved from 18.44 % using LiTFSI to 20.35 % using PVBI-TFSI. PVBI-TFSI PSCs were characterized by a high Voc and a negligible hysteresis, which are suggested to be due to a reduction of recombinations at the perovskite/HTM interface and a good balanced charge extraction, induced by a higher conductivity and a better energy band alignment.

1 H

 1 NMR (Figure132) (400 MHz, CHCl3) δ (ppm) 7.8 -5.7 (m, 7H), 5.3 -4.5 (m, 1H), 3.5 -2.9 (m, 1H), 2.1 -0.9 (m, 2H), identified from the literature. 3FTIR (Figure 136) (ATR, 32 scans, cm -1 ) 3100-3000 ar. C-H stretch, 3000-2890 al. C-H stretch, 2300-1700 ar. C-H overtones, 1640-1070 skeletal vibrations al. and ar. C-C, C=C stretch, 1060-860 C-H inplane bending, and 800-650 C-H out-of-plane.

Figure 132. 1 H

 1 Figure 132. 1 H NMR of PVK in chloroform-d.

Figure 134. 1 H 1 H

 11 Figure 134. 1 H NMR spectrum of PVK-(tBu)2 in chloroform-d.

Figure 135. 1 H

 1 Figure 135. 1 H NMR spectrum of PVK-(OCH3)2 in chloroform-d.

Figure 136 .

 136 Figure 136. FTIR spectra of PVK (black), PVK-Br2 (dark blue), PVK-[N(PhOCH3)2]2 (light blue), PVK-(tBu)2 (purple), and PVK-(OCH3)2 (green).

Figure 137 .

 137 Figure 137. SEC chromatograms (RI detector) in chloroform of PVK compared to (a) PVK-[N(PhOCH3)2]2, (b) PVK-(OCH3)2, and (c) PVK-(tBu)2.

1. 2 . 4 1 H

 241 Synthesis of poly(1-butyl-3-vinylimidazolium iodide) (PVBI-I)1.2.4.1 Synthesis of 1-vinyl-3-butyl-imidazolium iodide synthesis (VBI-I)10.4 g of 1-vinyl-imidazole (0.11 mol, 1 equ.) were mixed to 255 mL of ethyl acetate (20 % w/v) in a 500 mL 3-necked flask cooled with an ice bath under nitrogen. Then, 40.7 g of 1-iodo-butane (0.22 mol, 2 equ.) were added slowly through a septum. The solution was refluxed at 85°C for 20h. The obtained VBI-I was washed by triturations with diethylether and dried at 50°C under vacuum overnight. NMR (Figure 138) (400 MHz, THF) δ 9.1, 8, 7.7 ppm CH protons of imidazolium moeities, 7.2, 6.8, 5.4 ppm vinylic protons of the monomer, 4.3, 1.9, 1.4, 1 ppm butyl protons.

Figure 138. 1 H

 1 Figure 138. 1 H NMR spectrum of VBI-TFSI in THF-d8.

1. 2 . 5 1 H

 251 Synthesis of poly(1-butyl-3-vinylimidazolium bis(trifluoromethylsulfonyl)-imide) (PVBI-TFSI)PVBI-TFSI was prepared by anion exchange from PVBI-I. In a 100 mL flask, 4 g of PVBI-I (14 mmol, 1 equ.) were solubilized in methanol (20 % w/v). A solution of LiTFSI in THF (31 mmol, 2.2 equ., 75 % w/v) was then slowly added to the mixture under nitrogen. The solution was stirred for 24h. After evaporating methanol and THF, the obtained solid was immersed in water at 40°C for 1h and rinsed three times to remove the excess of LiTFSI and iodide. The anion exchange was evidenced by a change in solubility of the polyelectrolyte, which became insoluble in water when I -is exchanged with TFSI -. The final mass was 3.97 g (100 % yield). NMR (Figure139) (400 MHz, THF-d8) δ 8.5 -9 and 7 -8 ppm CH protons of imidazolium moeities, 4 -4.3 ppm and 2.4 -2.8 ppm vinylic protons of the polymer, 4.4 -4.6 and 0.7 -2 ppm butyl protons.

Figure 139. 1 H

 1 Figure 139. 1 H NMR spectrum of PVBI-TFSI in THF-d8.

Table 63 .

 63 Deposition conditions of spin coated solution for the fabrication of mesoscopic PSCs. p-i-n Inverted perovskite solar cells2.3.1 MaterialsAll materials were used as received. PEDOT:PSS (Clevios PH1000) was purchased from Heraeus. Lead(II) iodide (PbI2, 99%) and 2,9-dimethyl-4,7-dimphenyl-1,10-phenanthroline (bathocuproine), and ammonium bis[2-(perfluoroalkyl)ethyl] phosphate (zonyl) flurosurfactant were obtained from Sigma Aldrich. PC60BM (> 99.5 %) was purchased from Solenne BV. All solvents were obtained from Sigma Aldrich and used as received.2.3.2 Fabrication stepsITO-glass substrates (10 Ω/□) were purchased patterned. They were successively washed in water, ethanol and isopropanol in ultrasonic baths and finally by UV-ozone treatment. PEDOT:PSS solution was filtered with a PTFE filter 1 µm to remove biggest aggregates, and formulated with 5 % of DMSO and 0.04 % of zonyl. The following steps were carried out in nitrogen glovebox. A thin layer of PEDOT:PSS was deposited by spin coating and annealed at 135°C for 15 min. The perovskite layer was made of MAI (previously synthesized) and PbI2 mixed in DMSO and DMF. The solution was stirred at 70°C for 1h. It was deposited by spin coating employing the anti-solvent method (drop of chlorobenzene after 5 s of spin coating) and dried at 100°C for 10 min. After cooling down, the perovskite layer was covered by a thin layer of PC60BM deposited by spin coating in chlorobenzene.

  

  

  

  

  

  

  

  

  

  

  Tableau 1. Meilleures performances obtenues pour les cellules de référence plane, mésoporeuse et inverse.

	Cellule	Scan	Jsc	Voc	FF	PCE	HI
			mA.cm -2	V		%	
	Plane	Voc  Jsc	20.61	1.08	0.72	15.99	0.37
	Mésoporeuse	Voc  Jsc	22.45	1.10	0.73	18.44	0.04
	Inverse	Jsc  Voc	21.68	0.88	0.63	12.23	-0.13

Tg °C Temp. de dégradation a °C Solubilité dans le chlo- robenzène Eg b eV EHOMO c eV ELUMO d eV µ après dopage e

  la suite, le spiro-OMeTAD a donc été remplacé par le PVK-[N(PhOCH3)2]2 dans les cellules planes. Les performances des cellules sont présentées dans le Tableau 3. Un rendement maximal de 14.05 % a été obtenu en utilisant le PVK-[N(PhOCH3)2]2 comme transporteur de trous. Les cellules à base de PVK-[N(PhOCH3)2]2 sont plus reproductibles que celles à base de spiro-OMeTAD avec une efficacité moyenne comparable à celle du spiro-OMeTAD et une hystérèse plus faible, probablement dû à la meilleure mobilité de trous du PVK-[N(PhOCH3)2]2.

	Tableau 3. Meilleures performances et performances moyennes des cellules solaires planes à base de spiro-
	OMeTAD ou de PVK-[N(PhOCH3)2]2.					
		Meilleur	Jsc	Voc	FF	PCE	HI	PCE moy a
		scan	mA.cm -2	V		%		%
	Spiro-OMeTAD	Voc  Jsc	20.61	1.08	0.72	15.99	0.37	11.66 ± 3.13
	PVK-[N(PhOCH3)2]2	Voc  Jsc	22.07	0.95	0.67	14.05	0.30	11.30 ± 1.95
								cm²/V.s
	PVK	203	402	+	g	-5.75	g	1.37 ±
								0.37 E-06
	PVK-(OCH3)2	219	366	+	3.25	-5.52	-2.17	7.79 ±
								0.87 E-07
	PVK-(tBu)2	f	416	+	3.50	-5.64	-2.14	3.69 ±
								0.52 E-07
	PVK-	222	419	+	3.00	-5.23	-2.23	1.67 ±
	[N(PhOCH3)2]2							0.32 E-03
	Spiro-	g	420	+	3.10	-5.20	-2.10	1.42 ±
	OMeTAD							0.61 E-04

Tableau 2. Propriétés thermiques, solubilité, propriétés optoélectroniques et mobilité de trous des polymères comparés au matériau de référence le spiro-OMeTAD. a 10% de perte massique ; b à partir des spectres d'absorption et d'émission ; c par spectroscopie photoélectronique ; d ELUMO = EHOMO + Eg; e mobilité des trous du matériau dopé au LiTFSI et à la tBP ; f pas de Tg entre 0 et 250°C ; g non mesuré. Par a Moyenne sur 30 cellules.

  Tableau 5. Meilleures performances et performances moyennes des cellules mésoscopiques à base de spiro-OMeTAD dopé au LiTFSI ou au PVBI-TFSI.

	Dopant	Meilleur	Jsc	Voc	FF	PCE	HI	PCE moy a
		scan	mA.cm -2	V		%		%
	LiTFSI	Voc  Jsc	22.45	1.10	0.73	18.44	0.04	17.59 ± 0.54
	PVBI-TFSI	Jsc  Voc	23.04	1 16	0.76	20.35	-0.01	19.75 ± 0.57

a Moyenne sur 20 cellules.

Meilleur scan Jsc mA.cm -2 Voc V FF PCE % HI PCE moy a

  

								%
	PEDOT:PSS	Jsc  Voc	21.68	0.88	0.63	12.23	-0.13	10.09 ± 0.91
	PEDOT:PSTFSI	Jsc  Voc	10.24	0.86	0.58	5.26	-0.13	4.26 ± 0.63

Tableau 6. Meilleures performances et performances moyennes des cellules inverses à base de PEDOT:PSS ou PEDOT:PTFSI.

a Moyenne sur 8 cellules.

  Photovoltaic (PV) effect is the direct conversion of light energy into electricity. This was first observed by Edmond Becquerel in 1839 who recorded electrical current between two platinum electrodes immersed in a liquid electrolyte when exposed to sunlight. A century later, Bell Telephone laboratories realized the first solar cell and the first solar module based on silicon. At this time, the costly technology was mostly considered to supply spacecraft. Through further research, PV technology got more affordable. Thus, after the 70's oil crisis, PV devices were recognized as energy source of interest for terrestrial applications. Today, silicon-based modules lead the PV market owing

	1 Photovoltaic generalities

  Seoket al. equalled 12.3 % PCE by introducing colourful mixed halides CH3NH3PbI3-xBrx.15 Polymers introduction in PSCs as hole or electron transporters started on May 2013. PTAA was introduced by Seok et al. as HTM.30 A best PCE of 12.0 % was reported, which was comparable at that time to the highest PCE reported in DSSCs (12.1 %).31 Following, Snaith et al. showed that they can improve the PCE of PSCs from 10.2 to 11.7 % by depositing a fullerene mono-layer on the TiO2 scaffold. It was suggested that the fullerene inhibits electron injection to the TiO2 where the electron transport is slower.32 

Table 1 .

 1 Details of HTMs reaching PCE higher 18 % in PSCs.

	HTM a	Dopants	µ b	HOMO	Voc	Jsc	FF	PCE	Perovskite	Ref
			cm².V -1 .s -1	eV	V	mA.cm -2		%		
	Spiro-OMeTAD	LiTFSI, tBP, FK209	10 -4 -10 -5	-5.20	1.16	23.2	0.79	21.3	(FAPbI3)0.85(MAPbBr3)0.15	
	NiO:N-RGO	none			1.09	22.9	0.76	18.8	MAPbI3-xClx	
	CuSCN:rGO	none	1.20 × 10 -3		1.11	23.2	0.78	20.4	Cs(FAPbI3)0.85(MAPbBr3)0.15	
	H11	LiTFSI, tBP, FK209	1.58 × 10 -4	-5.00	1.12	23.3	0.72	18.9	(FAPbI3)0.85(MAPbBr3)0.15	
	V859	LiTFSI, tBP, FK209	2.30 x 10 -5	-4.98	1.12	23.3	0.75	19.5	(FAPbI3)0.85(MAPbBr3)0.15	
	V862	LiTFSI, tBP, FK209	8.00 x 10 -5	-5.00	1.14	22.5	0.77	20.0	(FAPbI3)0.85(MAPbBr3)0.15	
	HT2	LiTFSI, tBP, FK209	1.01 × 10 -4		1.11	22.3	0.73	18.0	(FAPbI3)0.85(MAPbBr3)0.15	
	FDT	LiTFSI, tBP, FK209		-5.16	1.15	22.7	0.76	20.2	(FAPbI3)0.85(MAPbBr3)0.15	
	X59	LiTFSI, tBP, FK209	5.50 × 10 -5	-5.15	1.13	23.4	0.73	19.8	(FAPbI3)0.85(MAPbBr3)0.15	
	X60	LiTFSI, tBP, FK209	1.90 × 10 -4	-5.15	1.14	24.4	0.71	19.8	(FAPbI3)0.85(MAPbBr3)0.15	
	X55	LiTFSI, tBP, FK209	6.81 × 10 -4	-5.23	1.15	23.4	0.77	20.8	(FAPbI3)0.85(MAPbBr3)0.15	
	Z26	LiTFSI, tBP, FK209	1.34 × 10 -4	-5.16	1.13	23.6	0.75	20.1	(FAPbI3)0.85(MAPbBr3)0.15	
	ATT-OMe	LiTFSI, tBP, FK209		-5.32	1.07	21.8	0.78	18.1	(FAPbI3)0.85(MAPbBr3)0.15	
	BTT-3	LiTFSI, tBP, FK209		-5.40	1.07	21.9	0.77	18.2	MAPbI3	
	Z30	LiTFSI, tBP	6.70 x 10 -5	-5.27	1.11	23.5	0.73	19.2	(FAPbI3)0.85(MAPbBr3)0.15	
	TaTm	F6-TCNNQ	4.00 x 10 -3	-5.40	1.14	22.1	0.81	20.3	MAPbI3	
	X26	LiTFSI, tBP, FK209	2.79 × 10 -4	-5.08	1.11	24.3	0.75	19.2	(FAPbI3)0.85(MAPbBr3)0.15	
	X36	LiTFSI, tBP, FK209	5.05 × 10 -4	-5.12	1.06	23.7	0.76	18.2	(FAPbI3)0.85(MAPbBr3)0.15	
	KR131	LiTFSI, tBP, FK209	2.80 × 10 -5	-5.22	1.15	20.7	0.77	18.3	(FAPbI3)0.85(MAPbBr3)0.15	
	SP-12	LiTFSI, tBP, FK209	2.41 × 10 -4	-5.41	1.08	22.8	0.77	18.8	MAPbI3-xClx	
	Trux-OMeTAD	none	2.30 × 10 -3	-5.28	1.02	23.2	0.79	18.6	MAPbI3	
	CZ-TA	LiTFSI, tBP	1.65 × 10 -4	-5.11	1.04	21.7	0.81	18.3	MA0.7FA0.3PbI3	101
	V911	LiTFSI, tBP, FK209	4.00 x 10 -4	-5.07	1.10	22.4	0.76	18.9	(FAPbI3)0.85(MAPbBr3)0.15	102
	V885	LiTFSI, tBP, FK209	1.00 x 10 -4	-5.06	1.10	22.4	0.76	18.9	(FAPbI3)0.85(MAPbBr3)0.15	102
	V886	LiTFSI, tBP, FK209	2.00 x 10 -5	-5.04	1.11	22.3	0.76	18.5	(FAPbI3)0.85(MAPbBr3)0.15	102
	dly-2	LiTFSI, tBP	1.42 x 10 -3	-4.88	1.04	23.2	0.76	18.2	(FAPbI3)0.85(MAPbBr3)0.15	104
	PEDOT:PSS	PSS	≈ 10 -2	-5.20	1.03	23.5	0.83	20.1	MAPbI3	
	PEDOT:GO	GO		-5.42	1.02	21.6	0.82	18.1	MA0.7FA0.3PbI3	106
	P3CT-CH3NH2	none	1.08 x 10 -5	-5.25	1.09	22.2	0.81	19.6	MAPbI3	108
	PCDTBT1	none		-5.38	1.10	22.2	0.78	19.1	(FAPbI3)0.85(MAPbBr3)0.15	109
	PTAA	LiTFSI, tBP	10 -2 -10 -3	-5.25	1.11	25.0	0.82	22.6	(FAPbI3)0.85(MAPbBr3)0.15	5
	PTAA	none	10 -2 -10 -3	-5.25	1.14	23.7	0.78	21.0	(FAPbI3)0.85(MAPbBr3)0.15	111

  Sun et al. inserted positively charge X44 with TFSI -as counter ion. In this way, conductivity of the material was increased. Without any dopant, PCE of 16.2 % was reached. 126 Besides, Son et al.

proposed PhNa-1T HTM which achieved maximum PCE of 14.7 % with improved stability. At this time, it was the highest efficiency reported for flexible inverted PSCs.

127 

Table 2 .

 2 Details of dopant-free HTMs reaching PCE higher 14.5 % in PSCs.

	HTM a	µ b	HOMO	Voc	Jsc	FF	PCE	Perovskite	Ref
		cm².V -1 .s -1	eV	V	mA.cm -2		%		
	CuPc	10 -2 -10 -3	-5.20	1.05	20.8	0.74	16.1	MAPbI3	
	DOR3T-TBDT	2.60 x 10 -1	-5.50	1.04	20.7	0.74	14.9	MAPbI3-xClx	
	DERDTS-TBDT	1.00 x 10 -4	-5.20	1.05	21.2	0.72	16.2	MAPbI3-xClx	
	P3HT-SWNTs			1.02	22.7	0.66	15.3	MAPbI3-xClx	
	pBBTa-BDT2	1.2 x 10 -3	-5.21	0.95	20.3	0.75	14.5	MAPbI3-xClx	
	ST1	4.57 x 10 -4	-5.24	1.06	21.1	0.66	15.4	MAPbI3	
	Z33		-5.34	1.09	20.4	0.66	15.4	MAPbI3	
	Z1011	8.49 x 10 -4	-5.21	1.10	20.5	0.70	16.3	MAPbI3	
	m-MTDATA		-5.10	1.03	21.6	0.80	17.7	MAPbI3	
	Z35	6.15 x 10 -4	-5.42	1.06	21.2	0.70	16.1	MAPbI3	
	PVCz-OMeDAD	3.44 x 10 -4	-5.24	1.09	22.0	0.68	16.1	(FAPbI3)0.85(MAPbBr3)0.15	
	K1	2.96 x 10 -5	-5.29	1.06	19.2	0.78	16.0	MAPbI3	
	RCP	3.90 × 10 -3	-5.41	1.08	21.9	0.75	17.3	MAPbI3	
	X44	9.03 × 10 -4	-5.06	1.09	21.7	0.69	16.2	(FAPbI3)0.85(MAPbBr3)0.15	
	PhNa-1T		-5.20	1.03	18.4	0.77	14.7	MAPbI3	
	P3HT		-5.20	1.00	20.1	0.80	16.1	MAPbI3	
	P3OT		-5.00	1.06	21.7	0.75	17.4	MAPbI3	
	Poly-TPD		-5.40	1.03	21.4	0.75	16.5	MAPbI3	
	PDCBT		-5.30	1.17	22.7	0.80	21.2	(FAPbI3)0.83(MAPbBr3)0.17	

Table 3 .

 3 Best and average (8 cells) PV performances and hysteresis index of PSCs based on different TiO2 processes.

			Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	Spin	22.55 a	1.00	0.69	15.48	22.65	0.77	0.31	5.43	0.65
	coating	21.34 b	0.95	0.66	13.47	21.28	0.69	0.30	4.47	0.67
		± 1.07 c	± 0.04	± 0.02	± 1.34	± 1.11	± 0.06	± 0.02	± 0.69	± 0.02
	ALD	15.62	0.78	0.34	4.18	17.87	0.61	0.15	1.68	0.60
		11.31	0.83	0.30	2.86	12.05	0.73	0.15	1.20	0.56
		± 3.85	± 0.05	± 0.04	± 1.18	± 5.78	± 0.12	± 0.04	± 0.39	± 0.07
	Spray	21.23	0.91	0.66	12.74	21.50	0.85	0.61	11.11	0.13
	coating	20.68	0.87	0.59	10.20	20.83	0.78	0.51	8.29	0.23
	(ref)	± 0.86	± 0.04	± 0.13	± 1.71	± 0.95	± 0.05	± 0.14	± 2.16	± 0.06
	Silane on	16.48	0.79	0.65	8.48	16.50	0.61	0.37	3.72	0.56
	spin	15.90	0.73	0.50	6.06	15.88	0.58	0.34	3.10	0.42
	coating	± 0.46	± 0.12	± 0.16	± 2.63	± 0.50	± 0.14	± 0.02	± 0.68	± 0.23

a Best cell; b average on 8 cells; c standard deviation of the average.

Table 4 .

 4 Thickness and roughness of TiO2 films deposited on FTO-glass substrates.

	Deposition method	Optimal thickness	Roughness
		nm	nm
	Spin coating	≈ 40	21
	ALD	≈ 10	39
	Spray coating	≈ 230	25
	Silane on spin coating	≈ 40	19

Table 5 .

 5 Best and average PV performances and hysteresis index of PSCs involving TiCl4 or SnCl4 treatments.

			Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	Without	22.55 a	1.00	0.69	15.48	22.65	0.77	0.31	5.43	0.65
	(ref)	21.34 b	0.95	0.66	13.47	21.28	0.69	0.30	4.47	0.67
		± 1.07 c	± 0.04	± 0.02	± 1.34	± 1.11	± 0.06	± 0.02	± 0.69	± 0.02
	TiCl4	20.61	1.08	0.72	15.99	20.74	0.96	0.50	10.00	0.37
		20.72	1.00	0.68	14.11	21.11	0.86	0.35	6.42	0.57
		± 0.44	± 0.05	± 0.05	± 1.36	± 0.97	± 0.10	± 0.13	± 2.75	± 0.18
	SnCl4	7.50	0.82	0.52	3.20	3.99	0.51	0.11	0.21	0.93
		4.63	0.82	0.70	2.32	2.52	0.56	0.09	0.13	0.94
		± 2.12	± 0.03	± 0.34	± 0.77	± 1.66	± 0.04	± 0.02	± 0.09	± 0.21

a Best cell; b average on 8 cells; c standard deviation of the average.

Table 6 .

 6 Best and average PV performances and hysteresis index of PSCs involving different TiO2 surface treatments.

			Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	UV-ozone	20.61 a	1.08	0.72	15.99	20.74	0.96	0.50	10.00	0.37
	(ref)	20.72 b	1.00	0.68	14.11	21.11	0.86	0.35	6.42	0.57
		± 0.44 c	± 0.05	± 0.05	± 1.36	± 0.97	± 0.10	± 0.13	± 2.75	± 0.18
	No	18.38	0.97	0.70	12.50	18.03	0.50	0.36	3.27	0.74
	treatment	18.15	0.85	0.62	9.73	17.90	0.51	0.38	3.65	0.63
		± 0.83	± 0.12	± 0.09	± 2.74	± 0.94	± 0.09	± 0.10	± 1.70	± 0.10
	CF4	21.15	0.92	0.73	14.26	20.38	0.75	0.29	4.43	0.69
	plasma	20.59	0.87	0.65	11.64	21.35	0.62	0.31	4.08	0.65
		± 0.99	± 0.04	± 0.08	± 1.98	± 0.83	± 0.10	± 0.05	± 1.09	± 0.07

a Best cell; b average on 8 cells; c standard deviation of the average.

Table 7 .

 7 Best and average PV performances and hysteresis index of PSCs dried in different conditions.

			Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	Gradient	19.21 a	0.90	0.71	12.27	19.28	0.67	0.31	4.05	0.67
		17.71 b	0.86	0.60	9.22	18.06	0.69	0.31	3.87	0.57
		± 2.07 c	± 0.05	± 0.08	± 2.42	± 1.99	± 0.09	± 0.03	± 1.05	± 0.10
	100°C	12.23	0.86	0.36	4.06	9.87	0.87	0.18	1.54	0.62
	100 min	9.82	0.86	0.35	2.84	8.49	0.81	0.17	1.18	0.58
		± 3.29	± 0.07	± 0.08	± 0.97	± 2.36	± 0.06	± 0.02	± 0.41	± 0.07
	110°C	10.69	0.73	0.47	3.68	10.26	0.57	0.15	0.90	0.76
	50 min	9.93	0.65	0.36	2.37	9.16	0.55	0.18	0.89	0.56
		± 0.86	± 0.08	± 0.12	± 1.16	± 1.10	± 0.09	± 0.02	± 0.15	± 0.23
	120°C	20.61	1.08	0.72	15.99	20.74	0.96	0.50	10.00	0.37
	45 min	20.72	1.00	0.68	14.11	21.11	0.86	0.35	6.42	0.57
	(ref)	± 0.44	± 0.05	± 0.05	± 1.36	± 0.97	± 0.10	± 0.13	± 2.75	± 0.18
	140°C	19.56	0.99	0.66	12.81	19.52	0.68	0.35	4.65	0.64
	10 min	19.58	0.90	0.59	10.50	18.12	0.56	0.26	2.76	0.74
		± 0.07	± 0.07	± 0.05	± 1.54	± 3.33	± 0.07	± 0.08	± 1.32	± 0.11

a Best cell; b average on 8 cells; c standard deviation of the average.

Table 8 .

 8 Best PV performances and hysteresis index of PSCs containing additives.

	Additive		Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	HCl	14.81	0.91	0.91	12.27	13.56	0.69	0.21	1.95	0.84
	H2O	19.24	0.76	0.54	7.90	17.40	0.50	0.23	1.98	0.75
	PYR	20.62	0.92	0.74	14.04	19.94	0.75	0.31	4.62	0.67
	DMSO	16.80	0.81	0.54	7.31	15.65	0.63	0.22	2.11	0.71
	1BO	20.74	0.85	0.64	11.28	19.04	0.53	0.20	2.02	0.82
	1BB	13.25	0.89	0.94	10.98	11.97	0.62	0.20	1.50	0.86
	DIO	19.02	0.74	0.62	8.76	12.80	0.52	0.14	0.94	0.89

Table 9 .

 9 Best and average PV performances and hysteresis index of the reference n-i-p planar PSCs.

	HTM		Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	Spiro-	20.61 a	1.08	0.72	15.99	20.74	0.96	0.50	10.00	0.37
	OMeTAD									

  The larger hysteresis of the undoped PSCs is characterized by a lower Voc (1.05 vs. 1.10 V) and especially a lower FF (0.44 vs. 0.53) for the forward scan. According to Tang et. al., hysteresis can be minimized through the addition of KI by limiting defects and extending carrier lifetime into the perovskite crystal.15 

Table 10 .

 10 Best and average PV performances of doped and undoped PSCs with K + .

			Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	w/o K +	22.76	1.10	0.74	18.33	22.94	1.06	0.53	12.93	0.295
		22.72	1.09	0.71	17.48	22.82	1.05	0.44	10.63	0.397
		± 0.08*	± 0.01	± 0.03	± 0.93	± 0.10	± 0.02	± 0.10	± 2.63	± 0.122
	with K +	22.45	1.10	0.73	18.44	22.71	1.10	0.71	17.71	0.039
		22.31								

Table 11 .

 11 Perovskite formulations.

	Formulation	Perovskite material	Solvent/Additive	Anti-solvent
	A	PbI2:MAI (1:1)	DMF (54 wt.%)	Chlorobenzene
	B	PbI2:MAI (1:1)	GBL:DMSO (7:3 vol.) + 5 vol.% NMP (35 wt.%)	Chlorobenzene
	C	PbI2:MAI (1:1)	DMF:DMSO (9:1 vol.)	Chlorobenzene

Table 12 .

 12 Best and average PV performances of inverted PSCs based on pristine and formulated PEDOT:PSS.

	PEDOT:PSS		Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	Pristine	19.81	0.67	0.49	6.64	20.50	0.82	0.59	10.25	-0.54
		20.36	0.78	0.47	7.65	20.59	0.83	0.54	9.39	-0.26
		± 0.90	± 0.11	± 0.05	± 1.88	± 0.98	± 0.03	± 0.06	± 0.99	± 0.24
	Formulated	20.59	0.92	0.45	8.98	20.97	0.92	0.53	10.53	-0.17
		20.51	0.91	0.44	8.36	20.17	0.92	0.53	10.01	-0.20
		± 0.60	± 0.02	± 0.03	± 0.61	± 0.83	± 0.02	± 0.03	± 0.61	± 0.08

Table 13 .

 13 PV characteristics of reference inverted PSCs.

	HTM		Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	PEDOT:PSS	21.95	0.87	0.56	10.86	21.68	0.88	0.63	12.23	-0.13
		18.23	0.83	0.50	7.72	19.36	0.87	0.59	10.09	-0.35
		± 2.69	± 0.05	± 0.07	± 1.77	± 1.88	± 0.03	± 0.04	± 0.91	± 0.20

Table 15 .

 15 Tg and degradation temperature of the PVK derivatives.

Table 16 .

 16 Solubility of the polymers in different solvents.

		Solvent	PVK	PVK-(OCH3)2	PVK-(tBu)2	PVK-
						[N(PhOCH3)2]2
						(8.0 kg.mol -1 )
	Non-polar	Toluene	+	+	+	+
		Chlorobenzene	+	+	+	+
		Chloroform	+	+	+	+
		Dichloromethane		+	+	+
	Polar	Acetone	-	+	-	-

Table 17

 17 the maximum VB of the perovskite. Functionalization with methoxy and tert-butyl moieties did not increase the HOMO level enough to make PVK-(tBu)2 and PVK-(OCH3)2 in favourable energy configuration for PSC application.

. It is noteworthy that functionalization of PVK increased the HOMO level without dramatically affecting the LUMO level. Among the different polymers, PVK-[N(PhOCH3)2]2 has the most suitable HOMO level of the polymers because it is slightly higher than

Table 17 .

 17 Energy levels of the PVK derivatives.

	Polymer	Eg a	EHOMO	ELUMO b
		eV	eV	eV
	PVK-(OCH3)2	3.25	-5.52	-2.27
	PVK-(tBu)2	3.50	-5.64	-2.14
	PVK-[N(PhOCH3)2]2 (8.0 kg.mol -1 )	3.00	-5.23	-2.23

a From absorption and emission spectra. b ELUMO = EHOMO + Eg.

Table 18 .

 18 Hole mobility of pristine HTMs calculated from the Mott-Gurney law. The data reported are the average of 8 measurements.

	HTM	Hole mobility	
		cm²/V.s	
		Pure	Doped
	Spiro-OMeTAD	9.52 ± 1.23 E-07	1.42 ± 0.61 E-04
	PVK	1.37 ± 0.37 E-06	
	PVK-(OCH3)2	1.52 ± 0.56 E-07	7.79 ± 0.87 E-07
	PVK-(tBu)2	5.65 ± 0.78 E-07	3.69 ± 0.52 E-07
	PVK-[N(PhOCH3)2]2 (8.0 kg.mol -1 )	1.43 ± 0.68 E-05	1.67 ± 0.32 E-03

PhOCH3)2]2 (8.0 kg.mol -1 )

  s

	Spiro-OMeTAD Pure	1.66 E-06	1.15 E-06	1.62 E05	1.66 E-06
	Doped	2.03 E-04	1.14 E-03	5.94 E04	2.68 E-04
	PVK-[N(Pure Doped	1.54 E-05 1.05 E-03	1.15 E-03 1.01 E-03	1.08 E05 2.28 E04	2.25 E-05 1.22 E-03

0: mobility at zero field; : field dependence of the mobility; F: electric field; : hole mobility.

Table 20 .

 20 Thickness of HTMs in PSCs.

Table 21 .

 21 Best and average PV parameters and hysteresis index of PSCs using different HTMs.

	HTM		Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	Spiro-	20.61 a	1.08	0.72	15.99	20.74	0.96	0.50	10.00	0.37
	OMeTAD	20.72 b	1.00	0.68	14.11	21.11	0.86	0.35	6.42	0.57
		± 0.44 c	± 0.05	± 0.05	± 1.36	± 0.97	± 0.10	± 0.13	± 2.75	± 0.18
	PVK	10.59	0.56	0.42	2.48	9.73	0.55	0.28	1.47	0.41
		9.23	0.52	0.38	1.85	8.95	0.55	0.29	1.40	0.23
		± 1.52	± 0.03	± 0.02	± 0.46	± 1.59	± 0.04	± 0.09	± 0.27	± 0.14
	PVK-(OCH3)2	13.79	0.74	0.33	3.37	14.50	0.38	0.23	0.97	0.62
		8.48	0.70	0.41	2.15	8.77	0.37	0.20	0.71	0.71
		± 5.19	± 0.03	± 0.11	± 0.95	± 5.18	± 0.04	± 0.03	± 0.08	± 0.08
	PVK-(tBu)2	12.65	0.38	0.34	1.66	10.50	0.44	0.211	0.97	0.41
		12.87	0.34	0.33	1.46	10.86	0.41	0.210	0.95	0.35
		± 0.41	± 0.04	± 0.01	± 0.22	± 1.15	± 0.04	± 0.002	± 0.18	± 0.06
	PVK-	20.25	0.94	0.66	12.51	20.91	0.79	0.35	5.79	0.54
	[N(PhOCH3)2]2	20.02	0.94	0.64	12.03	20.00	0.81	0.34	5.48	0.54
	(8.0 kg.mol -1 )	± 0.18	± 0.01	± 0.02	± 0.44	± 1.16	± 0.012	± 0.02	± 0.58	± 0.06

a Best cell; b average on 8 cells; c standard deviation of the average.

Table 22 .

 22 

	PVK-		Reverse scan			Forward scan		HI
	[N(PhOCH3)2]2	Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	Low Mn	20.54 a	0.94	0.66	12.68	21.78	0.71	0.35	5.28	0.55
	5.1 wt.%	20.09 b	0.941	0.64	12.07	20.22	0.79	0.33	5.36	0.55
		± 0.31 c	± 0.005	± 0.02	± 0.50	± 1.43	± 0.06	± 0.02	± 0.55	± 0.06
	High Mn	20.43	0.95	0.66	12.82	21.47	0.85	0.52	9.55	0.25
	4.3 wt.%	20.90	0.91	0.64	12.09	20.70	0.78	0.38	6.22	0.49
		± 1.12	± 0.04	± 0.03	± 0.74	± 0.64	± 0.05	± 0.11	± 2.40	± 0.17

Best and average PV parameters and hysteresis index of low or high Mn PVK-[N(PhOCH3)2]2-based PSCs.

a Best cell; b average on 8 cells; c standard deviation of the average.

Table 23

 23 

	HTM		Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	Spiro-	20.61 a	1.08	0.72	15.99	20.74	0.96	0.50	10.00	0.37
	OMeTAD	20.72 b	1.00	0.68	14.11	21.11	0.86	0.35	6.42	0.57
		± 0.44 c	± 0.05	± 0.05	± 1.36	± 0.97	± 0.10	± 0.13	± 2.75	± 0.18
	PVK-	22.17	0.92	0.68	13.86	22.17	0.82	0.53	9.55	0.31
	[N(PhOCH3)2]2	20.53	0.91	0.65	12.10	21.01	0.75	0.42	6.62	0.46
	Low Mn	± 1.29	± 0.03	± 0.03	± 1.38	± 1.14	± 0.06	± 0.06	± 1.58	± 0.10
	PVK-	22.07	0.95	0.67	14.05	22.09	0.89	0.50	9.90	0.30
	[N(PhOCH3)2]2	20.82	0.94	0.64	12.50	20.85	0.85	0.42	7.42	0.41
	High Mn	± 0.97	± 0.01	± 0.03	± 1.05	± 1.26	± 0.04	± 0.08	± 2.10	± 0.14

. Best and average PV performances and hysteresis index of spiro-OMeTAD and PVK-[N(PhOCH3)2]2based PSCs after optimization. a Best cell; b average on 8 cells; c standard deviation of the average.

Table 24

 24 

		HTM	VBM	Ф	HOMO a	HOMO b
			eV	eV	eV	eV
	Spiro-OMeTAD	Pristine	-0.97	3.74	-4.77	-5.25
		Doped	-0.83	4.12	-4.95	-5.35
	PVK-					
	[N(					

. VBM and work function of the HTMs determined by UPS (± 0.05 eV), HOMO levels from UPS and PESA.

PhOCH3)2]2 (11.7 kg.mol -1 )

  

	Pristine	-1.11	3.70	-4.81	-5.22
	Doped	-1.30	3.79	-5.09	-5.25
	Doped -thinner	-0.97	4.09	-5.06	-c

a HOMO = Ф -VBM, from UPS; b HOMO from PESA; c not measured.

Table 25

 25 

	. PVK-[N(PhOCH3)2]2 formulation details.		
		F1	F2	F3
	Expected thickness nm	≈ 150	≈ 200	≈ 10
	Solvent	chlorobenzene	chlorobenzene	toluene
	Concentration wt.%	7.2	6.2	1.14
	[LiTFSI]* mg/ml	625	520	170
	nLiTFSI / nHTM	0.56	0.5	0.1
	ntBP / nHTM	3	3.3	0.6
	compared to spiro-OMeTAD and good reproducibility. F1 gave similar PCE with lower Jsc, higher FF
	and larger hysteresis. The thinner less doped PVK-[N(PhOCH3)2]2 layer obtained with F3 further
	decreased Jsc, increased FF and enlarged hysteresis. As mentioned before, lower Voc could be
	expected with PVK-[N(PhOCH3)2]2 due to the higher HOMO level. However, in this case Voc difference
	between spiro-OMeTAD and the polymer is even larger, about 0.2 V.	

*Concentration of the LiTFSI solution in acetonitrile, used to dope HTMs.

PV performances are reported in Table

26

and best I-V curves are displayed in Figure

68

. Optimized devices with spiro-OMeTAD reached over 18 % PCE. Formulation giving the highest efficiencies for the PVK-[N(PhOCH3)2]2 was F2. The best PCE recorded was 10.67 % with reduced hysteresis

Table 26 .

 26 Best and average PV parameters and hysteresis index of PSCs using different formulations for the HTM.

	HTM		Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	Spiro-	22.45 a	1.10	0.73	18.44	22.71	1.10	0.71	17.71	0.04
	OMeTAD	22.31 b	1.11	0.73	18.12	22.65	1.10	0.70	17.46	0.04
	F2	± 0.25 c	± 0.01	± 0.02	± 0.55	± 0.23	± 0.01	± 0.03	± 0.01	± 0.01
	PVK-	17.80	0.91	0.65	10.54	18.56	0.93	0.58	10.00	0.05
	[N(PhOCH3)2]2	17.18	0.88	0.67	10.03	18.02	0.90	0.58	9.44	0.06
	F1	± 0.56	± 0.04	± 0.01	± 0.51	± 0.51	± 0.04	± 0.01	± 0.54	± 0.01
	PVK-	18.25	0.90	0.65	10.67	19.04	0.92	0.59	10.44	0.02
	[N(PhOCH3)2]2	18.20	0.89	0.62	9.99	18.96	0.92	0.58	10.02	-0.01
	F2	± 0.38	± 0.01	± 0.03	± 0.71	± 0.37	± 0.01	± 0.02	± 0.32	± 0.04
	PVK-	15.10	0.88	0.69	9.10	15.49	0.91	0.60	8.40	0.08
	[N(PhOCH3)2]2	15.03	0.86	0.59						
	F3	± 0.24	± 0.02	± 0.17						

Table 27

 27 

	. Best and average PV parameters and hysteresis index of PSCs using different PVK-[N(PhOCH3)2]2
	dopant concentrations.								
			Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	1:0.25:1.65	18.40 a	0.952	0.54	9.49	19.62	0.994	0.51	10.04	-0.06
		17.78 b	0.955	0.55	9.36	18.95	0.991	0.48	9.03	0.03
		± 0.62 c	± 0.031	± 0.01	± 0.68	± 0.78	± 0.015	± 0.03	± 0.76	± 0.07
	1:0.5:3.3	19.10	0.952	0.66	11.93	19.55	0.985	0.59	11.27	0.06
	(Ref)	18.45	0.950	0.64	11.29	18.64	0.979	0.59	10.76	0.05
		± 0.53	± 0.004	± 0.01	± 0.50	± 0.81	± 0.005	± 0.01	± 0.65	± 0.04
	1:0.75:4.95	19.49	0.891	0.75	12.94	19.88	0.905	0.71	12.69	0.02
		18.35	0.880	0.75	12.15	18.43	0.894	0.70	11.59	0.05
		± 1.71	± 0.014	± 0.01	± 1.15	± 2.04	± 0.013	± 0.02	± 1.55	± 0.04
	1:1:6.6	21.19	0.857	0.78	14.08	21.31	0.863	0.73	13.44	0.05
		21.29	0.869	0.76	14.02	21.46	0.876	0.72	13.52	0.04
		± 0.10	± 0.011	± 0.02	± 0.20	± 0.16	± 0.011	± 0.02	± 0.24	± 0.01
	1:1.25:8.25	21.80	0.870	0.76	14.49	22.00	0.873	0.72	13.87	0.04
		21.38	0.868	0.76	14.18	21.40	0.871	0.73	13.60	0.04
		± 0.31	± 0.002	± 0.01	± 0.34	± 0.56	± 0.004	± 0.01	± 0.44	± 0.01
	1:1.5:9.9	21.43	0.847	0.76	13.85	21.65	0.857	0.72	13.32	0.04
		20.60	0.846	0.77	13.42	20.91	0.853	0.70	12.56	0.06
		± 0.76	± 0.001	± 0.02	± 0.33	± 0.73	± 0.004	± 0.01	± 0.72	± 0.04

a Best cell; b average on 4 cells; c standard deviation of the average.

Table 28 .

 28 Best and average PV parameters and hysteresis index of PSCs according to the PVK-[N(PhOCH3)2]2 thickness.

			Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	80 nm	21.33 a	0.89	0.75	14.25	21.56	0.90	0.72	13.99	0.018
	(6000 rpm	21.22 b	0.885	0.75	14.10	21.40	0.898	0.720	13.84	0.019
	1s) d	± 0.30 c	± 0.002	± 0.01	± 0.17	± 0.30	± 0.003	± 0.003	± 0.22	± 0.004
	90 nm	21.78	0.890	0.75	14.69	21.87	0.90	0.73	14.40	0.02
	(4000 rpm	21.89	0.886	0.75	14.54	21.94	0.901	0.73	14.45	0.006
	1s) (Ref)	± 0.26	± 0.002	± 0.01	± 0.05	± 0.28	± 0.001	± 0.01	± 0.08	± 0.005
	115 nm	21.85	0.887	0.75	14.53	22.24	0.894	0.73	14.46	0.005
	(4000 rpm	21.84	0.885	0.73	14.25	22.77	0.898	0.71	14.22	0.002
	2s)	± 0.37	± 0.004	± 0.02	± 0.21	± 0.32	± 0.005	± 0.01	± 0.19	± 0.005

a Best cell; b average on 4 cells; c standard deviation of the average; d spin-coater speed and acceleration time.

Table 29 .

 29 Best and average PV parameters and hysteresis index of K + -free PSCs using PVK-[N(PhOCH3)2]2 as HTM.

			Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	Without KI	22.49 a	0.87	0.73	14.16	22.59	0.844	0.44	8.44	0.40
		22.64 b	0.86	0.72	14.06	22.67	0.840	0.42	8.03	0.43
		± 0.14 c	± 0.01	± 0.02	± 0.12	± 0.24	± 0.003	± 0.02	± 0.31	± 0.02

a Best cell; b average on 4 cells; c standard deviation of the average.

Table 30 .

 30 Best and average PV parameters and hysteresis index of PSCs with modified perovskite/PVK-[N(PhOCH3)2]2 interface.

			Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	Without	21.78 a	0.89	0.75	14.69	21.87	0.90	0.73	14.40	0.018
	(Ref)	21.29 b	0.89	0.75	14.28	21.74	0.90	0.71	13.06	0.04
		± 0.21 c	± 0.01	± 0.03	± 0.41	± 0.24	± 0.01	± 0.04	± 0.92	± 0.04
	MAI	22.58	1.00	0.75	17.03	23.10	1.00	0.74	17.17	-0.01
		21.27	0.96	0.70	14.25	21.74	0.96	0.68	14.40	-0.02
		± 1.34	± 0.04	± 0.06	± 2.12	± 1.62	± 0.04	± 0.04	± 2.15	± 0.14
	FAI	22.86	0.93	0.73	15.50	23.26	0.94	0.71	15.45	0.003
		21.61	0.95	0.70	14.95	22.26	0.96	0.70	14.86	0.006
		± 0.99	± 0.01	± 0.06	± 0.47	± 0.76	± 0.01	± 0.01	± 0.42	± 0.01
	MABr	20.64	1.066	0.69	15.13	20.98	1.055	0.64	14.27	0.06
		20.76	1.068	0.68	14.70	20.41	1.054	0.64	13.85	0.056
		± 0.46	± 0.003	± 0.02	± 0.31	± 0.40	± 0.002	± 0.01	± 0.31	± 0.003
	MABr:FAI	22.29	1.02	0.73	16.71	22.62	1.03	0.68	15.90	0.05
	(0.15:0.85)	22.10	0.98	0.66	14.33					
		± 0.45	± 0.03	± 0.10	± 2.50					

5

  Dopant-free PVK-[N(PhOCH 3 ) 2 ] 2 HTM in planar PSCs Recently, Huang et al. have reported PVCz-OMeDAD which has the same structure as PVK-

	[N(PhOCH3)2]2.

Table 31

 31 

				Reverse scan			Forward scan		HI
			Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
			mA.cm -2	V		%	mA.cm -2	V		%	
	Spiro-	Pure	18.04 a	0.87	0.65	10.23	17.30	0.79	0.43	5.93	0.42
	OMeTAD		18.04 b	0.85	0.65	9.85	17.71	0.79	0.45	6.36	0.35
			± 0.51 c	± 0.02	± 0.01	± 0.35	± 0.70	± 0.01	± 0.03	± 0.66	± 0.06
		Doped	17.18	0.75	0.34	4.44	16.67	0.66	0.28	3.06	0.31
	PVK-	Pure	19.68	0.95	0.57	10.63	19.95	0.90	0.50	9.06	0.15
	[N(PhOCH3)2]2		19.15	0.93	0.54	9.55	19.36	0.87	0.44	7.74	0.23
			± 2.08	± 0.02	± 0.06	± 0.74	± 2.01	± 0.03	± 0.06	± 0.95	± 0.07
		Doped	11.76	0.68	0.78	6.29	8.97	0.62	0.21	1.17	0.81

. Best and average PV parameters of undoped spiro-OMeTAD and PVK-[N(PhOCH3)2]2-based PSCs. a Best cell; b average on 8 cells; c standard deviation of the average.

Table 33 .

 33 Solubility of the polymers in different solvents.

	Solvent	ε a	bp b	PSTFSI-K	PILS(TFSI)-b-	PVBI-I	PVBI-TFSI
			°C		PVK		
	Toluene	2.38	111	-	-	-	+/-
	Chlorobenzene	5.62	132	-	-	-	-
	Chloroform	4.81	61	-	+/-		
	Dichloromethane	8.93	40	-	+/-		
	Diethyl ether	4.33	35	-			
	Ethyl acetate	6.02	77	+/-		+	+
	Acetone	20.7	56	+/-	-	+	+
	DMF	36.7	152	+	+	+	+
	DMSO	46.7	189	+	+	+	+
	Acetonitrile	37.5	82	+/-	+/-	+	+
	Ethanol	24.5	78	-	-		
	Methanol	32.7	65	+ (T > 70°C)	+ (T > 70°C)		
	Water	80.1	100	+	-	-	-

a ε: dielectric constant; b bp: boiling point.

Table 35 .

 35 Best and average PV parameters and hysteresis index of PSCs using different dopant in spiro-OMeTAD.

	HTM		Reverse scan			Forward scan		HI
	dopant	Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	LiTFSI	22.45 a	1.10	0.73	18.44	22.71	1.10	0.71	17.71	0.039
		22.31 b	1.107	0.73	18.12	22.65	1.104	0.70	17.46	0.037
		± 0.25 c	± 0.005	± 0.02	± 0.55	± 0.23	± 0.006	± 0.03	± 0.013	± 0.013
	PVBI-TFSI	23.07	1.139	0.73	19.14	23.34	1.13	0.683	18.07	0.056
		22.81	1.137	0.72	18.69	23.08	1.13	0.682	17.81	0.047
		± 0.21	± 0.003	± 0.01	± 0.45	± 0.20	± 0.01	± 0.003	± 0.23	± 0.012
	PVBI-I	16.03	1.02	0.22	3.57	14.61	1.00	0.22	3.18	0.109
		11.99	0.96	0.19	2.32	10.13	0.93	0.20	2.00	0.154
		± 3.94	± 0.06	± 0.03	± 1.16	± 4.13	± 0.07	± 0.02	± 1.08	± 0.043
	PSTFSI-K	21.12	1.09	0.58	13.30	21.70	1.09	0.50	11.78	0.114
		20.88	1.09	0.55	12.47	21.33	1.09	0.49	11.29	0.093
		± 0.42	± 0.01	± 0.04	± 1.17	± 0.62	± 0.01	± 0.02	± 0.73	± 0.029
	PILS(TFSI)-	19.95	1.08	0.56	12.04	20.42	1.09	0.49	10.82	0.101
	b-PVK	19.73	1.07	0.54	11.43	20.23	1.08	0.46	10.08	0.118
		± 0.32	± 0.01	± 0.01	± 0.48	± 0.31	± 0.01	± 0.03	± 0.88	± 0.052

a Best cell; b average on 4 cells; c standard deviation of the average.

Table 36 .

 36 Best 

	HTM		Reverse scan			Forward scan		HI
	dopant	Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	LiTFSI	21.78 a	0.894	0.754	14.69	21.87	0.901	0.730	14.40	0.020
		21.59 b	0.886	0.7474	14.28	21.74	0.895	0.708	13.78	0.036
		± 0.21 c	± 0.011	± 0.026	± 0.41	± 0.24	± 0.005	± 0.042	± 0.92	± 0.039
	PVBI-TFSI	17.06	0.830	0.618	8.74	21.25	0.845	0.677	12.16	-0.391
		14.29	0.795	0.586	6.82	21.23	0.841	0.670	11.97	-0.990
		± 3.74	± 0.042	± 0.040	± 2.37	± 0.11	± 0.005	± 0.015	± 0.31	± 0.919

and average PV performances and hysteresis index of PVK-[N(PhOCH3)2]2-based PCSs doped with LiTFSI or PVBI-TFSI. a Best cell; b average on 4 cells; c standard deviation of the average.

Table 37 .

 37 PV parameters and hysteresis index of PSCs using different concentrations of PVBI-TFSI and tBP in spiro-OMeTAD.

	HTM		Reverse scan			Forward scan		HI
	dopant	Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	1:0.25:1.7	22.84 a	1.12	0.71	18.25	23.14	1.11	0.67	17.13	0.062
		22.68 b	1.12	0.71	17.94	22.96	1.11	0.67	16.96	0.055
		± 0.12 c	± 0.01	± 0.01	± 0.47	± 0.13	± 0.01	± 0.01	± 0.39	± 0.006
	1:0.5:3.3	22.69	1.133	0.714	18.35	23.01	1.124	0.679	17.55	0.044
	(Ref)	22.60	1.134	0.710	18.19	22.90	1.125	0.680	17.52	0.037
		± 0.07	± 0.001	± 0.004	± 0.15	± 0.09	± 0.002	± 0.004	± 0.13	± 0.006
	1:1:6.6	22.75	1.15	0.77	20.29	22.99	1.16	0.76	20.33	-0.002
		22.72	1.14	0.76	19.80	22.94	1.15	0.75	19.86	-0.003
		± 0.21	± 0.01	± 0.01	± 0.54	± 0.17	± 0.01	± 0.01	± 0.64	± 0.007
	1:1.5:9.9	22.88	1.13	0.76	19.74	23.11	1.13	0.76	19.88	-0.007
		22.81	1.12	0.764	19.56	23.04	1.12	0.763	19.73	-0.009
		± 0.06	± 0.01	± 0.001	± 0.15	± 0.06	± 0.01	± 0.001	± 0.12	± 0.003
	1:2:13.2	22.60	1.139	0.73	18.85	22.98	1.135	0.73	19.02	-0.009
		22.30	1.134	0.73	18.45	22.62	1.129	0.73	18.76	-0.017
		± 0.36	± 0.003	± 0.01	± 0.41	± 0.40	± 0.004	± 0.01	± 0.27	± 0.023

a Best cell; b average on 4 cells; c standard deviation of the average.

Table 38 .

 38 PV parameters and hysteresis index of PSCs with PVBI-spiro annealed in different conditions.

	Annealing		Reverse scan			Forward scan		HI
	conditions	Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	No	22.80 a	1.153	0.768	20.21	23.04	1.156	0.764	20.35	-0.007
	annealing	20.81 b	1.155	0.765	20.16	23.06	1.156	0.760	20.27	-0.005
		± 0.03 c	± 0.003	± 0.003	± 0.04	± 0.03	± 0.002	± 0.004	± 0.07	± 0.003
	Annealing	22.75	1.15	0.77	20.29	22.99	1.16	0.76	20.33	-0.002
	at 70°C	22.72	1.14	0.76	19.80	22.94	1.15	0.75	19.86	-0.003
	(Ref)	± 0.21	± 0.01	± 0.01	± 0.54	± 0.17	± 0.01	± 0.01	± 0.64	± 0.007
	Flash	22.45	1.10	0.69	17.12	22.81	1.11	0.67	16.90	0.013
	annealing	22.05	1.07	0.68	16.19	22.52	1.08	0.65	15.94	0.015
	at 160°C	± 0.76	± 0.06	± 0.01	± 1.38	± 0.50	± 0.05	± 0.01	± 1.34	± 0.003

a Best cell; b average on 4 cells; c standard deviation of the average.

Table 39 .

 39 PV parameters and hysteresis index of PSCs employing different concentrations of tBP in 1:1:z PVBIspiro.

	HTM		Reverse scan			Forward scan		HI
	dopant	Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	1:1:0	16.48 a	0.86	0.66	9.37	16.98	0.87	0.61	8.99	0.041
		14.16 b	0.86	0.64	7.83	14.45	0.86	0.59	7.36	0.064
		± 2.92 c	± 0.01	± 0.02	± 1.78	± 3.04	± 0.01	± 0.02	± 1.82	± 0.021
	1:1:3.3	22.81	1.147	0.738	19.29	23.01	1.148	0.740	19.55	-0.013
		22.66	1.143	0.737	19.08	22.92	1.143	0.735	19.25	-0.009
		± 0.16	± 0.003	± 0.002	± 0.16	± 0.11	± 0.004	± 0.007	± 0.24	± 0.006
	1:1:6.6	22.80	1.153	0.768	20.21	23.04	1.156	0.764	20.35	-0.007
	(Ref)	20.81	1.155	0.765	20.16	23.06	1.156	0.760	20.27	-0.005
		± 0.03	± 0.003	± 0.003	± 0.04	± 0.03	± 0.002	± 0.004	± 0.07	± 0.003
	1:1:9.9	23.00	1.146	0.747	19.68	23.32	1.147	0.745	19.92	-0.012
		23.01	1.137	0.744	19.46	23.27	1.138	0.745	19.73	-0.014
		± 0.07	± 0.007	± 0.019	± 0.42	± 0.13	± 0.007	± 0.013	± 0.23	± 0.011
	1:1:13.2	21.71	1.13	0.71	17.37	23.39	1.13	0.73	19.31	-0.112
		20.12	1.11	0.68	15.33	22.72	1.12	0.71	17.96	-0.195
		± 2.21	± 0.01	± 0.06	± 2.97	± 0.94	± 0.01	± 0.02	± 1.26	± 0.166
	1:1:16.5	20.19	1.11	0.67	14.89	23.08	1.12	0.70	18.22	-0.224
		18.16	1.10	0.61	12.30	22.33	1.12	0.66	16.66	-0.366
		± 1.80	± 0.01	± 0.04	± 1.98	± 0.75	± 0.01	± 0.02	± 1.53	± 0.109
	1:1:19.8	17.85	1.13	0.57	11.46	21.01	1.14	0.65	15.46	-0.349
		17.26	1.12	0.60	11.47	21.27	1.13	0.58	13.85	-0.205
		± 1.07	± 0.018	± 0.04	± 1.21	± 0.62	± 0.02	± 0.09	± 2.06	± 0.104

a Best cell; b average on 4 cells; c standard deviation of the average.

Table 40 .

 40 Best and average (4 cells) PV parameters of PSCs with different concentration of acetonitrile inPVBI- spiro. 

	Acetonitrile		Reverse scan			Forward scan		HI
	(vol.%)	Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	0	23.06 a	1.129	0.750	19.54	23.27	1.135	0.751	19.85	-0.016
		22.81 b	1.125	0.754	19.35	23.02	1.133	0.755	19.64	-0.015
		± 0.30 c	± 0.003	± 0.003	± 0.21	± 0.31	± 0.003	± 0.003	± 0.25	± 0.003
	1.7 (Ref)	22.80	1.153	0.768	20.21	23.04	1.156	0.764	20.35	-0.007
		22.81	1.155	0.765	20.16	23.06	1.156	0.760	20.27	-0.005
		± 0.03	± 0.003	± 0.003	± 0.04	± 0.03	± 0.002	± 0.004	± 0.07	± 0.003
	3.4	23.10	1.141	0.759	20.00	22.99	1.142	0.764	20.06	-0.003
		22.78	1.145	0.755	19.70	22.89	1.147	0.754	19.78	-0.004
		± 0.296	± 0.005	± 0.002	± 0.23	± 0.16	± 0.005	± 0.008	± 0.237	± 0.001

a Best cell; b average on 4 cells; c standard deviation of the average.

Table 41 .

 41 Average (20 cells) PV parameters and hysteresis index of Li-spiro and PVBI-spiro devices.

			Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	PVBI-TFSI	22.92 a	1.150	0.745	19.64	23.14	1.151	0.742	19.75	-0.006
		± 0.21 b	± 0.009	± 0.023	± 0.59	± 0.21	± 0.010	± 0.021	± 0.57	± 0.004
	LiTFSI	22.18	1.102	0.712	17.59	22.51	1.099	0.673	16.65	0.054
		± 0.36	± 0.012	± 0.012	± 0.54	± 0.31	± 0.014	± 0.021	± 0.73	± 0.019

a Average on 20 cells; b standard deviation of the average.

Table 42 .

 42 PVBI-spiro solution coloration according to the solvent.

	Solvent	Dielectric	Solution
		constant	coloration
	Chlorobenzene	5.62	Red
	THF	7.58	Red
	DMF	36.7	Transparent
	DMSO	46.7	Transparent

Table 43 .

 43 Average conductivities (4 films) and standard deviations of spiro-OMeTAD containing different dopant amounts.

		HTM	Conductivity dark	Conductivity light
			S/cm	S/cm
	Spiro-OMeTAD	1:0:0	9.4 ± 2.4 E-08	2.5 ± 0.2 E-06
	Li-spiro	1:0.5:3.3	6.0 ± 0.1 E-06	1.1 ± 0.2 E-05
	PVBI-spiro	1:0.5:3.3	1.6 ± 0.8 E-05	3.8 ± 1.0 E-04
		1:1:3.3	6.1 ± 2.2 E-05	9.1 ± 5.0 E-04
		1:1:6.6	7.8 ± 0.3 E-05	1.9 ± 0.5 E-03
		1:1:13.2	2.6 ± 2.2 E-05	1.1 ± 0.3 E-03
		1:1.5:9.9	1.1 ± 0.6 E-04	4.4 ± 2.4 E-04

Table 45 .

 45 Effect of a PVBI-TFSI interlayer between the perovskite and the HTM on the PV parameters.

			Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	PVBI-spiro	22.80 a	1.15	0.77	20.21	23.04	1.16	0.76	20.35	-0.007
	Li-spiro	22.45	1.10	0.74	18.44	22.71	1.10	0.71	17.71	0.039
	Interlayer	22.31	1.16	0.71	18.41	22.62	1.16	0.70	18.30	0.006
		21.87 b	1.16	0.69	17.38	22.21	1.15	0.67	17.24	0.008
		± 0.86 c	± 0.01	± 0.03	± 1.54	± 0.83	± 0.01	± 0.03	± 1.52	± 0.001
	a Best cell; b average on 4 cells; c standard deviation of the average.					

Table 46 .

 46 Calculated convolution parameters from TRPL measurements. The fitting was performed following A = A1.e -t/τ1 + A2.e -t/τ2 + A3.e -t/τ3 .

			τ1	A1/(A1+A2+A3)	τ2	A2/(A1+A2+A3)	τ3	A3/(A1+A2+A3)
			ns		ns		ns	
	Perovskite on glass	32.7	49	174	51	-	-
	FTO-side	LiTFSI	6.85	65	25.1	25	89.2	10
		PVBI-TFSI	6.43	63	24.6	29	103	8
	HTM-side LiTFSI	17.4	65	55.4	29	180	6
		PVI-TFSI	14.8	45	51.8	40	188	15

Table 47 .

 47 Best 

				Reverse scan			Forward scan		HI
			Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
			mA.cm -2	V		%	mA.cm -2	V		%	
	t = 0	Dark	23.21	1.17	0.72	19.33	23.42	1.16	0.72	19.53	-0.01
		Light	18.98	1.13	0.65	13.98	20.80	1.12	0.51	11.99	0.14
	t = 72h Dark	22.31	1.13	0.76	19.10	22.67	1.12	0.73	18.65	0.02
		Light	20.94	1.11	0.70	16.32	21.85	1.10	0.54	12.89	0.21

PV parameters of PVBI-spiro PSCs processed either in the dark or under illumination, after fabrication and after a 72-h ageing in the dark.

Table 48 .

 48 PV parameters of PSCs employing polymers to dope the perovskite.

	Dopant		Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	Without	22.76 a	1.10	0.74	18.33	22.94	1.06	0.53	12.93	0.40
		22.72 b	1.09	0.71	17.48	22.82	1.05	0.44	10.63	0.39
		± 0.08 c	± 0.01	± 0.03	± 0.93	± 0.10	± 0.02	± 0.10	± 2.63	± 0.12
	PVBI-TFSI	21.67	1.07	0.39	8.95	21.90	1.04	0.51	11.60	-0.30
		18.57	0.99	0.42	7.78	20.33	0.96	0.46	9.25	-0.18
		± 3.56	± 0.08	± 0.04	± 1.51	± 1.79	± 0.09	± 0.04	± 2.39	± 0.09
	PVBI-I	22.96	1.05	0.61	14.80	23.12	1.02	0.41	9.59	0.35
		22.76	1.04	0.56	13.30	22.92	1.00	0.36	8.32	0.38
		± 0.20	± 0.02	± 0.06	± 1.79	± 0.30	± 0.04	± 0.06	± 1.77	± 0.06
	PSTFSI-K	5.89	0.65	0.33	1.27	7.82	0.59	0.32	1.49	-0.17
		6.22	0.62	0.33	1.24	8.04	0.57	0.32	1.48	-0.19
		± 0.46	± 0.04	± 0.01	± 0.03	± 0.31	± 0.03	± 0.02	± 0.01	± 0.02
	PILS(TFSI)-	21.09	1.14	0.40	9.66	21.91	1.12	0.39	9.61	0.01
	b-PVK	20.53	1.14	0.40	9.45	21.70	1.12	0.37	8.92	0.06
		± 0.79	± 0.01	± 0.02	± 0.30	± 0.30	± 0.01	± 0.03	± 0.97	± 0.07

a Best cell; b average on 4 cells; c standard deviation of the average.

Table 49 .

 49 Thin film conductivity and transparency of PEDOT:PSS and PEDOT:PSTFSI.

	Conductivity	Absorption coefficient at 550 nm
	S.cm -1	10 -3 cm -1

Table 51 .

 51 Interfacial tension of PEDOT:PSS and PEDOT:PSTFSI thin films.

		Interfacial tension	Dispersive component	Polar component
		mN/m	mN/m	mN/m
	PEDOT:PSS	66.2 ± 0.6	22.3 ± 0.3	43.9 ± 0.3
	PEDOT:PSTFSI	62.7 ± 0.3	23.9 ± 0.2	38.8 ± 0.1
	HOMO levels of PEDOT:PSS and PEDOT:PSTFSI were measured by PESA on thin films coated on glass
	(Figure			

Table 52 .

 52 Contact angle of DMF and the perovskite precursor solution on PEDOT:PSS and PEDOT:PSTFSI films.

	DMF	Perovskite precursor solution

Table 53 .

 53 Perovskite thin film characteristics according to the HTM and the anti-solvent.

		PEDOT:PSS		PEDOT:PSTFSI
		Chlorobenzene	Toluene	Chlorobenzene	Toluene
	Thickness nm	406 ± 6	404 ± 5	341 ± 13	388 ± 24
	Roughness nm	9.2 ± 1.9	9.2 ± 0.8	6.5 ± 0.6	9.5 ± 2.1
	Grain diameter nm	193 ± 74	145 ± 58	65 ± 30	116 ± 47

Table 54 .

 54 Hysteresis was evaluated by the hysteresis index (HI) defined as (PCEreverse-PCEforward)/PCEreverse. The best efficiency reached with PEDOT:PSTFSI was 5.26 % compared to 12.23 %

using PEDOT:PSS (Figure

Table 54 .

 54 Best and average (20 cells) PV parameters of devices based on PEDOT:PSS and PEDOT:PSTFSI.

	HTM		Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	PEDOT:PSS	21.95 a	0.87	0.56	10.86	21.68	0.88	0.63	12.23	-0.13
		18.23 b	0.83	0.50	7.72	19.36	0.87	0.59	10.09	-0.35
		± 2.69 c	± 0.05	± 0.07	± 1.77	± 1.88	± 0.03	± 0.04	± 0.91	± 0.20
	PEDOT:PSTFSI	9.89	0.86	0.54	4.66	10.24	0.86	0.58	5.26	-0.13
		8.73	0.79	0.50	3.50	8.84	0.85	0.57	4.26	-0.29
		± 1.62	± 0.14	± 0.07	± 0.91	± 1.68	± 0.03	± 0.06	± 0.63	± 0.38
	a Best cell; b average on 8 cells; c standard deviation of the average.					

Table 55 .

 55 Characteristics of PEDOT:PSTFSI inks.

	Formulation	Mol.

ratio of PEDOT unit/PSTFSI unit Absorption coefficient (550 nm)

  

				Conductivity
			10 -3 cm -1	S.cm -1
	PEDOT rich PEDOT:PSTFSI	0.72	2.5	190 ± 28
	Standard PEDOT:PSTFSI	0.60	2.1	224 ± 33
	PSTFSI rich PEDOT:PSTFSI	0.48	1.4	146 ± 22
	Same process as the original formulation was employed. Surprisingly, an improved PCE of 6.27 % was
	recorded for the PSTFSI rich PEDOT:PSTFSI, which is the less conductive formulation. Interpretation
	of these results is quite fastidious considering the large hysteresis of PSTFSI rich PEDOT:PSTFSI PSCs
	and the lack of reproducibility between solar cells (Table 56, Figure 126). Considering the poor PV
	performances recorded compared to PEDOT:PSS, PEDOT:PSTFSI was not further employed in the
	next experiments.			

Table 56 .

 56 Best and average (8 cells) PV parameters of PSCs based on different formulations of PEDOT:PSTFSI.

	HTM		Reverse scan			Forward scan		HI
		Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
		mA.cm -2	V		%	mA.cm -2	V		%	
	PEDOT rich	10.21 a	0.83	0.53	4.62	10.61	0.74	0.61	4.87	-0.05
	PEDOT:PSTFSI	8.27 b	0.63	0.39	2.24	8.56	0.72	0.45	2.88	-0.48
		± 1.26 c	± 0.20	± 0.07	± 1.26	± 1.31	± 0.11	± 0.09	± 1.09	± 0.57
	PSTFSI rich	11.22	0.69	0.44	3.51	11.71	0.82	0.64	6.27	-0.79
	PEDOT:PSTFSI	10.07	0.68	0.41	2.94	10.41	0.78	0.51	4.26	-0.57
		± 1.52	± 0.16	± 0.09	± 1.13	± 1.58	± 0.08	± 0.10	± 1.26	± 0.48

a Best cell; b average on 8 cells; c standard deviation of the average.

Table 57 .

 57 Characteristics of the semi-transparent PSCs.

	Perovskite	Perovskite	τL	τL	τS	Best PCE	Average PCE
	sol. conc.	thickness	w/o Ag	with Ag	w/o Ag		(8 cells)
	wt.%	nm	%	%	%	%	%
	54	585	1.1	0.04	22	12.23	10.09 ± 0.91
	47	465	2.4	0.13	22	11.20	8.93 ± 1.10
	43	355	4.0	0.07	25	10.37	7.97 ± 1.18
	37	290	11	0.20	25	8.52	6.78 ± 1.37
	28	190	22	0.18	33	8.36	3.70 ± 3.38
	20	155	37			2.02	1.46 ± 0.46
	10	80	47			0.15	0.10 ± 0.03

Table 58 .

 58 PV parameters of semi-transparent PSCs.

	Perovskite		Reverse scan			Forward scan		HI
	solution conc.	Jsc	Voc	FF	PCE	Jsc	Voc	FF	PCE	
	wt.%	mA.cm -2	V		%	mA.cm -2	V		%	
	54	21.95 a	0.87	0.56	10.86	21.68	0.88	0.63	12.23	-0.13
		18.23 b	0.83	0.50	7.72	19.36	0.87	0.59	10.09	-0.35
		± 2.69 c	± 0.05	± 0.07	± 1.77	± 1.88	± 0.03	± 0.04	± 0.91	± 0.20
	47	19.23	0.92	0.53	9.64	20.05	0.93	0.59	11.20	-0.16
		17.21	0.72	0.46	6.04	17.32	0.85	0.60	8.93	-0.63
		± 1.60	± 0.21	± 0.10	± 2.52	± 1.98	± 0.04	± 0.05	± 1.20	± 0.49
	43	22.53	0.77	0.47	8.34	22.49	0.81	0.56	10.37	-0.24
		18.42	0.60	0.38	4.44	18.58	0.76	0.56	7.97	-0.84
		± 2.59	± 0.18	± 0.06	± 2.18	± 2.38	± 0.07	± 0.04	± 1.18	± 0.69
	37	19.75	0.57	0.48	5.53	20.72	0.67	0.60	8.52	-0.54
		18.00	0.52	0.38	3.95	18.69	0.69	0.51	6.78	-0.73
		± 1.89	± 0.13	± 0.08	± 1.97	± 1.33	± 0.07	± 0.09	± 1.37	± 0.59
	28	18.72	0.51	0.39	3.80	18.19	0.78	0.58	8.36	-1.20
		15.77	0.37	0.34	2.80	16.77				
		± 2.50	± 0.33	± 0.08	± 2.64					

Table 59 .

 59 Macromolecular characteristics of the synthesized polyvinylcarbazole derivatives.

	Polymer	Theoretical Mn a	Experimental Mn b	Đ
		kg.mol -1	kg.mol -1	
	PVK	9.880	6.980	1.4
		5.250	2.990	1.3
	PVK-Br2	17.770		
		9.350		
	PVK-[N(PhOCH3)2]2	32.610	11.730	1.4
		17.760	8.030	1.3
	PVK-(tBu)2	15.050	8.500	1.6
	PVK-(OCH3)2	12.440	8.500	1.2

a Theoretical calculation from Mn=[VK]/[CTA]*Mn(VK)+Mn(CTA). b vs. PS narrow standard calibration SEC in chloroform/1% trimethylamine at 30°C.
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Chapter 2 Perovskite Solar Cell Fabrication

In this chapter are described the fabrication steps and the optimizations to elaborate mesoscopic, n-ip planar and p-i-n inverted perovskite solar cells. These three architectures are used as reference cells in the following chapters. The synthesis of PVK-[N(PhOCH3)2]2 has required only three steps as depicted in Scheme 1. First a well-defined polymer of controlled molecular weight was obtained through controlled radical polymerization via Reversible Addition Fragmentation Transfer (RAFT). To check the influence of the molecular weight on the properties of the functionalized polymers as well as on the performance of the solar cells, two PVK homopolymers were synthesized (PVK of 3.0 kg.mol -1 or 7.0 kg.mol -1 ). Further bromination using N-bromosuccinimide yielded the 3,6-bromo-functionalized PVKs. Finally, 4,4'dimethoxydiphenylamine substituents were introduced via a Pd-catalyzed Buchwald-Hartwig reaction to give the target polymers PVK-[N(PhOCH3)2]2 (PVK-[N(PhOCH3)2]2) of 8.0 kg.mol -1 and 11.7 kg.mol -1 ). On the other hand, PVK-(tBu)2 was synthesized from PVK (7.0 kg.mol -1 ) by Friedel-Crafts alkylation, whereas PVK-(OCH3)2 was prepared from PVK-Br2 (from PVK of 7.0 kg.mol -1 ) by direct displacement of bromine (Figure 49). Additionally, despite deeper HOMO levels with higher concentration in dopants, higher Voc were not obtained (Table 44). This may be explained by two reasons. First of all, when the HTM HOMO level is getting closer to the valence band of the perovskite, the probability of recombinations increases.

Secondly, the higher amount of defects in the HTL when increasing dopant concentration may create trap states and resistances, reducing the Voc. Ultraviolet photoelectron spectroscopy (UPS) measurements were performed to study the changes in the electronic properties of spiro-OMeTAD with the addition of p-dopant PVBI-TFSI and to probe the perovskite/spiro-OMeTAD interface before and after doping. As seen from the secondary electron (S.E) cut-off of the UP spectra (Figure 105), the work function of spiro-OMeTAD was found to be 4.15 eV, which is in good agreement with the literature for comparable solution processed spiro-OMeTAD. 44 The HOMO of pristine spiro-OMeTAD was measured to be at 0.8 eV relative to the fermi level. Addition of PVBI-TFSI was found to significantly increase the work function of spiro-OMeTAD to 4.5 eV accompanied by a 0.2 eV shift in the HOMO edge towards the fermi level, confirming p-doping of the spiro-OMeTAD. 44 As a result, the ionization potential of spiro-OMeTAD was increased from 4.95 eV to 5.1 eV.

Chapter 5 PEDOT:PSTFSI Hole Transporting Material

Towards Semi-Transparent Inverted

Perovskite Solar Cells

In this last Chapter is studied an alternative hole transporting material to PEDOT:PSS for inverted p-in perovskite solar cells. PEDOT:PSTFSI is particularly less acidic and more transparent than PEDOT:PSS, suggesting potential for the development of stable semi-transparent solar cells. The possible integration of semi-transparent perovskite solar cells to parietodynamic windows was also investigated.

Chlorobenzene as anti-solvent led to large grains with reasonable surface roughness of the perovskite film coated on top of PEDOT:PSS. In the case of PEDOT:PSTFSI, replacing chlorobenzene by toluene resulted in larger perovskite grains. Although small differences in the perovskite morphology were observed, similar absorption spectra with the typical shape of the MAPbI3 perovskite material were recorded on top of both polyelectrolytes (Figure 123). The lower absorption detected for MAPbI3 processed on PEDOT:PSTFSI can be attributed to its thinner thickness. To summarize, PEDOT:PSTFSI present good properties to be applied as HTM in inverted PSCs.

Homogeneous thin films were easily processed by spin coating. The HOMO level of PEDOT:PSTFSI was measured at -5.35 eV, close to the perovskite valence band. Pinhole-free perovskite layers were formed on top of PEDOT:PSTFSI. However the lower interfacial tension of the film led to smaller perovskite grains than perovskite on PEDOT:PSS.

Integration of PEDOT:PSTFSI in perovskite solar cells

PEDOT:PSS and PEDOT:PSTFSI were finally compared as HTM in ITO/HTM/MAPbI3/PC60BM/BCP/Ag inverted PSCs. The device process is detailed in Chapter 2. PEDOT:PSTFSI and perovskite thickness layers have been optimized by adjusting respectively spin coating parameters and concentration of the precursor solution (Figure 124). Best PV performances were obtained for a PEDOT:PSTFSI thickness of 60 nm and a perovskite precursor solution concentration of 47 wt.%.

efficiency of the thinnest one dropped to 2 % efficiency after only 3 days. This result indicated that in our case the thicker the perovskite layer, the more stable is the device. In this study, it was evidenced that a compromise between efficiency, stability and transparency has to be found for window application. Both top and bottom electrodes materials commonly employed in devices should be replaced by relatively more transparent from visible to infrared regions for preserving performances of the parietodynamic window.

required in LiTFSI doped spiro-OMeTAD devices that could induce device degradation. In a future study, it would be important to consider the mechanical properties of PVBI-TFSI-doped spiro-OMeTAD compared to the small molecule-doped spiro-OMeTAD. The perspectives would also concern the understanding of the tBP and irradiance dependency of the doping mechanism, and the possible relation with the photo-reversible effects observed during solar cell operation.

The last project dealt with the use of inverted perovskite solar cells as semi-transparent devices and their introduction to window panels for solar energy capture. Here we considered the use of transparent electrodes based on PEDOT:X complexes. The usual PSS counter ion (X) of PEDOT:PSS complexe was replaced by the PSTFSI ionic polymer in order to bring ionic conductivity in addition to electronic conductivity. PEDOT:PSTFSI has the further advantage to be highly transparent, easy to process, and had suitable energy level to be integrated into inverted PSCs. The used PEDOT:PSTFSI was unfortunately less conductive than PEDOT:PSS and the quality of the MAPbI3 perovskite on top of PEDOT:PSTFSI was not as good as on top of PEDOT:PSS, resulting in no improvement of PCE.

However, it is possible in future study to improve the surface and the charge transport properties of PEDOT:PSTFSI through introduction of additives. On this project, we had the opportunity to consider the compromise between efficiency, transparency and stability, for a useful PSC semi-transparent window panel, and the industrially relevant parameters such as large-scale fabrication, cost and toxicity of components, important to the end producers and users with whom we have shortly discussed and worked.

With the present work we have shown that the use of functional polymer materials in the field of perovskite based solar cells can improve their performance and sustainability through high efficiency, good stability, low cost and easy processability. Herein, the focus was on hole transporting polymers and hole transporting polymer dopants. The possibilities of further progress are infinite considering the various precisely controlled functional properties, relevant to perovskite based PSCs, accessible via polymer synthesis. The NMR spectra is given Figure 139. The experimental Mn was estimated to be 10720 g/mol by SEC/GPC in THF vs. PS narrow standard calibration, with a polydispersity of 1.6 (Figure 143). The experimental Mn was estimated to be 6000 g/mol by SEC/GPC in DMF vs. PS narrow standard calibration, with a polydispersity of 1.3 (Figure 144). 

Synthesis of PEDOT:PSTFSI

The PEDOT:PSTFSI complex was synthesized by oxidative polymerization of EDOT in aqueous PSTFSI solution in water, as described by Hofmann et. al. 6 1.3 Methods FTIR spectroscopy was performed on a Shimadzu IRAffinity-1S, using the attenuated total reflection (ATR) method.

DSC was performed on TA Instruments Q100 DSC system under helium flow (25 mL/min) at a scan rate of 10°C/min, between 0°C and 250°C.

TGA data were recorded on a TGA Q500 of TA Instruments using a heating rate of 10°C/min either in atmosphere or inert atmosphere.

2 Fabrication of perovskite solar cells 2.1 n-i-p planar perovskite solar cells

Materials

Zinc powder, hydrochloric acid (HCl, 37 %), titanium diisopropoxide bis(acetylacetonate) (TiAcAc, 75 wt.% in IPA), titanium(IV) chloride (99.9 %), spiro-OMeTAD (99 %), LiTFSI (99 %), tBP (96 %), and 3aminopropyltriethoxysilane (APTES, 99 %) were purchased from Sigma Aldrich. Lead(II) chloride (PbCl2, ultra dry, 99.999 %) was obtained from Alfa Aesar. All solvents were obtained from Sigma Aldrich.

Fabrication steps

The FTO-glass substrates (sheet resistance of ≈ 15 Ω/□, Solaronix) were patterned with zinc powder and HCl. Then, they were subsequently washed in ultrasonic bath in water and ethanol before being treated with a UV-ozone cleaner. An about 50 nm-TiO2 compact layer from a solution of TiAcAc in ethanol was deposited by spin-coating and calcinated at 475°C for 30 min. The substrates were further immersed in a TiCl4 solution in ethanol at 70°C before being calcinated at 500°C for 30 min.

The following steps were then realized in nitrogen glovebox. MAI and PbCl2 (3:1) were mixed in anhydrous DMF, stirred for 3h at 70°C and kept at this temperature during the deposition by spin coating. The obtained layer was annealed at 120°C for 45 min. The spiro-OMeTAD solution doped with LiTFSI and tBP was deposited by spin coating and let overnight in dry air before finally evaporating the 80 nm-gold electrode on top of the device. The active area of the cells was 0.1 cm².

Perovskite and HTM layers were scratched between the gold electrodes to avoid electrical contact issues. Compositions of the solutions and detailed deposition conditions are described in Table 60 and Table 61. and the grafting was carried out for 1h. The substrates were then rinsed in ultrasonic bath for 5 min in toluene, water and finally chloroform.

Mesoscopic perovskite solar cells 2.2.1 Materials

All materials were employed as received. Perovskite materials, including FAI (> 99 %) and MABr (> 98 %) were purchased from Diesol, and PbI2 (99.99 %) and MABr (> 98 %) from Kojundo Chemical Laboratory Co. KI (> 99.5 %) and magnesium(II) bis(trifluoromethanesulfonyl)imide (Mg(TFSI)2) were obtained from TCI. Titanium diisopropoxide bis(acetylacetonate) (TiAcAc, 75 wt. % in isopropanol), lithium bis(trifluoro methanesulfonyl)imide (LiTFSI) and 4-tert-butylpyridine (tBP) were bought from Sigma-Aldrich. The 24 nm nano-TiO2 paste (PST-24NR) was purchased from JPG C&C and the spiro-OMeTAD from Merck. All solvents were obtained from Wako Pure Chemical Industries.

Fabrication steps

First, FTO glass substrates (sheet resistance of ≈ 10 Ω/□, Nippon Sheet Glass Co.) were etched by a laser to be able in the end to connect top gold electrode. Before any deposition, substrates were successively cleaned 10 min in ultrasonic bath in water, detergent, acetone and ethanol, and by excimer UV cleaning. Then, a solution made of TiAcAc mixed with LiTFSI and Mg(TFSI)2 in ethanol was deposited by spray pyrolysis at 430°C and annealed 10 min at the same temperature to form a 40-nm cm². Detailed composition of the solutions and deposition conditions are specified in Table 64 and Table 65. ALD of TiO2 was realized using a G2 Savannah system from Ultratech at 250°C. The deposition rate was 0.4 Å/cycle.

UV-Vis absorption spectra were recorded using a Shimadzu UV3600 UV/VIS/NIR spectrometer.

Emission spectra were measured using a Horiba Scientific Fluoromax-4 spectrofluorometer.

Surface energies were determined from contact angles of water, diiodomethane and ethylene glycol on the films, and calculated using the Owens-Wendt model (Krüss DSA-100). of 0.1 cm². IPCE spectra were recorded on the IQE 200 system from New Port. One part of the cell was spotted (without mask).

Specific for mesoscopic PSCs: I-V curves of solar cells were recorded under AM 1.5G (100 mW.cm -2 ) illumination using a 450-W xenon as the light source (YSS-80A, Yamashita Denso). The light intensity was calibrated using a standard Si photodiode of BS-520 (Bunkoukeiki Co). The scan was also carried out between -0.2 V and 1.2 V at 100 mV.s -1 . The active area was defined by a black mask of 0.181 cm². IPCE spectra were recorded on an EQE system (CEP-2000MLQ, Bunkoukeiki Co.).

Systèmes hybrides pour cellules solaires à pérovskite stables à haut rendement

Résumé : Les cellules solaires comprenant comme matériau actif une pérovskite organométallique hydride sont apparues récemment comme une technologie de haute performance et bon marché pour la conversion de l'énergie solaire. Les efforts mobilisés pendant cette thèse se sont concentrés sur un composant clé des cellules solaires à pérovskite, le transporteur de trous, qui assure à la fois les performances et la stabilité des cellules. Les avantages des polymères semi-conducteurs pour cette fonction se retrouvent dans leur stabilité, leurs bonnes propriétés de transport de charge et leur caractère filmogène. Ainsi, la stabilité des cellules solaires à pérovskite planes a pu être améliorée en intégrant un polyvinylcarbazole fonctionnalisé, tout en conservant de bonnes efficacités. Le potentiel de polyélectrolytes à base de PEDOT a pu être évalué dans les cellules de type inverses. Et enfin, une nouvelle méthode de dopage par un polyélectrolyte à base d'imidazole a démontré des efficacités remarquables, supérieures à 20%.

Mots clés : photovoltaïque, pérovskite, polymère.

Hybrid systems for highly efficient and stable perovskite solar cells

Abstract: Perovskite solar cells based on hybrid organometal perovskite recently appeared as a cost-effective and highly efficient technology for the conversion of sunlight. Efforts undertaken during this PhD thesis focused on one component of the perovskite solar cells, the hole transport material, which rules both, performance and stability of the devices. Advantages of semiconducting polymers result in their thermal and chemical stability, their good charge transport properties and their ability to form homogeneous thin films. Thereby, through synthesis of novel polyvinylcarbazole and incorporation into devices, stability of planar perovskite solar cells has been enhanced while conserving good efficiency. The potential of PEDOTbased polyelectrolytes has been investigated in inverted perovskite solar cells. Finally, a new strategy to efficiently dope hole transporting materials has been demonstrated through the introduction of N-heterocyclic imidazolium-based polyelectrolytes. Thereby, efficiency of solar cells has been promoted to over 20%.